CoNVEX FUNCTIONS: CONSTRUCTIONS, CHARACTERIZATIONS
AND COUNTEREXAMPLES

Like differentiability, convexity is a natural and powerful property of functions that
plays a significant role in many areas of mathematics, both pure and applied. It ties
together notions from topology, algebra, geometry and analysis, and is an important
tool in optimization, mathematical programming and game theory. This book,
which is the product of a collaboration of over 15 years, is unique in that it focuses
on convex functions themselves, rather than on convex analysis. The authors
explore the various classes and their characteristics, treating convex functions in
both Euclidean and Banach spaces.

They begin by demonstrating, largely by way of examples, the ubiquity of
convexity. Chapter 2 then provides an extensive foundation for the study of convex
functions in Euclidean (finite-dimensional) space, and Chapter 3 reprises important
special structures such as polyhedrality, selection theorems, eigenvalue optimization
and semidefinite programming. Chapters 4 and 5 play the same role in
(infinite-dimensional) Banach space. Chapter 6 discusses a number of other basic
topics, such as selection theorems, set convergence, integral and trace class
functionals, and convex functions on Banach lattices.

Chapters 7 and 8 examine Legendre functions and their relation to the geometry
of Banach spaces. The final chapter investigates the application of convex functions
to (maximal) monotone operators through the use of a recently discovered class of
convex representative functions of which the Fitzpatrick function is the progenitor.

The book can either be read sequentially as a graduate text, or dipped into by
researchers and practitioners. Each chapter contains a variety of concrete examples
and over 600 exercises are included, ranging in difficulty from early graduate to
research level.
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Preface

This book on convex functions emerges out of 15 years of collaboration between the
authors. It is far from being the first on the subject nor will it be the last. It is neither
a book on convex analysis such as Rockafellar’s foundational 1970 book [369] nor
a book on convex programming such as Boyd and Vandenberghe’s excellent recent
text [128]. There are a number of fine books — both recent and less so — on both
those subjects or on convexity and relatedly on variational analysis. Books such as
[371, 255, 378, 256, 121, 96, 323, 332] complement or overlap in various ways with
our own focus which is to explore the interplay between the structure of a normed
space and the properties of convex functions which can exist thereon. In some ways,
among the most similar books to ours are those of Phelps [349] and of Giles [229] in
that both also straddle the fields of geometric functional analysis and convex analysis
— but without the convex function itself being the central character.

We have structured this book so as to accommodate a variety of readers. This leads
to some intentional repetition. Chapter 1 makes the case for the ubiquity of convexity,
largely by way of examples, many but not all of which are followed up in later chapters.
Chapter 2 then provides a foundation for the study of convex functions in Euclidean
(finite-dimensional) space, and Chapter 3 reprises important special structures such
as polyhedrality, eigenvalue optimization and semidefinite programming.

Chapters 4 and 5 play the same role in (infinite-dimensional) Banach space.
Chapter 6 comprises a number of other basic topics such as Banach space selec-
tion theorems, set convergence, integral functionals, trace-class spectral functions
and functions on normed lattices.

The remaining three chapters can be read independently of each other. Chapter 7
examines the structure of Legendre functions which comprises those barrier functions
which are essentially smooth and essentially strictly convex and considers how the
existence of such barrier functions is related to the geometry of the underlying Banach
space; as always the nicer the space (e.g. is it reflexive, Hilbert or Euclidean?) the
more that can be achieved. This coupling between the space and the convex functions
which may survive on it is attacked more methodically in Chapter 8.

Chapter 9 investigates (maximal) monotone operators through the use of a special-
ized class of convex representative functions of which the Fitzpatrick function is the
progenitor. We have written this chapter so as to make it more usable as a stand-alone
source on convexity and its applications to monotone operators.



X Preface

In each chapter we have included a variety of concrete examples and exercises —
often guided, some with further notes given in Chapter 10. We both believe strongly
that general understanding and intuition rely on having fully digested a good cross-
section of particular cases. Exercises that build required theory are often marked
with *, those that include broader applications are marked with T and those that take
excursions into topics related — but not central to — this book are marked with **.

We think this book can be used as a text, either primary or secondary, for a variety of
introductory graduate courses. One possible half-course would comprise Chapters 1,
2, 3 and the finite-dimensional parts of Chapters 4 through 10. These parts are listed
at the end of Chapter 3. Another course could encompass Chapters 1 through 6 along
with Chapter 8, and so on. We hope also that this book will prove valuable to a larger
group of practitioners in mathematical science; and in that spirit we have tried to keep
notation so that the infinite-dimensional and finite-dimensional discussion are well
comported and so that the book can be dipped into as well as read sequentially. This
also requires occasional intentional redundancy. In addition, we finish with a ‘bonus
chapter’ revisiting the boundary between Euclidean and Banach space and making
comments on the earlier chapters.

We should like to thank various of our colleagues and students who have provided
valuable input and advice and particularly Miroslav Bacak who has assisted us greatly.
We should also like to thank Cambridge University Press and especially David Tranah
who has played an active and much appreciated role in helping shape this work.
Finally, we have a companion web-site at htt p: // proj ects. cs. dal . ca/
ddri ve/ ConvexFuncti ons/ on which various related links and addenda
(including any subsequent errata) may be found.



1

Why convex?

The first modern formalization of the concept of convex function appears in J. L. W. V.
Jensen, “Om konvexe funktioner og uligheder mellem midelvaerdier.” Nyt Tidsskr. Math. B
16 (1905), pp. 49—69. Since then, atfirst referring to “Jensen’s convex functions,”’ then more
openly, without needing any explicit reference, the definition of convex function becomes a
standard element in calculus handbooks. (A. Guerraggio and E. Molho)l

Convexity theory . . . reaches out in all directions with useful vigor. Why is this so? Surely any
answer must take account of the tremendous impetus the subject has received from outside
of mathematics, from such diverse fields as economics, agriculture, military planning, and
flows in networks. With the invention of high-speed computers, large-scale problems from
these fields became at least potentially solvable. Whole new areas of mathematics (game
theory, linear and nonlinear programming, control theory) aimed at solving these problems
appeared almost overnight. And in each of them, convexity theory turned out to be at the
core. The result has been a tremendous spurt in interest in convexity theory and a host of
new results. (A. Wayne Roberts and Dale E. Varberg)?

1.1 Why ‘convex’?

This introductory polemic makes the case for a study focusing on convex functions and
their structural properties. We highlight the centrality of convexity and give a selection
of salient examples and applications; many will be revisited in more detail later in
the text — and many other examples are salted among later chapters. Two excellent
companion pieces are respectively by Asplund [15] and by Fenchel [212]. A more
recent survey article by Berger has considerable discussion of convex geometry [53].

It has been said that most of number theory devolves to the Cauchy—Schwarz
inequality and the only problem is deciding ‘what to Cauchy with’. In like fashion,
much mathematics is tamed once one has found the right convex ‘Green’s function’.
Why convex? Well, because. . .

e For convex sets topological, algebraic, and geometric notions often coincide; one
sees this in the study of the simplex method and of continuity of convex functions.
This allows one to draw upon and exploit many different sources of insight.

1 A. Guerraggio and E. Molho, “The origins of quasi-concavity: a development between mathematics and
economics,” Historia Mathematica, 31, 6275, (2004).
2 Quoted by Victor Klee in his review of [366], SIAM Review, 18, 133—134, (1976).
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e In a computational setting, since the interior-point revolution [331] in linear opti-
mization it is now more or less agreed that ‘convex’ = ‘easy’ and ‘nonconvex’ =
‘hard’ — both theoretically and computationally. A striking illustration in combi-
natorial optimization is discussed in Exercise 3.3.9. In part this easiness is for the
prosaic reason that local and global minima coincide.

e ‘Differentiability’ is understood and has been exploited throughout the sciences for
centuries; ‘convexity’ less so, as the opening quotations attest. It is not emphasized
in many instances in undergraduate courses — convex principles appear in topics
such as the second derivative test for a local extremum, in linear programming
(extreme points, duality, and so on) or via Jensen’s inequality, etc. but often they
are not presented as part of any general corpus.

e Three-dimensional convex pictures are surprisingly often realistic, while two-
dimensional ones are frequently not as their geometry is too special. (Actually
in a convex setting even two-dimensional pictures are much more helpful com-
pared to those for nonconvex functions, still three-dimensional pictures are better.
A good illustration is Figure 2.16. For example, working two-dimensionally, one
may check convexity along lines, while seeing equal right-hand and left-hand
derivatives in all directions implies differentiability.)

1.2 Basic principles

First we define some of the fundamental concepts. This is done more methodically
in Chapter 2. Throughout this book, we will typically use £ to denote the finite-
dimensional real vector space R” for some #» € N endowed with its usual norm, and
typically X will denote a real infinite-dimensional Banach space — and sometimes
merely a normed space. In this introduction we will tend to state results and introduce
terminology in the setting of the Euclidean space £ because this more familiar and
concrete setting already illustrates their power and utility.

Aset C C Eissaidto be convex ifit contains all line segments between its members:
Ax + (1 — 1)y € C whenever x,y € C and 0 < A < 1. Even in two dimensions this
deserves thought: every set S with {(x,) : xX>4+1y> < 1} C S C {(x,y) : x>+ < 1}
is convex.

The lower level sets of a function f : E — [—00,+o0o] arethesets {x € £ : f(x) <
a} where @ € R. The epigraph of a function f : E — [—o00, +00] is defined by

epif :={(x,) e ExR: f(x) <t}.

We will see a function as convex if its epigraph is a convex set; and we will use oo
and +oo interchangeably, but we prefer to use +o0o0 when —oo is nearby.

Consider a function f : E — [—o00, +00]; we will say f is closed if its epigraph
is closed; whereas f* is lower-semicontinuous (Isc) if liminf,_, ., f(x) > f(xo) for
all xo € E. These two concepts are intimately related for convex functions. Our
primary focus will be on proper functions, those functions f : E — [—00, +00] that
do not take the value —oo and whose domain of f, denoted by dom £, is defined
by domf = {x € E : f(x) < oo}. The indicator function of a nonempty set D
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is the function §p defined by ép(x) := 0 if x € D and §p(x) := 400 otherwise.
These notions allow one to study convex functions and convex sets interchangeably,
however, our primary focus will center on convex functions.

A sketch of a real-valued differentiable convex function very strongly suggests
that the derivative of such a function is monotone increasing, in fact this is true more
generally — but in a nonobvious way. If we denote the derivative (or gradient) of a
real function g by Vg, then using the inner product the monotone increasing property
of Vg can be written as

(Vg(y) — Vg(x),y —x) > 0 forall x and y.

The preceding inequality leads to the definition of the monotonicity of the gradient
mapping on general spaces. Before stating our first basic result, let us recall that a set
K C EisaconeiftK C K for every ¢t > 0; and an affine mapping is a translate of a
linear mapping.

We begin with a recapitulation of the useful preservation and characterization
properties convex functions possess:

Lemma 1.2.1 (Basic properties). The convex functions form a convex cone closed
under pointwise suprema: if f, is convex for each y € I then sois x — sup,,cr fy ().

(a) A function g is convex if and only if epi g is convex if and only if Sepi ¢ is convex.

(b) A differentiable function g is convex on an open convex set D if and only if Vg
is a monotone operator on D, while a twice differentiable function g is convex if
and only if the Hessian Vg is a positive semidefinite matrix for each value in D.

(c) g o and m o g are convex when g is convex, « is affine and m is monotone
increasing and convex.

(d) Fort > 0, the function (x,t) — tg(x/t) is convex if and only if the function g is
convex.

Proof. See Lemma 2.1.8 for (a), (c) and (d). Part (b) is developed in Theorem 2.2.6
and Theorem 2.2.8, where we are more precise about the form of differentiability used.
In (d) one may be precise also about the Isc hulls, see [95] and Exercise 2.3.9. O

Before introducing the next result which summarizes many of the important con-
tinuity and differentiability properties of convex functions, we first introduce some
crucial definitions. For a proper function f : £ — (—o00, +0o¢], the subdifferential of
f atx € E where f(x) is finite is defined by

X ={pek: (py—%) =f(y) —f(), forally € E}.

If f(x) = +o0, then df (x) is defined to be empty. Moreover, if ¢ € 9f (x), then ¢
is said to be a subgradient of f at x. Note that, trivially but importantly, 0 € 9/ (x) —
and we call x a critical point — if and only if x is a minimizer of /.

While it is possible for the subdifferential to be empty, we will see below that very
often it is not. An important consideration for this is whether x is in the boundary of
the domain of / or in its interior, and in fact, in finite dimensions, the relative interior
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AN ESSENTIALLY STRICTLY CONVEX FUNCTION WITH
NONCONVEX SUBGRADIENT DOMAIN
AND WHICH IS NOT STRICTLY CONVEX

max{(x—2)"2+y"2—-1, —(x*y)* (1/4)}

Figure 1.1 A subtle two-dimensional function from Chapter 6.

(i.e. the interior relative to the affine hull of the set) plays an important role. The
function " is Fréchet differentiable at x € dom f with Fréchet derivative /7 (x) if
I SG+1th) —f &)
im—

t—0 t

= {f'(¥), h)

exists uniformly for all 4 in the unit sphere. If the limit exists only pointwise, f is
Gateaux differentiable at x. With these terms in mind we are now ready for the next
theorem.

Theorem 1.2.2. In Banach space, the following are central properties of
convexity:

(a) Global minima and local minima coincide for convex functions.

(b) Weak and strong closures coincide for convex functions and convex sets.

(c) A convex function is locally Lipschitz if and only if it is continuous if and only if
it is locally bounded above. A finite Isc convex function is continuous, in finite
dimensions lower-semicontinuity is not automatic.

(d) In finite dimensions, say n=dim E, the following hold.

(i) The relative interior of a convex set always exists and is nonempty.

(ii) A convex function is differentiable if and only if it has a unique subgradient.

(iii) Fréchet and Gateaux differentiability coincide.

(iv) ‘Finite’ if and only if ‘n + 1" or ‘n’ (e.g. the theorems of Radon, Helly,
Carathéodory, and Shapley—Folkman stated below in Theorems 1.2.3, 1.2.4,
1.2.5, and 1.2.6). These all say that a property holds for all finite sets as
soon as it holds for all sets of cardinality of order the dimension of the
space.
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Proof. For (a) see Proposition 2.1.14; for (c¢) see Theorem 2.1.10 and Proposi-
tion 4.1.4. For the purely finite-dimensional results in (d), see Theorem 2.4.6 for (i);
Theorem 2.2.1 for (ii) and (iii); and Exercises 2.4.13, 2.4.12, 2.4.11, and 2.4.15, for
Helly’s, Radon’s, Carathéodory’s and Shapley—Folkman theorems respectively. [

Theorem 1.2.3 (Radon’s theorem). Let {x1,x2,...,x,42} C R". Then there is a
partition [[UlL = {1,2,...,n4+2}suchthat C\NCy # Y where C; = conv{x;: i € I1}
and C, = conv{x; : i € I}.

Theorem 1.2.4 (Helly’s theorem). Suppose {C;}ic; is a collection of nonempty closed
bounded convex sets in R", where [ is an arbitrary index set. If every subcollection
consisting of n+ 1 or fewer sets has a nonempty intersection, then the entire collection
has a nonempty intersection.

In the next two results we observe that when positive as opposed to convex
combinations are involved, ‘n + 1’ is replaced by ‘n’.

Theorem 1.2.5 (Carathéodory’s theorem). Suppose {a; : i € I} is a finite set of points
in E. For any subset J of I, define the cone

Cy = ZMM,‘IM,’E[O,‘FOO),Z'GJ .
ieJ

(a) The cone Cj is the union of those cones C; for which the set {a; : j € J} is
linearly independent. Furthermore, any such cone Cj is closed. Consequently,
any finitely generated cone is closed.

(b) If the point x lies in conv{a; : i € I} then there is a subset J C I of size at most
1 4+ dim £ such that x € conv{a; : i € J}. It follows that if a subset of E is
compact, then so is its convex hull.

Theorem 1.2.6 (Shapley—Folkman theorem). Suppose {S;}ics is a finite collection of
nonempty sets in R", and let S := ) ;;
written as x = ) _;.; X; where x; € conv S; for each i € I and moreover x; € S; for
all except at most n indices.

Si. Then every element x € conv S can be

Given a nonempty set F' C E, the core of F is defined by x € core F if for each
h € E with ||h|| = 1, there exists § > O sothatx +th € F forall0 < ¢ < §.
It is clear from the definition that the interior of a set F' is contained in its core,
that is, int ¥ C core F. Let f : E — (—00,400]. We denote the set of points of
continuity of /' by cont . The directional derivative of f atx € domf in the direction
h is defined by

i = i
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if the limit exists — and it always does for a convex function. In consequence one has
the following simple but crucial result.

Theorem 1.2.7 (First-order conditions). Suppose f : E — (—00,400] is convex.
Then for any x € domf and d € E,

fld) <fx+d)—f ). (12.1)

In consequence, f is minimized (locally or globally) at x¢ if and only if f” (xp;d) > 0
foralld € E if and only if 0 € 9f (xp).

The following fundamental result is also a natural starting point for the so-called
Fenchel duality/Hahn—Banach theorem circle. Let us note, also, that it directly relates
differentiability to the uniqueness of subgradients.

Theorem 1.2.8 (Max formula). Suppose f : E — (—00,400] is convex (and Isc in
the infinite-dimensional setting) and that x € core(domf’). Then for any d € E,

f' & d) = max{(p,d) : ¢ € If (%)} (1.2.2)
In particular, the subdifferential 3f (x) is nonempty at all core points of domf'.

Proof. See Theorem 2.1.19 for the finite-dimensional version and Theorem 4.1.10
for infinite-dimensional version. |

Building upon the Max formula, one can derive a quite satisfactory calculus for
convex functions and linear operators. Let us note also, that for f : E — [—00, +00],
the Fenchel conjugate of f is denoted by /* and defined by /™ (x*) := sup{{(x*,x) —
f(x) : x € E}. The conjugate is always convex (as a supremum of affine functions)
while f = f** exactly if fis convex, proper and Isc. A very important case leads to the
formula §7.(x*) = sup, . (x*,x), the support function of C which is clearly continu-
ous when C is bounded, and usually denoted by o¢. This simple conjugate formula
will play a crucial role in many places, including Section 6.6 where some duality rela-
tionships between Asplund spaces and those with the Radon—Nikodym property are
developed.

Theorem 1.2.9 (Fenchel duality and convex calculus). Let E and Y be Euclidean
spaces, and let [ : E — (—o0o,4+00] and g : Y — (—o00,+0o0] and a linear map
A: E — Y, and let p,d € [—00,+00] be the primal and dual values defined
respectively by the Fenchel problems

pi= iléfg{f (x) + g(4x)} (1.2.3)

d := sup{—/"(4"¢) — g" (=)} (1.2.4)

peY
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Then these values satisfy the weak duality inequality p > d. If, moreover, f and g are
convex and satisfy the condition

0 € core(dom g — A dom) (1.2.5)
or the stronger condition
Adomf Ncontg # ¢ (1.2.6)

then p = d and the supremum in the dual problem (1.2.4) is attained if finite.
At any point x € E, the subdifferential sum rule,

A(f +goA)(x) DIf(x) +A*3g(Ax) (1.2.7)

holds, with equality if f and g are convex and either condition (1.2.5) or (1.2.6)
holds.

Proof. The proof for Euclidean spaces is given in Theorem 2.3.4; a version in Banach
spaces is given in Theorem 4.4.18. 0

A nice application of Fenchel duality is the ability to obtain primal solutions from
dual ones; this is described in Exercise 2.4.19.

Corollary 1.2.10 (Sandwich theorem). Let f : E — (—oo,+o0]land g : ¥ —
(—00,+00] be convex, and let A : E — Y be linear. Suppose f{ > —g o A and
0 € core(domg — Adomf) (or Adomyf Ncontg # ). Then there is an affine
function o : E — R satisfying f > o > —g o A.

It is sometimes more desirable to symmetrize this result by using a concave function
g, thatis a function for which —g is convex, and its ~ypograph, hyp g, as in Figure 1.2.

Using the sandwich theorem, one can easily deduce Hahn—Banach exten-
sion theorem (2.1.18) and the max formula to complete the so-called Fenchel
duality/Hahn—Banach circle.

Figure 1.2 A sketch of the sandwich theorem.
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A final key result is the capability to reconstruct a convex set from a well defined
set of boundary points, just as one can reconstruct a convex polytope from its corners
(extreme points). The basic result in this area is:

Theorem 1.2.11 (Minkowski). Let E be a Euclidean space. Any compact convex
set C C E is the convex hull of its extreme points. In Banach space it is typically
necessary to take the closure of the convex hull of the extreme points.

Proof. This theorem is proved in Euclidean spaces in Theorem 2.7.2. O

With these building blocks in place, we use the following sections to illustrate some
diverse examples where convex functions and convexity play a crucial role.

1.3 Some mathematical illustrations

Perhaps the most forcible illustration of the power of convexity is the degree to which
the theory of best approximation, i.e. existence of nearest points and the study of
nonexpansive mappings, can be subsumed as a convex optimization problem. For a
closed set S in a Hilbert space X we write ds(x) := inf,cg ||[x — 5| and call ds the
(metric) distance function associated with the set S. A set C in X such thateachx € X
has a unique nearest point in C is called a Cebysev set.

Theorem 1.3.1. Let X be a Euclidean (resp. Hilbert) space and suppose C is a
nonempty (weakly) closed subset of X. Then the following are equivalent.

(a) C is convex.

(b) C is a Cebysev set.

(c) dé is Fréchet differentiable.
(d) dé is Gateaux differentiable.

Proof. See Theorem 4.5.9 for the proof. O

We shall use the necessary condition for infc f to deduce that the projection
on a convex set is nonexpansive; this and some other properties are described in
Exercise 2.3.17.

Example 1.3.2 (Algebra). Birkhoff's theorem [57] says the doubly stochastic matri-
ces (those with nonnegative entries whose row and column sum equal one) are convex
combinations of permutation matrices (their extreme points).

A proof using convexity is requested in Exercise 2.7.5 and sketched in detail in
[95, Exercise 22, p. 74].

Example 1.3.3 (Real analysis). The following very general construction links convex
functions to nowhere differentiable continuous functions.

Theorem 1.3.4 (Nowhere differentiable functions [145]). Let a,, > 0 be such that
Yoo an < o0. Let by < byt be integers such that by|b,y1 for each n, and the



1.3 Some mathematical illustrations 9

sequence a,b, does not converge to 0. For each index j > 1, let f; be a continuous
Junction mapping the real line onto the interval [0, 1] such that f; = 0 at each even
integer and f; = 1 at each odd integer. For each integer k and each index j, let f; be
convex on the interval (2k,2k + 2).

Then the continuous function Zfil a;f; (bjx) has neither a finite left-derivative nor
a finite right-derivative at any point.

In particular, for a convex nondecreasing function f mapping [0, 1] to [0, 1],
define f(x) = f(2 —x) for 1 < x < 2 and extend /" periodically. Then Fr(x) :=
Rl 27/f(2x) defines a continuous nowhere differentiable function.

Example 1.3.5 (Operator theory). The Riesz—Thorin convexity theorem informally
says that if T induces a bounded linear operator between Lebesgue spaces LP! and
LP? and also between L9! and L92 for 1 < pj,py < ocand 1 < ¢q1,q2 < oo then it
also maps L' to L'? whenever (1/r1,1/r7) is a convex combination of (1/p1,1/p2)
and (1/q1, 1/g2) (all three pairs lying in the unit square).

A precise formulation is given by Zygmund in [451, p. 95].

Example 1.3.6 (Real analysis). The Bohr—Mollerup theorem characterizes the
gamma-function x fooo ~Vexp(—¢) dt as the unique function f mapping the
positive half line to itself such that (a) £ (1) = 1, (b) xf'(x) = f(x + 1) and (c) logf
is convex function

A proof of this is outlined in Exercise 2.1.24; Exercise 2.1.25 follows this by
outlining how this allows for computer implementable proofs of results such as
B(x,y) =T (x)['(y)/ I (x,y) where B is the classical beta-function. A more extensive
discussion of this topic can be found in [73, Section 4.5].

Example 1.3.7 (Complex analysis). Gauss’s theorem shows that the roots of the
derivative of a polynomial lie inside the convex hull of the zeros.

More precisely one has the Gauss—Lucas theorem: For an arbitrary not identically
constant polynomial, the zeros of the derivative lie in the smallest convex polygon
containing the zeros of the original polynomial. While Gauss originally observed:
Gauss s theorem: The zeros of the derivative of a polynomial P that are not multiple
zeros of P are the positions of equilibrium in the field of force due to unit particles
situated at the zeros of P, where each particle repels with a force equal to the inverse
distance. Jensen s sharpening states that if P is a real polynomial not identically
constant, then all nonreal zeros of P’ lie inside the Jensen disks determined by all
pairs of conjugate nonreal zeros of P. See Polya—Szegé [273].

Example 1.3.8 (Levy—Steinitz theorem (combinatorics)). The rearrangements of a
series with values in Euclidean space always is an affine subspace (also called a flat).

Riemann’s rearrangement theorem is the one-dimensional version of this lovely
result. See [382], and also Pdlya-Szegd [272] for the complex (planar) case.
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We finish this section with an interesting example of a convex function whose
convexity, established in [74, §1.9], seems hard to prove directly (a proof is outlined
in Exercise 4.4.10):

Example 1.3.9 (Concave reciprocals). Let g(x) > 0 for x > 0. Suppose 1/g is
concave (which implies log g and hence g are convex) then

1 1
@Jr@_g(x +y)’

1 1 1 ! !
CrI @ e Te@ sty s +n ge+a)  gatyio)

(x,y) =

and all similar n-fold alternating combinations are reciprocally concave on the strictly
positive orthant. The foundational case is g(x) := x. Even computing the Hessian in
a computer algebra system in say six dimensions is a Herculean task.

1.4 Some more applied examples

Another lovely advertisement for the power of convexity is the following reduction
of the classical Brachistochrone problem to a tractable convex equivalent problem.
As Balder [29] recalls

‘Johann Bernoulli’s famous 1696 brachistochrone problem asks for the optimal shape of
a metal wire that connects two fixed points A and B in space. A bead of unit mass falls
along this wire, without friction, under the sole influence of gravity. The shape of the wire
is defined to be optimal if the bead falls from A to B in as short a time as possible.’

Example 1.4.1 (Calculus of variations). Hidden convexity in the Brachistochrone
problem. The standard formulation, requires one to minimize

V1 +f/2(x
= / Vefx)

over all positive smooth arcs /" on (0, x1) which extend continuously to have /' (0) = 0
and f'(x;) = y1, and where we let 4 = (0,0) and B := (x1,y1), withx; > 0,y > 0.
Here g is the gravitational constant.

A priori, it is not clear that the minimum even exists — and many books slough
over all of the hard details. Yet, it is an easy exercise to check that the substitution
¢ = \/]7 makes the integrand jointly convex. We obtain

(1.4.1)

X1
S(¢) = /2gT($%) = /0 \/ 1/¢2(x) + 4¢"2(x) dx. (1.4.2)
One may check elementarily that the solution v on (0, x1) of the differential equation

(V') v @ =C/y@>—1,  ¥(0) =0,

where C is chosen to force ¥ (x;) = ,/y1, exists and satisfies S(¢p) > S(y) for
all other feasible ¢. Finally, one unwinds the transformations to determine that the
original problem is solved by a cardioid.
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It is not well understood when one can make such convex transformations in vari-
ational problems; but, when one can, it always simplifies things since we have
immediate access to Theorem 1.2.7, and need only verify that the first-order nec-
essary condition holds. Especially for hidden convexity in quadratic programming
there is substantial recent work, see e.g. [50, 440].

Example 1.4.2 (Spectral analysis). There is a beautiful Davis—Lewis theorem char-
acterizing convex functions of eigenvalues of symmetric matrices. We let A(S) denote
the (real) eigenvalues of an n by n symmetric matrix S in nonincreasing order. The
theorem shows thatiff : E — (—00, +00] is a symmetric function, then the ‘spectral
function’ f o X is (closed) and convex if and only if /' is (closed) and convex. Likewise,
differentiability is inherited.

Indeed, what Lewis (see Section 3.2 and [95, §5.2]) established is that the convex
conjugate which we shall study in great detail satisfies

(fol) =f*o2,
from which much more actually follows. Three highly illustrative applications follow.

I. (Log determinant) Let Ib(x) := — log(x1x2 - - - x,,) which is clearly symmetric
and convex. The corresponding spectral function is S — — log det(S).
II. (Sum of eigenvalues) Ranging over permutations 7, let

Ji(x) = m;lx{xn(l) +Xp@) + -+ Xp@y) fork <n.

This is clearly symmetric, continuous and convex. The corresponding spectral
function is 0% (S) = A1(S) + 22(S) + - -+ + Ax(S). In particular the largest
eigenvalue, o1, is a continuous convex function of S and is differentiable if and
only if the eigenvalue is simple.

1. (k-th largest eigenvalue) The k-th largest eigenvalue may be written as

1 (S) = op(S) — op—1(S).

In particular, this represents 1y, as the difference of two convex continuous, hence
locally Lipschitz, functions of S and so we discover the very difficult result that
for each &, u(S) is a locally Lipschitz function of S. Such difference convex
functions appear at various points in this book (e.g. Exercises 3.2.11 and 4.1.46).
Sometimes, as here, they inherit useful properties from their convex parts.

Harder analogs of the Davis—Lewis theorem exists for singular values, hyperbolic
polynomials, Lie algebras, and the like.

Lest one think most results on the real line are easy, we challenge the reader to
prove the empirical observation that

4
dx

sin x

p'—>~/ﬁ/000

X

is difference convex on (1, 00).
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Another lovely application of modern convex analysis is to the theory of two-person
Zero-sum games.

Example 1.4.3 (Game theory). The seminal result due to von Neumann shows that
‘= mi A = in(4 1.4.3
p = min max(Ax, y) = maxmin(Ax, y), (1.4.3)

where C C E and D C F are compact convex sets (originally sets of finite probabil-
ities) and 4 : E +— F is an arbitrary payoff matrix. The common value u is called the
value of the game.

Originally, Equation (1.4.3) was proved using fixed point theory (see [95, p. 201])
but it is now a lovely illustration of the power of Fenchel duality since we may write
= infg {87,(4x) + 8¢ (x) }; see Exercise 2.4.21.

One of the most attractive extensions is due to Sion. It asserts that

min ma ,¥) = max min f'(x,
lin max f (x, y) = max minf (x, y)

when C, D are compact and convex in Banach space whilef (-, y), —f (x, -) are required
only to be Isc and quasi-convex (i.e. have convex lower level sets). In the convex-
concave proof one may use compactness and the max formula to achieve a very neat
proof. We shall see substantial applications of reciprocal concavity and log convexity
to the construction of barrier functions in Section 7.4.

Next we turn to entropy:

‘Despite the narrative force that the concept of entropy appears to evoke in everyday writing,

in scientific writing entropy remains a thermodynamic quantity and a mathematical formula
that numerically quantifies disorder. When the American scientist Claude Shannon found
that the mathematical formula of Boltzmann defined a useful quantity in information theory,
he hesitated to name this newly discovered quantity entropy because of its philosophical
baggage. The mathematician John von Neumann encouraged Shannon to go ahead with
the name entropy, however, since “no one knows what entropy is, so in a debate you will
always have the advantage.”™

Example 1.4.4 (Statistics and information theory). The function of finite
probabilities

n
7 ) pilog(p)
i=1
defines the (negative of) Boltzmann—Shannon entropy, where Y ;_, p; = 1 and p; >

0, and where we set 0log0 = 0. (One maximizes entropy and minimizes convex
functions.)

I. (Extended entropy.) We may extend this function (minus 1) to the nonnegative
orthant by

T ) (log(x) — x;). (1.4.4)

i=1

3 The American Heritage Book of English Usage, p. 158.
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(See Exercise 2.3.25 for some further properties of this function.) It is easy to
check that this function has Fenchel conjugate

VY exp(),

whose conjugate is given by (1.4.4) which must therefore be convex — of course
in this case it is also easy to check that x log x — x has second derivative 1 /x > 0
forx > 0.

II. (Divergence estimates.) The function of two finite probabilities

TP~ {Pi log <%> — i - %’)} ;
i=1 !

is called the Kullback—Leibler divergence and measures how far § deviates from
7 (care being taken with 0 < 0). Somewhat surprisingly, this function is jointly
convex as may be easily seen from Lemma 1.2.1 (d), or more painfully by taking
the second derivative. One of the many attractive features of the divergence is
the beautiful inequality

2
n n
i 1
> pilog (’qi) > > (Z pi — q,-|) , (14.5)
i=1 ! i=1

valid for any two finite probability measures. Note that we have provided a
lower bound in the 1-norm for the divergence (see Exercise 2.3.26 for a proof
and Exercise 7.6.3 for generalizations). Inequalities bounding the divergence (or
generalizations as in Exercise 7.6.3) below in terms of the 1-norm are referred
to as Pinsker-type inequalities [228, 227].

III. (Surprise maximization.) There are many variations on the current theme. We
conclude this example by describing a recent one. We begin by recalling the
Paradox of the Surprise Exam:

‘A teacher announces in class that an examination will be held on some day during the
following week, and moreover that the examination will be a surprise. The students
argue that a surprise exam cannot occur. For suppose the exam were on the last day
of the week. Then on the previous night, the students would be able to predict that the
exam would occur on the following day, and the exam would not be a surprise. So it
is impossible for a surprise exam to occur on the last day. But then a surprise exam
cannot occur on the penultimate day, either, for in that case the students, knowing
that the last day is an impossible day for a surprise exam, would be able to predict on
the night before the exam that the exam would occur on the following day. Similarly,
the students argue that a surprise exam cannot occur on any other day of the week
either. Confident in this conclusion, they are of course totally surprised when the exam
occurs (on Wednesday, say). The announcement is vindicated after all. Where did the
students’ reasoning go wrong?’ ([151])

This paradox has a grimmer version involving a hanging, and has a large literature
[151]. As suggested in [151], one can leave the paradox to philosophers and ask,
more pragmatically, the information-theoretic question what distribution of events
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Figure 1.3 Optimal distributions: m = 7 (L) and m = 50 (R).

will maximize group surprise? This question has a most satisfactory resolution. It
leads naturally (see [95, Exercise 28, p. 87]) to the following optimization problem
involving Sy, the surprise function, given by

Sn(P) =) pj 10g< ) ,
Z ’ m th]pl

with the explicit constraint that Z]m=1 pj = 1 and the implicit constraint that
each p; > 0.

From the results quoted above the reader should find it easy to show S, is convex.
Remarkably, the optimality conditions for maximizing surprise can be solved beau-
tifully recursively as outlined in [95, Exercise 28, p. 87]. Figure 1.3 shows examples
of optimal probability distributions, for m = 7 and m = 50.

1.4.1 Further examples of hidden convexity

We finish this section with two wonderful ‘hidden convexity’ results.

I. (Aumann integral) The integral of a multifunction 2 : T + E over a finite measure
space T, denoted f 7 $2, is defined as the set of all points of the form fT ¢(t)du,
where w is a finite positive measure and ¢ (+) is an integrable measurable selection
¢ (t) € Q(¢) a.e. We denote by conv 2 the multifunction whose value at ¢ is the
convex hull of Q(¢). Recall that Q is measurable if {t : Q@) N W #* @} is
measurable for all open sets W and is integrably bounded if sup,.q |lo(¢)| is
integrable; here o ranges over all integrable selections.

Theorem 1.4.5 (Aumann convexity theorem). Suppose (a) E is finite-dimensional
and  is a nonatomic probability measure. Suppose additionally that (b) Q2 is
measurable, has closed nonempty images and is integrably bounded. Then

/Q:/coan,
T T

In the fine survey by Zvi Artstein [9] compactness follows from the Dunford—Pettis
criterion (see §6.3); and the exchange of convexity and integral from an extreme point

and is compact.
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argument plus some measurability issues based on Filippov’s lemma. We refer the
reader to [9, 155, 156, 157] for details and variants.*

In particular, since the right-hand side of Theorem 1.4.5 is clearly convex we have
the following weaker form which is easier to prove — directly from the Shapley—
Folkman theorem (1.2.6) — as outlined in Exercise 2.4.16 and [415]. Indeed, we need
not assume (b).

Theorem 1.4.6 (Aumann convexity theorem (weak form)). IfE is finite-dimensional
and  is a nonatomic probability measure then

fQ:conV/Q.
T T

The simplicity of statement and the potency of this result (which predates Aumann)
means that it has attracted a large number of alternative proofs and extensions, [155].
An attractive special case — originating with Lyapunov — takes

Q@) ={-/0./ (0}

where f is any continuous function. This is the genesis of so-called ‘bang-bang’
control since it shows that in many settings control mechanisms which only take
extreme values will recapture all behavior. More generally we have:

Corollary 1.4.7 (Lyapunov convexity theorem). Suppose E is finite-dimensional and
W is a nonatomic finite vector measure L ‘= (1, L2, ..., WUy) defined on a sigma-
algebra, X, of subsets of T, and taking range in E. Then R(n) := {u(4) : A € X}
is convex and compact.

We sketch the proof of convexity (the most significant part). Let v := Y |ug|. By
the Radon—Nikodym theorem, as outlined in Exercise 6.3.6, each u; is absolutely
continuous with respect to v and so has a Radon—Nikodym derivative f;. Let f :=
(f1,/2, .- -, fn). It follows, with 2 (¢) := {0, (¢)} that we may write

R(p) = / Qdv.
T

Then Theorem 1.4.5 shows the convexity of the range of the vector measure. (See
[260] for another proof.)

II. (Numerical range) As a last taste of the ubiquity of convexity we offer the beautiful
hidden convexity result called the Toeplitz—Hausdorff theorem which establishes
the convexity of the numerical range, W (A), of a complex square matrix 4 (or
indeed of a bounded linear operator on complex Hilbert space). Precisely,

W(A) = {{dx,x) : (x,x) =1},

4 [156] discusses the general statement.
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so that it is not at all obvious that 7 (4) should be convex, though it is clear that
it must contain the spectrum of 4.

Indeed much more is true. For example, for anormal matrix the numerical range
is the convex hull of the eigenvalues. Again, although it is not obvious there is a
tight relationship between the Toeplitz—Hausdorff theorem and Birkhoft’s result
(of Example 1.3.2) on doubly stochastic matrices.

Conclusion Another suite of applications of convexity has not been especially high-
lighted in this chapter but will be at many places later in the book. Wherever possible,
we have illustrated a convexity approach to a piece of pure mathematics. Here is one
of our favorite examples.

Example 1.4.8 (Principle of uniform boundedness). The principle asserts that point-
wise bounded families of bounded linear operators between Banach spaces are
uniformly bounded. That is, we are given bounded linear operators 7,: X — Y
for o € A and we know that sup, .4 || 7 (x) || < oo for each x in X. We wish to show
that sup,c4 | To |l < 0o. Here is the convex analyst’s proof:

Proof. Define a function f; by

Ja(x) := sup [ To () |

aeAd

for each x in X. Then, as observed in Lemma 1.2.1, f; is convex. It is also closed since
each mapping x — || T (x)]| is (see also Exercise 4.1.5). Hence fy is a finite, closed
convex (actually sublinear) function. Now Theorem 1.2.2 (c¢) (Proposition 4.1.5)
ensures f4 is continuous at the origin. Select ¢ > 0 with sup{fs(x) : |lx|| < e} < 1.
It follows that

sup || 7o |l = sup sup [|To(x)[| = sup sup [|Ta(0)[| < 1/e.

acd aed x| <1 lx|<1 aed

We give a few other examples:

e The Lebesgue—Radon—Nikodym decomposition theorem viewed as a convex
optimization problem (Exercise 6.3.6).

e The Krein—Smulian or Banach-Dieudonné theorem derived from the von Neumann
minimax theorem (Exercise 4.4.26).

e The existence of Banach limits for bounded sequences illustrating the Hahn—
Banach extension theorem (Exercise 5.4.12).

e Illustration that the full axiom of choice is embedded in various highly desirable

convexity results (Exercise 6.7.11).

A variational proof of Pitt’s theorem on compactness of operators in £, spaces

(Exercise 6.6.3).
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e The whole of Chapter 9 in which convex Fitzpatrick functions are used to attack
the theory of maximal monotone operators — not to mention Chapter 7.

Finally we would be remiss not mentioned the many lovely applications of con-
vexity in the study of partial differential equations (especially elliptic) see [195] and
in the study of control systems [157]. In this spirit, Exercises 3.5.17, 3.5.18 and
Exercise 3.5.19 make a brief excursion into differential inclusions and convex
Lyapunov functions.



2

Convex functions on Euclidean spaces

The early study of Euclid made me a hater of geometry. (J.J. Sylvester)!

2.1 Continuity and subdifferentials

In this chapter we will let £ denote the Fuclidean vector space R” endowed with its
usual norm, unless we specify otherwise. One of the reasons for doing so is that the
coordinate free vector notation makes the transition to infinite-dimensional Banach
spaces more transparent, another is that it lends itself to studying other vector spaces
—such as the symmetric m x m matrices — that isomorphically identify with some R”.

2.1.1 Basic properties of convex functions

AsetC C Eissaidtobe convexifix+(1—X)y € C wheneverx,y € Cand0 < 1 < 1.

A subset of S of a vector space is said to be balanced if S C S whenever |a| < 1.

The set S is symmetric if —x € § whenever x € S. Consequently a convex subset C

of E is balanced provided —x € C whenever x € C. Therefore, in £ — or any real

vector space — we will typically use the term symmetric in the context of convex sets.
Suppose C C E is convex. A function /' : C — R is said to be convex if

SOx+ A =1y) =M@+ A =-1f ) 2.1.1)

forall0 <X <landallx,y € C.

Given an extended real-valued function ' : £ — (—o00,400], we shall say the
domain of f is {x € E : f(x) < oo}, and we denote this by dom f. Moreover, we
say such a function f is convex if (2.1.1) is satisfied for all x,y € domf. If dom f
is not empty and the inequality in (2.1.1) is strict for all distinct x,y € domf and
all 0 < A < 1, then f is said to be strictly convex. For example, the single variable
functions f'(¢) := % and g(t) := |t| are both convex, while f is additionally strictly
convex but g is not.

The following basic geometric lemma is useful in studying properties of convex
functions both on the real line, and on higher-dimensional spaces.

I' James Joseph Sylvester, 1814-1897, Second President of the London Mathematical Society, quoted in
D. MacHale, Comic Sections, Dublin, 1993.
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Figure 2.1 Three-slope inequality (2.1.1) for x log(x) — x.

Fact 2.1.1 (Three-slope inequality). Suppose f : R — (—o0,+00] is convex and
x <y <z Then

W=/ _f@—f& _f& -/

y—x z—x z—y

whenever x,y,z € domf.

Proof. Observe that y = - yx + S xz. Then the convexity of f implies
z—X zZ—X
z—y y—x
SO = —f)+ /(2).
zZ—X zZ—X
Both inequalities can now be deduced easily. O

We will say a function /' : £ — R is Lipschitz on a subset D of E if there is a
constant M > O so that |f'(x) —f(»)| < M|lx—y| forallx,y € Dand M is a Lipschitz
constant for f on D. If for each xo € D, there is an open set U C D with xg € U
and a constant M so that |f'(x) —f(y)| < M||x — y|| forallx,y € U, we will say f is
locally Lipschitz on D. If D is the entire space, we simply say f is Lipschitz or locally
Lipschitz respectively.

The following properties of convex functions on the real line foreshadow many of
the important properties that convex functions possess in much more general settings;
as is standard, ] and f” represent the right-hand and left-hand derivatives of the real
function /.
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Theorem 2.1.2 (Properties of convex functions on R). LetI C R be an open interval
and suppose [ : I — R is convex. Then

(a) f1(x) and f (x) exist and are finite at each x € I;

(b) f{ and f’ are nondecreasing functions on I;

(© 1100 £ < SL) forx <y, x,y € I;

(d) f is differentiable except at possibly countably many points of I,
(e) ifla,b] C I and M = max{|f| (a)l,|f" (D)}, then

[f @) =f Wl =Mlx =yl forallx,y € [a,b];
(f) f is locally Lipschitz on 1.

Proof. First (a), (b) and (c) follow from straightforward applications of the three-
slope inequality (2.1.1). To prove (d), suppose xo € I is a point of continuity of the
monotone function £} . Then we have by (c) and the continuity of /|

fixo) = lim f{(x) <1’ (x0) <[ (x0).

X—>X,

The result now follows because as a monotone function f7 has at most countably
many discontinuities on /. Now (e), is again, an application of the three-slope
inequality (2.1.1), and (f) is a direct consequence of (e). The full details are left
as Exercise 2.1.1. [

The function f* defined by f (x,y) := |x| fails to be differentiable at a continuum
of points in R?, thus Theorem 2.1.2(d) fails for convex functions on RZ. Still, as we
will see later, the points where a continuous convex function on £ fails to be differ-
entiable is both measure zero (Theorem 2.5.1) and first category (Corollary 2.5.2).
The following observation is a one-dimensional version of the Max formula.

Corollary 2.1.3 (Max formula on the real line). Let I C R be an open interval,
f :1 — R be convex and xo € I. If f’ (xo) < A < f{ (x0), then

f(x) > f(x0) + AMx —x0) forallx € 1.
Moreover,fjr(xo) =max{A : A(x —xg) <f(x) —f(x0), forall x € I}.
Proof. See Exercise 2.1.2. |

We now turn our attention to properties of convex functions on Euclidean spaces.
The lower level sets of a functionf : E — [—o0, +oo] arethesets {x € E: f(x) < a}
where @ € R. The epigraph of a function f : E — [—o00, +00] is defined by

epif :={(x,) e ExR: f(x) <t}

We will say a functionf : E — [—00, 4+00] is closed if its epigraph is closed in X x R.
The function /" is said to be lower-semicontinuous (Isc) at xo if liminf,_, ,, f(x) >
f(x0), and f is said to be Isc if f is Isc at all x € E. It is easy to check that a
function f is closed if and only if it is Isc. Moreover, for f : E — [—o00,+00] it
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Figure 2.2 The Max formula (2.1.3) for max{xz, —x}.

is easy to check that the closure of epif is also the epigraph of a function. We thus
define closure of f as the function clf whose epigraph is the closure of f’; that is
epi(clf) = cl(epif). Similarly, we may then say a function is convex if its epigraph
is convex. This geometric approach has the advantage that convexity is then defined
naturally for functions /' : £ — [—o00,400]. Furthermore, for a set S C E, the
convex hull of S, denoted by conv S is the intersection of all convex sets that contain
S. Analogously, but with a little more care, for a (nonconvex) function f on E, the
convex hull of the function f, denoted by conv f, is defined by

conv f(x) ;= inf{u : (x,) € convepif}

and it is not hard to check that conv " is the largest convex function minorizing f; see
Exercise 2.1.15 for further related information.

Our primary focus will be on proper functions, i.e. those functions f : £ —
(—00, +0¢] such that dom f* # (. However, one can see that for f := —|t|, conv f =
—o0 is not proper (i.e. improper). Moreover, some of the natural operations we
will study later, such as conjugation or infimal convolutions when applied to proper
convex functions may result in improper functions.

A set K is a cone if tK C K for every ¢ > 0. In other words, R K C K where
R4 := [0, 00); we will also use the notation R = (0, 00). The indicator function
of a nonempty set D is the function §p which is defined by ép(x) := 0 if x € D and
8p(x) := oo otherwise. Let £ and F' be Euclidean spaces; a mapping « : £ — F is
said to be affine ifa(Ax+ (1 —1)y) = Aa(x) + (1 —A)a(y) forallA e R, x,y € E. If
the range space F' = R, we will use the terminology affine function instead of affine
mapping. The next fact shows that affine mappings differ from linear mappings by
constants.
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Lemma 2.1.4. Let E and F be Euclidean spaces. Then a mapping « : E — F is
affine ifand only if o = yo + T whereyg € F and T : E — F is linear.

Proof. See Exercise 2.1.3. O

Suppose f : E — (—00,400]. If f(Ax) = Af (x) forallx € E and A > 0, then f
is said to be positively homogeneous. A subadditive function f satisfies the property
that f'(x + y) < f(x) +f(y) for all x,y € E. The function is said to be sublinear if

flax+ By) <af(x)+ Bf(y) forall x,y € E, anda, B > 0.

For this, and unless stated otherwise elsewhere, we use the convention 0 - (+00) = 0.

Fact 2.1.5. A function f : E — (—00,400] is sublinear if and only if it is positively
homogeneous and subadditive.

Proof. See Exercise 2.1.4. O

Some of the most important examples of sublinear functions on vector spaces are
norms, where we recall a nonnegative function || - || on a vector space X is called a
norm if

(a) |lx|| = 0 foreachx € X,

(b) |Ix|l = 0ifand only ifx = 0,

(¢) l|Ax|| = |A||lx]|| for every x € X and scalar A,
(@) lx+yll < Ixll + Iyl for every x,y € X

The condition in (d) is often referred to as the triangle inequality. A vector space
X endowed with a norm is said to be a normed linear space. A Banach space is a
complete normed linear space. Consequently, Euclidean spaces are finite-dimensional
Banach spaces. Unless we specify otherwise, | - || will denote the Euclidean norm
on E and (-, ) denotes the inner product. With this notation, the Cauchy—Schwarz
inequality can be written |(x,y)| < ||x|||ly| forallx,y € E.

Bounded sets and neighborhoods play important role in convex functions, and two
of the most important such sets are the closed unit ball B := {x € E : ||x|| < 1}
and the unit sphere Sp := {x € E : |x|| = 1}. Figure 2.3 shows three spheres
for the p-norm in the plane and the balls {(x,y,z) : |x| + |¥| + |z| < 1} and
{(x,y,2z) : max|x|, |y, |z] < 1} in three-dimensional space.

For a convex set C C E, we define the gauge function of C, denoted by yc, by
yc(x) ;= inf{L > 0 : x € AC}. When C = Bp, one can easily see that yc is just
the norm on E. Some fundamental properties of this function, which is also known
as the Minkowski functional of C, are given in Exercise 2.1.13.

Given anonempty setS C E, the support function of S is denoted by og and defined
by o5(x) := sup{(s,x) : s € S}; notice that the support function is convex, proper and
0 € dom oy. There is also a naturally associated (metric) distance function, that is

ds(x) == inf{lx —y| : y € S}.
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Yy 0.5
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Figure 2.3 The 1-ball in R3, spheres in R2 (1,2, 00), and co-ball in R3.

Distance functions play a central role in convex analysis, both in theory and algo-
rithmically. The following important fact concerns the convexity of metric distance
functions.

Fact 2.1.6. Suppose C C E is a nonempty closed convex set. Then dc(-) is a convex
function with Lipschitz constant 1.

Proof. Letx,y € E, and 0 < A < 1. Let ¢ > 0, and choose xg,y9 € C so that
ik — xoll < de() + € and [ly — yoll < dc(y) + &. Then

de(Ax + (1 = 21)y) < [[Ax + (1 = 1)y — (Axo + (1 — A)yo)||
< Allx = xoll + (1 = M)y — yoll
< Adc(x) + (1 —A)d(y) + e.

Because ¢ > 0 was arbitrary, this establishes the convexity. We leave the Lipschitz
assertion as an exercise. 0

Fact 2.1.7. Suppose f : E — (—00,+00] is a convex function, then f has convex
lower level sets (i.e. is quasi-convex) and the domain of f is convex.

Proof. See Exercise 2.1.5. 0
Some useful facts concerning convex functions are listed as follows.

Lemma 2.1.8 (Basic properties). The convex functions on E form a convex cone
closed under taking pointwise suprema: if f,, is convex for each y € I" then so is

X > sup, er fy ().

(a) Suppose g : E — [—00,+00], then g is convex if and only if epig is a convex
set if and only if Sepi ¢ is convex.

(b) Suppose a : E — F is affine, and g : F — (—00,+00], then g o « is convex
when g is convex.

(c) Suppose g : E — (—00,400] is convex, and m : (—0o0,+00] — (—00,400] is
monotone increasing and convex, then mo g is convex (see also Exercise 2.4.31).

(d) Fort > 0, the function (x,t) > tg(x/t) is convex if and only if g is a convex
function.
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Proof. The proof of (a) is straightforward. For (b), observe that

(goa)(x + (1 = Ny) =ghha(x) + (1 = a(y) < iglax) + (1 —Mgla(y).

(d) Consider the function / : E x R — (—o00, +00] defined by A(x, t) := tg(x/1).
Then for A > 0, A(A(x,?)) = Atg(Ax/(At)) = rtg(x/t). Also, the convexity of g
implies

t t X N y
_ t _ > — -
+tg(/)+ —l—g(y/s) g( +¢ t+s+t s)

_ <x +y>
=& s+t)°
Therefore, h(x + y,t +5) = (s + Hg((x + )/ + 5)) < 1g(x/t) + sg(y/s) =

h(x,t) + h(y,s). This shows 4 is positively homogeneous and subadditive.
The remainder of the proof is left as Exercise 2.1.6. O

Proposition 2.1.9. Suppose [ : C — (—00,+00] is a proper convex function. Then
f has bounded lower level sets if and only if

)

o0 [1x]

> 0. (2.1.2)

Proof. =: By shifting f and C appropriately, we may assume for simplicity that
0 € C and f(0) = 0. Suppose f* has bounded lower level sets, but that (2.1.2) fails.
Then there is a sequence (x,) C C such that ||x,| > n and f'(x,,)/||x,]| < 1/n. Then

f<nxn>:f<llxnll—n0+ n xn>_ f) <
[l | [l I [l [l |

Hence we have the contradiction that {x : f(x) < 1} is unbounded. The converse is
left for Exercise 2.1.19. [

A function ' : E — (—00,400] is said to be coercive if lim|x|—oc0 f (x) = 00.
For proper convex functions, coercivity is equivalent to (2.1.2), but different for
nonconvex functions as seen in functions such as f := | - ||'/2.

2.1.2 Continuity and subdifferentials

We now show that local boundedness properties of convex functions imply local
Lipschitz conditions.

Theorem 2.1.10. Suppose f : E — (—o00,+0o<] is a convex function. Then f is
locally Lipschitz around a point x in its domain if and only if it is bounded above on
a neighborhood of x.
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Proof. Sufficiency is clear. For necessity, by scaling and translating, we can without
loss of generality take x = 0, f(0) = 0 and suppose / < 1 on 2Bg, and then we will
show f"is Lipschitz on Bg.

First, foranyu € 2Bg,0 = f(0) < %f(—u)+%f(u) andsof (1) > —1. Now forany
two distinct points x and v in Bg, we let A = |Ju—v|| and consider w = v+A "' (v—u).
Then w € 2B, and the convexity of / implies

A 2A
JW) =fw) =5 _'_)Lf(u) + H_Af(w) —f) = T3 20lv — ull.

The result follows by interchanging u and v. |

Lemma2.1.11. Let A bethesimplex {x € R, : ) x; < 1}. Ifthe functionf : A — R
is convex, then it is continuous on int A.

Proof. According to Theorem 2.1.10 , it suffices to show that f* is bounded above on
A. For this, let x € A. Then

fo =1 (inei +(1-"%) 0) <> e+ (1= x) /)
i=1 i=1
< max{/(en).f (€)s.. ./ (€n).f (O}

where {e], ez, ..., e,} represents the standard basis of R”. O

Theorem 2.1.12. Letf : E — (—00, +00] be a convex function. Thenf is continuous
(in fact locally Lipschitz) on the interior of its domain.

Proof. For any point x € intdomf we can choose a neighborhood of x € domf
that is a scaled and translated copy of the simplex. The result now follows from
Theorem 2.1.10 and the proof of Lemma 2.1.11. O

Given a nonempty set M C E, the core of M is defined by x € core M if for each
h € Sg, there exists § > 0 sothatx + th € M forall 0 < ¢ < §. It is clear from the
definition that, int M C core M.

Proposition 2.1.13. Suppose C C E is convex. Then xo € core C if and only if
xo € int C. However, this need not be true if C is not convex (see the nonconvex apple
in Figure 2.4).

Proof. See Exercise 2.1.7. 0

The utility of the core arises in the convex context because it is often easier to check
than interior, and it is naturally suited for studying directionally defined concepts, such
as the directional derivative which now introduce. The directional derivative of f at
X € domf in the direction % is defined by

o = i
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Figure 2.4 A nonconvex set with a boundary core point.

if the limit exists. We use the term directional derivative with the understanding that
it is actually a one-sided directional derivative. Moreover, when f* is a function on
the real line, the directional derivatives are related to the usual one-sided derivatives
by £/ (x) = —f (x; —1) and ] (x) = 1" (x; 1).

The subdifferential of f at x € dom f is defined by

@ ={pcE: (p,y—%) <f() —f(&), forally e E}.  (2.1.3)

When x ¢ domf, we define 9f (x) = . Even when x € domf, it is possible that
df (x) may be empty. However, if ¢ € df (x), then ¢ is said to be a subgradient of f
at Xx. An important example of a subdifferential is the normal cone to a convex set
C C E atapointx € C which is defined by N¢ (x) := 3¢ (x).

Proposition 2.1.14 (Critical points). Letf : E — (—00,+00] be a convex function.
Then the following are equivalent.

(a) f has a local minimum at X.
(b) f has a global minimum at x.

(¢) 0 €df(x)

Proof. (a) = (b): Lety € X, if y & domf, there is nothing to do. Otherwise, let
g(t) :=f(x + t(y — X)) and observe that g/, (0) > 0 and then apply the three-slope
inequality (2.1.1) to conclude g(1) > g(0); or in other words, f () > f(X).

(b) = (c) and (c) = (a) are straightforward exercises. [

The following provides a method for recognizing convex functions via the
subdifferential.

Proposition 2.1.15. Let U C E be an open convex set, and let f{ : U — R. If
af (x) # D for eachx € U, then f is a convex function.
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Proof. Letx,y € U,0 < A < landlet¢ € df(Ax + (1 — A)y). Now let a :=
fOx+ (1 =21)y) —d(Ax + (1 — A)y). Then the subdifferential inequality implies
a+¢w) <f(u)forallu € U, and so

SOx+ (A=) =¢OGx+ A —-1)y) +a
=rp®+a)+ 0 -V +a)
<@+ A=)

as desired. O

An elementary relationship between subgradients and directional derivatives is
recorded as follows.

Fact 2.1.16. Suppose ¢ € 3f (X). Then (¢,d) < f'(x;d) whenever the right-hand
side is defined.

Proof. This follows by taking the limit as  — 07 in the following inequality.

¢(d) =

¢ (td) - fx+d)—fx)
t - t ’
O

Proposition 2.1.17. Suppose the function f : E — (—00,400] is convex. Then for
any point x € core dom f, the directional derivative ' (x;-) is everywhere finite and
sublinear.

Proof. Letd € E and ¢t € R\ {0}, define

JE&+ud) —fX)

gld;t) == ;

The three-slope inequality (2.1.1) implies
g(d;—s) <g(d;—1) < g(d;t) <g(d;s) for0 <1 <.

Since x lies in coredom f, for small s > 0 both g(d; —s) and g(d;s) are finite,
consequently as ¢ | 0 we have

+00 > g(d;s) > g(d; 1) | f'(x;d) > g(d; —s) > —o0. (2.1.4)
The convexity of f implies that for any directions d, e € E and for any ¢ > 0, one has
gld+et) <g(d;2t) + g(e; 21).

Letting ¢ | 0 establishes the subadditivity of /7 (X; -). It is left for the reader to check
the positive homogeneity. O
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One of the several natural ways to prove that subdifferentials are nonempty for
convex functions at points of continuity uses the Hahn—Banach extension theorem
which we now present.

Proposition 2.1.18 (Hahn—Banach extension). Suppose p : E — R is a sublinear
function and f : S — R is linear where S is a subspace of E. If f (x) < p(x) for all
x € S, then there is a linear function ¢ : E — R such that ¢ (x) = f(x) forallx € S
and ¢ (v) < p(v) forallv € E.

Proof. If S # E choose x; € E \ S and let S be the linear span of {x1} U S. Observe
that forallx,y € S

JFO+f) =fG&+y) =pk+y) <pl—x1)+pl+y)
and consequently
S&) —plx—x1) <p(y+x1) —f(y) forallx,y €S. (2.1.5)

Let « be the supremum for x € S of the left-hand side of (2.1.5). Then

fx) —a <p(x—x;) forallx €S, (2.1.6)
and
f(») +a<p(y+x) forallyes§. (2.1.7)
Define f; on S by
fic+x1)  =f(x) +ta forallx e S, e R. (2.1.8)

Then f{ = f on S and f; is linear on S;. Now let # > 0, and replace x with ¢~ 'x
in (2.1.6), and replace y with = 'y in (2.1.7). Combining this with (2.1.8) will show
that /i < p on Sj. Since E is finite-dimensional, repeating the above process finitely
many times yields ¢ as desired. [

We are now ready to relate subgradients more precisely to directional derivatives.

Theorem 2.1.19 (Max formula). Suppose f : E — (—00,400] is convex and x €
coredom f. Then for any d € E,

f'(%;d) = max{(p,d) : ¢ € If (V). (2.1.9)
In particular, the subdifferential of (x) is nonempty.

Proof. Fix d € Sg and let « = f'(x;d), then « is finite because X € core dom f
(Proposition 2.1.17). Let S = {td : ¢ € R} and define the linear function A : § — R
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by A(td) := ta for t € R. Then A(-) < f’(x;-) on S; according to the Hahn—Banach
extension theorem (2.1.18) there exists ¢ € E such that

¢p=AonS, ¢()=<f'&)onk.
Then ¢ € 3f'(x) and ¢ (sd) = f'(x;sd) for all s > 0. 0

Corollary 2.1.20. Suppose f : E — (—00,+00] is a proper convex function that is
continuous at x. Then df (x) is a nonempty, closed, bounded and convex subset of E.

Proof. See Exercise 2.1.8. 0

Corollary 2.1.21 (Basic separation). Suppose C C E is a closed nonempty convex
set, and suppose xo & C. Then there exists ¢ € E such that

sup ¢ < (@, xo).
c

Proof. Let f : E — R be defined by /() = dc(-). Then f is Lipschitz and convex
(Fact 2.1.6) and so by the max formula (2.1.19) there exists ¢ € df (xo). Then (¢, x —
x0) < f(x)—f(xp) forallx € E. Inparticular, ifx € C, f(x) = 0, and so the previous
inequality implies ¢ (x) + dc(xg) < ¢ (xo) forallx € C. O

Exercises and further results

2.1.1.* Fill in the necessary details for the proof of Theorem 2.1.2.
2.1.2.* Prove Corollary 2.1.3.

2.1.3.* Prove Lemma 2.1.4.

2.1.4.* Prove Fact 2.1.5.

2.1.5.* Prove Fact 2.1.7.

2.1.6.* Prove the remaining parts of Lemma 2.1.8.

2.1.7.* Prove Proposition 2.1.13.

Hint. Suppose xo € core C; then there exists § > 0 so that xg + te; € C for all
[t <dandi=1,2,...,n where {¢;}]_, is the usual basis of R". Use the convexity

of C to conclude int C # . A conventional example of a nonconvex set F with
OecoreF\intFisF = {(x,y) € R? : ly| > x? or y = 0}; see also Figure 2.4. [

2.1.8.* Prove Corollary 2.1.20.

2.1.9.* Prove Theorem 1.2.7.

2.1.10 (Jensen’s Inequality). Let¢ : I — R be a convex function where / C R is an
open interval. Suppose /€ L1 (€2, ) where p is a probability measure and f'(x) € /
for all x € Q. Show that

/aﬁ(f(t))du > ¢ [/fdu] (2.1.10)

Hint. Verify that ¢ o f is measurable. Let a := [ fdju and note a € 1. Apply
Corollary 2.1.3 to obtain A € R such that ¢(¢#) > ¢(a) + A(t — a) for all ¢t € I.
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Then integrate both sides of ¢ (f(t)) > A(f () — a) + ¢(a). See [384, p. 62] for
further details. O

2.1.11. (a) [Converse to Jensen] Suppose g is a real function on R such that

g ( fo lf(x)dx) < /O (s

for every bounded measurable function f on [0, 1]. Show that g is convex.
(b) Use Jensen’s inequality to show the arithmetic-geometric mean inequality:

1
(ix2 - x) "< —(x1+x24+...+x,) wherex; >0, i=1,2,...,n.
n

Hint. (a) For arbitrary a,b € Rand 0 < A < 1, let f be defined by f'(x) := a for
0 <x <Aiandf(x) :=bfor A <x < 1. For (b), apply Jensen’s inequality when
¢ := exp(-) and f (p;) := y; where u(p;) = 1/n,i = 1,2,...,n and y; is chosen so
that x; = exp(y;). See [384, p. 63] for more details. There are several other proofs,
and the reader should note equality occurs if and only if x; =xy = ... = x,. [

2.1.12. Suppose f is a convex function on £ (or any normed linear space) that is
globally bounded above. Show that /" is constant.

Hint. If f is not identically —oo, fix xo where /" is finite-valued and use the definition
of convexity to show f'(x) = f(xo) for all x. O

2.1.13.* Let C be a convex subset of E and let y¢ denote its gauge function.

(a) Show that yc is sublinear.
(b) Show that if x € core C then dom yc_, = E. Deduce that y¢ is continuous.
(c) Suppose 0 € core C. Prove thatclC C {x € E : yc(x) < 1}.

2.1.14. Suppose f : R — (—00,400] is convex, and strictly convex on the interior
of its domain. Show that f is strictly convex. Provide an example showing this can
fail if R is replaced with R?.

2.1.15 (Convex hull of a family). Show that for a family of proper convex functions
(f)ier, the largest convex minorant f := conv,¢s f; is given by

f(x) :=inf Z)»if(x,-) : Zkixi =x, Z Ai = 1, A; > 0 finitely nonzero ¢ .
iel iel iel
(See [369, Theorem 5.6].) Find an example where epi conv f is not conv epif.
Hint. For the example, let f : R — R be defined by f(r) = > if t # 0 and
O =1. O

2.1.16 (Open mapping theorem). A mapping 7 : X — Y between normed linear
spaces is open if it maps open sets onto open sets. Show that linear mapping between
Euclidean spaces X and Y is onto if and only if it is open.

Hint. Suppose T : X — Y is onto. For any open convex set U C X, and x € T(U),
show x € core T (U). O
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2.1.17 (Midpoint convexity). For 0 < o < 1, an extended real-valued function / on
a Euclidean space E is a-convex if f (ax + (1 — a)y) < af (x) + (1 — a)f (p) for all
x,y € E. When o = 1/2 the function is said to be midpoint convex.

(a) Show that any finite-valued measurable e-convex function is convex. In partic-
ular, a nonconvex midpoint convex function cannot be bounded above on any
nonempty open set.

(b) Inconsequence, every finite Isc midpoint convex function is convex; this remains
true in any normed space.

(c) Use the existence for a Hamel basis for R over QQ to construct a nonmeasurable
function such both f and —f are nonconvex and midpoint convex.

Hint. Note also that finite is required in the ‘measurable’ assertion. For the example,
let f'(¢) := 0 if ¢ is rational and f (¢) := oo otherwise. O

2.1.18 (Lower-semicontinuity and closure). Supposef : E — [—00, +00] is convex.
Show it is Isc at points x where it is finite if and only if f'(x) = (clf)(x). In this case
[ is proper.

2.1.19.*

(a) Show that any functionf : E — [—00, +00] which satisfies (2.1.2) has bounded
lower level sets.

(b) Consider f : R — R defined by £(¢) := 4/]7]. Show that f is not convex and f
has convex bounded lower level sets, but f* does not satisfy the growth condition
(2.1.2).

2.1.20. Suppose f : R — (—00,40c] is convex and proper. Show that

lim f(#)/t existsin (—o0,+00].
t——+00

Hint. Use the three-slope inequality (2.1.1). 0

2.1.21 (Almost sublinear functions). A real-valued function g on a Euclidean space E
is almost sublinear (also called almost homogeneous) if there is a sublinear function
P E — Rwith sup, . [p(x) — q(x)| < oo. Show that g is almost sublinear if and
only if it has an affine minorant representation

q(x) = sup{an,x) + b,
neN
for a bounded set {(a,,b,) € E xR : n e N}.
2.1.22 (Uniform convergence).* Let S be a closed subset of £, and let f, f1, /2, /3 - - .
be continuous real functions on S. For (a) and (c), suppose f, — f pointwise.

(a) Use the Baire category theorem to show that there is a relatively openset U C S
such that (f;)52 ; is uniformly bounded on the set U.
For the next two parts, suppose additionally /' f1, f2,/3, . . . are convex.
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(b) Suppose C C R is a bounded convex set, and [f|, |fi], /2], 3], .. are uni-
formly bounded on C + rBg for some » > 0. Show there exists K > 0 so
that f, f1,/2,/3, . . . have Lipschitz constant K on C.

(c) Suppose further S is a convex set with nonempty interior. Show that for each
x € int S, there is an open set U so that x € U, and (f,);,2, is uniformly bounded
on U. Deduce further that the convergence is uniform on compact subsets in int S.

2.1.23 (Boundedness properties of subdifferentials).* Let U be an open convex subset
of E, and suppose f : U — R is convex.

(a) Show that df(U) C KBg if and only if f has Lipschitz constant K on U. In
particular, for each x € U, there is a neighborhood ¥ of x such that 9f (V) is a
bounded subset of £; in other words df is locally bounded on U.

(b) Suppose domf = E. Show that 3/ (S) is a bounded subset of £ if S is a bounded
subset of E.

For the next two exercises, recall that the Gamma function (or I'-function) is usually
defined for Re(x) > 0 as

I'(x) ;=/ e 71 dr. (2.1.11)
0

The following exercise provides a fine convexity characterization of the I"-function.
2.1.24 (Bohr-Mollerup theorem).  Show the gamma-function is the unique function
f mapping the positive half-line to itself such that (a) (1) = 1, (b) xf (x) = f(x+ 1)
and (c) logf is a convex function.

Hint. First use Holder’s inequality (see Exercise 2.3.3) to show I is as desired.
Conversely, let g := logf. Then g(n + 1) = log(n!) and convexity of g implies that
xlog(n) < (n+14x) —gr+1) <xlog(n+ 1). Thus,

0<g0r)—1 n!n* <1 1_|_1
x) —lo 0 -1.
=8 gx(x+1)~~(x+n)_ & n

Take limits to show

() = lim nim — I ().
n—oo x(x+1)---(x 4+ n)

Note we have discovered an important product representation to boot. O

2.1.25 (Blaschke—Santalo theorem). Application of the Bohr—Mollerup theorem is
often automatable in a computer algebra system, as we now illustrate. The B-function
is defined by

1
B(x,y) ::/ A = (2.1.12)
0

for Re(x),Re(y) > 0. As is often established using polar coordinates and double

integrals
') ()

Bx,y) = r‘(x——i-y)

(2.1.13)
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(a) Use the Bohr—Mollerup theorem (Exercise 2.1.24) with

fi=x—= B, Tx+y)/T()

to prove (2.1.13) for real x,y. Now (a) and (b) from Exercise 2.1.24 are easy
verify. For (c) show f is log-convex via Holder’s inequality (Exercise 2.3.3).
Thus f =T as required.

(b) Show that the volume of the ball in the || - ||,-norm, V,(p) is

1\n
LT+

Valp) = F(l—‘l‘!ﬂ]) (2.1.14)

as was first determined by Dirichlet. When p = 2, this gives

rg TG

v, =2" = ,
" r(+1% ra+%

which is more concise than that usually recorded in texts. Maple code derives
this formula as an iterated integral for arbitrary p and fixed n.

(c) Let C be convex body in R", that is, C is a closed bounded convex set with
nonempty interior. Denoting n-dimensional Euclidean volume of S € R” by
V. (S), the Blaschke—Santalo inequality says

Va(C) Va(C®) < Va(E) Va(E?) = V7 (Bu(2)) (2.1.15)

where maximality holds (only) for any ellipsoid £ and B,,(2) is the Euclidean unit

ball. It is conjectured the minimum is attained by the 1-ball and the co-ball. Here

as always the polar set is defined by C° := {y e R": (y,x) < 1forallx € C}.
(d) Deduce the p-ball case of (2.1.15) by proving the following convexity result:

Theorem 2.1.22 (Harmonic-arithmetic log-concavity). The function V,(p) =
2T (1 + ]1))“/1“(1 +9) satisfies

Vo) Vala) ™ < Vi (ﬁ) , (2.1.16)

p q

foralla > 1,ifp,q > 1,p #q, and A € (0,1).

Hint. Seta :=n, % + Cl] = 1 withA = 1 — A = 1/2 to recover the p-norm case of the
Blaschke—Santalo inequality. 0

(e) Deduce the corresponding lower bound.

This technique extends to various substitution norms (see Exercise 6.7.6). Further
details may be found in [73, §5.5].
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2.2 Differentiability

A function f : E — [—00, +00] is said to be Fréchet differentiable at xy € dom f if
there exists ¢ € E such that for each ¢ > 0 there exists § > 0 so that

[f (o + h) — f(xo) — ¢ ()| < ellhll whenever ||h]| <.

In this case, we write f/(xo) = ¢ or Vf (xo) = ¢ and we say that ¢ is the Fréchet
derivative of [ at xp. Notice that /" is Fréchet differentiable at x¢ if and only if for
some f’(xg) € E the following limit exists uniformly for # € Bg

| S o + th) — f(x0)
m
t—0 t

= {f'(x0), h).

If the above limit exists for each & € Sg, but not necessarily uniformly, then f is
said to be Gateaux differentiable at xo. In other words, f* is Gateaux differentiable at
xo € E if for each ¢ > 0 and each & € Sg, there exists § > 0 so that

[f (xo + th) — f(x0) — ¢ (th)| < et if 0 < <.

In either of the above cases, we may write ¢ = f”(xg), or ¢ = V' (xp).

We should note that Gateaux differentiability is precisely the form of differen-
tiability that ensures the validity of using the dot product of a unit vector with the
gradient for computing the standard (two-sided) directional derivative of a function
f of several variables from elementary calculus. That is, for a unit vector u € Sg, the
definition of Gateaux differentiability ensures that

SGE 4 —f&)

(Vf(®),u) = Dif (%) where D,f () = lim t

One should also note that Gateaux differentiability at x is stronger than demanding
the existence of D, f (x) for every u € Sg, because Gateaux differentiability requires
that //(x) : E — R be a linear mapping; see Exercise 2.2.10.

As a consequence of the max formula (2.1.19), we can express differentiability of
convex functions in several different but equivalent ways.

Theorem 2.2.1 (Characterizations of differentiability). Suppose f: R" —
(—00, 400] is convex and xo € domf. Then the following are equivalent.

(a) f is Fréchet differentiable at xy.

(b) f is Gateaux differentiable at x.
a

(c) 8—f(xo) existfori=1,2,...,n.
Xi

(d) of (xo) is a singleton.

Moreover, when any of the above conditions is true, xo € core domf and

0 d
Vf(xo) = (a—){l(XO), ce 8){

(XO)> and  9f (xo) = {Vf(x0)}.
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Proof. We first suppose that xo € core dom f’; later we will outline how each of (a)—

(d) implies x9 € coredomf. Clearly (a) = (b) = (c). To see that (c) = (d), we

know from the Max formula (2.1.19) that df (xo) # ¥. Suppose there are distinct

d1,¢2 € If (xp), then there is a basis element ¢; with, say, ¢1(e;) > ¢2(e;). Then

the Max formula (2.1.19) implies ' (xo; ;) > ¢1(e;) and f'(xo; —e;) > Ppa(—e;) >
—f"(x0; ;). This implies that gl(xo) does not exist.

(d) = (b): Suppose df (xg) = {¢}, then the max formula (2.1.19) shows

S (o + 1d) — f(x0)
t

o= iy

and
¢(—d) = lim S o — td) — f (xo0) — _ lIim f(xo +td) —f(x()).
t—0t t 0 ¢
td) —
Consequently, ¢ (d) = lilr(l)f(xo ) = f (x0) for all d € E as desired.
t—

t
(b) = (a): Follows because on R" a locally Lipschitz function is Fréchet
differentiable whenever it is Gateaux differentiable (Exercise 2.2.9).
For the moreover part, notice that the proof of (d) = (b) shows 9/ (x¢) = {f’ (x0)};

and the definition of Gateaux differentiability ensures (f”(xo), e;) = B_(XO) where
X

{e;}?_, is the standard basis for R". l

Finally, we need to verify that each of the above conditions implies xy € core dom f;
indeed, this is easy to verify for (a), (b) and (c). So we now do so for (d); indeed,
suppose xp is in the boundary of the domain of f. In the event df (xo) = @, there is
nothing further to do. Thus we may assume ¢ € 9f (xp). Now let C be the closure of
the domain of f, and define g : R" — (—00,400], by g(x) := f(x0) + ¢ (x — xp)
for x € R”. Define the function 2 : R” — R by A(x) := g(x) + dc(x). Then & is
Lipschitz and convex, & < f, and h(xg) = f (xo). Therefore, dh(xo) C 9f (xp), and
one can check that 9/ (xg) is not a singleton using the max formula (2.1.19) since we
already know ¢ € dh(xp). See Exercise 2.2.23 for a stronger result. O

An important property about differentiable convex functions is that they are
automatically continuously differentiable.

Theorem 2.2.2. Suppose f : E — (—00,+00] is a proper convex function that is
differentiable on an open set U. Then x +— Vf(x) is continuous on U.

Proof. This and more is outlined in Exercise 2.2.22. O

However, in the absence of convexity, Gateaux differentiability is far from Fréchet
differentiability, and, in fact, does not even ensure continuity of the function.

Example 2.2. 3 Let f'(x,y) : x2+ s if (x,y) # (0,0) and let £(0,0) := 0; let

glx,y) = x2 +y4 if (x,y) # (0,0) and g(0,0) := 0. Then, both functions are C°°-
smooth on RZ \ {(0,0)}. Moreover, f is Gateaux differentiable at (0,0), but not
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is not Fréchet.

continuous there, while g is Gateaux differentiable and continuous at (0, 0), but not
Fréchet differentiable there.

Proof. The reader can check that the Gateaux derivatives of both functions at (0, 0)
are the zero functional. One can check that " is not continuous at (0, 0) by examining
the limit of f along the path x = y*. To see that the derivative of g is not a Fréchet
derivative, observe lim,_, o+ [g((t2,7) — g(0)1/I1(£2,£)|| = 1/2. See Figure 2.5 for
graphs of these functions. 0

In contrast, we note that if a function has a continuous Gateaux derivative, as
is guaranteed by the existence of continuous partial derivatives, it is necessarily a
Fréchet derivative — as the mean value theorem shows. A more general result is given
in Exercise 2.2.9.

2.2.1 Recognizing convex functions via differentiability

This section examines briefly how differentiable convex functions can be recognized
through properties of first or second derivatives.

Proposition 2.2.4. Let I be an interval in R.

(a) A differentiable function f : I — R is convex (resp. strictly convex) if and only
if f' is nondecreasing (resp. strictly increasing) on I.

(b) A twice differentiable function f : I — R is convex if and only if "' (¢) > 0 for
allt € I.

Proof. We need only prove (a), because (b) is a consequence of (a). In (a) we prove

only the convex case because the strictly convex case is similar. Suppose f* is convex

and differentiable, then Theorem 2.1.2(b) implies that /” is nondecreasing on /.
Conversely, suppose f fails to be convex on /. Then it is easy to verify there exist

X < y < z in the interval / such that

0

zZ—X

fO) > —21@) +
zZ— X
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But this implies

O™ _J@ /)
y—x z—y
which, together with the mean value theorem, shows that /” is not nondecreasing on /.
I

Example 2.2.5. The functions f(¢) := e/, g(t) := tlogt for t > 0, h(t) := |t|P for
p > 1 are strictly convex. Note that ¢ — ¢* is strictly convex on the line but the
second derivative vanishes at zero. Thus strict positivity of the second derivative is
sufficient but not necessary for strict convexity.

Letf : I — R where [ is an interval. Then its derivative f” is nondecreasing on /
if and only if
'O =f'$))Et—5) =0

for all s, ¢ € I. Proposition 2.2.4(a) then has the following natural generalization.

Theorem 2.2.6 (Monotone gradients and convexity). Supposef : U — Ris Gdateaux
differentiable and U C E is an open convex set. Then f is convex if and only if
(VF(x) — Vf(»),x —y) > 0 forall x,y € U. Moreover, f is strictly convex if and
only if the preceding inequality is strict for distinct x and y.

Proof. =: This is a consequence of Exercise 2.2.21 which establishes the monotonic-
ity of the subdifferential map.

«<: Letx € U, h € Sg and define g by g(¢) := f (x + th). It suffices to show that
any such g is convex. Let s and ¢ be chosen so that g(s) and g(¢) are finite. Then for
u =X+ thand v = X + sh we have

@) =g )t —s)=—){Vf&X+1th),h) — (Vf(x+sh),h))
= (Vf(x +th) — Vf(x + sh), th — sh)
= (Vf(w) — Vf(),u—v) > 0.

Hence g is convex because g’ is nondecreasing (Proposition 2.2.4). Therefore, f is
convex. The moreover part is left to the reader. |

We now define differentiability for mappings between Euclidean spaces, this will
allow us to view second-order derivatives in a natural fashion. Let U be an open
subset of £, letx € U and letf : U — Y where Y is a Euclidean space. We will say
f is Gdteaux differentiable at x if there is a linear mapping 4 : E — Y so that

o SE ) —f @) _
m--—-- =

t—0 t

Ah

for each /1 € E. If the limit exists uniformly for ||k|| = 1, then f is said to be Fréchet
differentiable at x. In either case, 4 is the derivative of /" at x, and we denote it by
f'(x) or Vf(x). Consequently, a function /' : E — (—00,+00] is twice Gdteaux
differentiable at x € E if there is an open set U such that x € U and the mapping
[’ : U — E is Giteaux differentiable at X. The second-order derivative of /" at X
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is often denoted by f”(x) (or by V2 (%)), and it is a linear mapping from E to E.
Second-order Fréchet differentiability is defined analogously.

A standard result from multivariable calculus states that a function f : E — R is
continuously twice Fréchet differentiable (i.e. x — f”(x) is continuous) if it has con-
tinuous second partials. Let us note that many important second-order results, such
as Alexandrov’s theorem (see Theorem 2.6.4 below) provide second-order results
for convex functions even though they need not be everywhere first-order differen-
tiable. Section 2.6 will study this and some more general notions of second-order
differentiability on Euclidean spaces.

When the second partials of a function /" : R” — R are defined at x, we define the
Hessian matrix of f at x by

Sax ) foen () oo oy, ()
f3€2x|(~i) fxzxz(i) ﬁczx,,(sc) 82f()_6)

where frx; (X) =

ijaxl- '

o1 B S () S, (0

Now suppose / is twice Gateaux differentiable at x. Then /' (x) identifies naturally
with the Hessian. Indeed, viewing k£ € R” and /' (X) (k) as column vectors, we have

Vi +1k) - Vf(X)

t
_(1. faGHth) —fu® o f, G+ ) —J&,,o-c))T
= | lim ,...,lim

t—0 t =0 t

ST @) = lim (2.2.1)

= (Ve @), k), (Vfoy (), K), - ., (Vs (@), k) = HE.

Consequently, the linear operator " (x) = H as expected. Furthermore, when £ is
twice Gateaux differentiable at x, we define /" (x)(-,-) by /" (x)(h, k) := (h, Hk).
This leads naturally to identifying second-order derivatives with bilinear mappings;
see Exercise 2.2.24. Using the continuity of the inner product on R” we compute the
following useful limit representation for /' (-, -):

7@ (k) = (Hk, ) = <}ir% Vf G+ ﬂ? V@ h>
= lim (Vi + tk),ht) — (V/@).h) 022

We now state a classical result on the symmetry of second derivatives; a proof of this
in a more general setting can be found in [185, Section VII.12].

Theorem 2.2.7 (Symmetry of second-order derivatives). Let U C E be an open set
and x € U. Iff : U — R is twice Fréchet differentiable at x, then V*f(x) is a
symmetric matrix. In particular, if f has continuous second partial derivatives at x,
then V?f (x) is symmetric.
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In fact, Theorem 2.6.1 below shows that a twice Gateaux differentiable convex
function has a symmetric second derivative. That, together with the next theorem
combine to show that a twice Gateaux differentiable function is convex if and only if
its Hessian is a symmetric positive semidefinite matrix.

Theorem 2.2.8 (Hessians and convexity). Let U be an open convex subset of E, and
suppose that f : U — R is twice Gadteaux differentiable on U. Then f is convex if
and only if V*f (X)(h, h) > 0 for allx € U, h € E. Moreover, if V*f (X)(h, ) > 0 for
allx € U, and h € Sg then [ is strictly convex.

Proof. For x € U and h € E \ {0}, define g(¢r) = f(x + th). The Gateaux
differentiability of / implies

o GO —f G
g = lim N = (V/ & +th), ),

and then with the assistance of (2.2.2) one has

" . AV + @+ ADh by — (Vf (X +th), h)
g'(t) = lim
At—0 At

= V[ (& + th)(h, h).

The result now follows from Proposition 2.2.4 because f is convex (resp. strictly
convex) if and only if every such g is convex (resp. strictly convex). |

The proof of the previous theorem illustrates the usefulness of functions of one
variable in the the study of convex functions on vector spaces. Clearly, it was crucial
that x was freely chosen in U, so that the convexity of f on any segment [x, y] where
y = X + h could be checked. For indeed, otherwise one could consider the function
on R? defined by f(x,y) :=xy ifx > O and y > 0, and £ (x,y) := 0 otherwise. Then
£ is convex along every line through (0, 0), but clearly f* is not convex.

Example 2.2.9. Letf : R” — (—o00, 400] be defined by

—xX1xy - x, ifxy,...,x, >0;

f(x]9x2a-";xn) = .
400 otherwise.

Then f is convex. Moreover,

\V(xl +y1)"'(xn "l‘yn) > \n/xl s Xyt \'yyl Vn
forall x1,...x,,¥1,...,¥n = 0.

Proof. This is left as Exercise 2.2.1. O
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Exercises and further results
2.2.1.* Verify Example 2.2.9.
2.2.2. Suppose f : R — (0, 00), and consider the following three properties.

(a) 1/f is concave.

(b) f is log-convex, that is, log of is convex.

(c) f is convex.

Show that (a) = (b) = (c), but that none of these implications reverse.

Hint. Use basic properties of convex functions; see [34, Corollary 2.2]; to see the

implications don’t reverse, consider g(¢) = e’ and A(¢) = ¢ respectively. O
. 1.
2.2.3. Prove that the Riemann zeta function, {(s) = Y oo, — is log-convex on
n
(1, 00).

2.2.4. Suppose i : I — (0,00) is a differentiable function. Prove the following
assertions.

(a) 1/his concave & h(y) +H (P)(y —x) > (h(y))z/h(x), forall x,y in 1.

(b) 1/his affine < h(y) +h (M) (y —x) = (h(y))2/h(x), forall x,yin I.
(¢) 1/his concave = h is log-convex = / is convex.
(d) If h is twice differentiable, then: 1/ is concave < hh” > 2(h')>.

2.2.5. Let U C E be an open convex set, and let /' : U — R be a convex function.
Suppose x,x +h € U, g(t) = f(x+th) for0 < ¢t < 1 and ¢, € 9f (x + th). Show
that g’(z) = (¢, h) except for possibly countably many ¢ € [0, 1].

Hint. First, g is differentiable except at possibly countably many ¢ € [0, 1], and at
points of differentiability Vg(¢) = {0g(¢)}. For each ¢ € [0, 1], observe that

(P, sh) < f(x+ (s+0Dh) — f(x +1th) =gt +5) — ).

Hence (¢¢, h) € ag(?). O

2.2.6 (A compact maximum formula [95]). Let T be a compact Hausdorff space and
letf : E x T — R be closed and convex for in x € E and continuous in z € T.
Consider the convex continuous function

frx) = r}laTx fi(x) where we write f;(x) 1= f(x, ),
(S

andlet T(x) :={t e T : fr(x) =f;(x)}.

(a) Show
ofr (x) = ToIv{af;(x) : 1 € T(x)).

(b) Show that f7 is differentiable at x if and only if 7T'(x) is singleton.
Hint. First show that with no compactness assumption df;(x) C df7(x) whenever

t € T(x). Then show that f7.(x; n) < sup;cry)f; (x; 1), for all & € X. Now apply a
separation theorem. Compare Exercise 4.1.44. O
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2.2.7 (A bad convex function [376]). Consider the function f : R — R defined by

f(Co,y) = max {ux + vy — u2/2}
(u,0)eW

where
W= {(u,v) € R* : v=sin(1/Qu)),0 <u < 1}U{@u,v) e R* : |v| < 1,u=0}.

Show that f is convex and continuous and that for 0 < |x| < 1,Vf(x,0) =
(x,sin(1/(2x)) but df(0,0) = {0} x [—1, 1]. Hence, limy ¢ Vf (x,0) does not exist
even though the derivative does for x # 0.

Hint. Apply the compact maximum formula of Exercise 2.2.6. Note that no such
convex function can exist on R. O

2.2.8.* Suppose f : E — [—o00,+00] is Fréchet differentiable at xg, show that 1" is
continuous at xg.

2.2.9.* Suppose f : E — [—00,400] is Lipschitz in a neighborhood of x¢. If f is
Gateaux differentiable at x, then it is Fréchet differentiable at x.

2.2.10. Provide an example of a continuous function f : R — R such that D,/ (0, 0)
exists for all u € Sk2, but that f is not Gateaux differentiable at (0, 0).

Hint. Let [ (x,y) = /& if x > 0,y > 0 and f (x,y) = — /& if x < 0, < 0; while
f(x,y) = 0 otherwise. 0

The next entry illustrates how convexity can resolve seemingly difficult
inequalities.
2.2.11 (Knuth’s problem, MAA #11369 (2008), 567). Prove that for all real ¢, and
all o > 2,
e —2< (e + e_t)a —2%

Hint. Let f (1) := e* + e™* — 2 — (' + ¢™*)* +2%. Since f(0) = 0 it suffices to
show f/(t) > 0 for ¢t > 0, or the equivalent pretty inequality:

O e
A4e 2 1>""¢% _ fra>21>0. (2.2.3)

T l—e
Write g := (y,a) — log(l —y) + (a — 1) log(1l 4+ y) — log(1l — y*). Then (2.2.3) is
equivalent to g(y,a) > 0for0 <y < l anda > 2. Fix y in (0, 1). Now g,,(y,a) =
¥ log> ()

> 0. Thus, a — g(y,a) is convex fora > 0. As g(y,1) = g(»,2) = 0,

(—14p9)?
the minimum a(y) occurs at a point in (1,2) and for 0 < y < 1,a > 2 we have
g(y,a) > 0 as required. 0

2.2.12. Show that for @ > 1 both

x—lo sinh(ax) and x — lo il
& Ssinh() E\ o1

are convex on R.
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The following seven exercises are culled from [332].
2.2.13. Show that a real-valued function f* defined on an interval / is convex if
and only if, for every compact subinterval J C [ and for every affine function m,
sup, (f + m) is attained at an endpoint of J. [332, p. 9].

2.2.14. Considerx; > 0,x2 > 0,...,x, > Owithn > 1.For 1 <k < nset
X1 +x2+---+x
Ak = ! 2 X k and Gk = (x1~x2---xk)l/k.

Show for 2 < k < n that (4;/Gy)* > (Ax—1/Gr—1)*~! (Popovicu) and that k(4 —
Gi) = (k — 1)(Ak—1/Gr-1) (Rado).

Hint. Use the convexity of — log and exp respectively.

2.2.15. Let D := {r1,r2,...,ry,...} be an arbitrary countable set of real numbers.
Show that .
F ) :=/ > o
0 rp <t

is continuous and convex and is not differentiable exactly at members of D.
2.2.16. Show that if /" is convex on a closed bounded interval [a, b], then

b
f<a+b>< la/f(t)dtsf—(a);f(b).

2 ~b-

2.2.17. Let C R be an interval and suppose f : I — (0, 400). Show the following
are equivalent: (a) f is log-convex; (b) x — e**f (x) is convex on [ for all @ € R; (¢)
X = f%(x) is convex on [ for all @ > 0.

Hint. log(x) = limg_, o+ [f“(x) — D]/«. O

2.2.18. Show that !

xy — z2

fx,y,z2) =

is convex on {(x,y,z) : x > 0,y > 0,xy > z%}.
2.2.19. Show that the sum of two log-convex functions is log-convex.

Hint. a®bP + c*dP < (a+c)*(b+ d)ﬂ, for positive «, 8,a,b, c,d. |
2.2.20. Let

3,
;—, 1fx2§y§xand0<x§1;

fG,y) =10  if (x,y) = (0,0);

00, otherwise.

Show that /" is a closed convex function that fails to be continuous at some points in
its domain (where continuity is for f* restricted to its domain).

2.2.21 (Monotonicity of subdifferentials).* Suppose U C E is a convex set, and
f: U — Ris a convex function. Show that 8f : U — 2F is a monotone mapping,
that is, (* — x*,y — x) > 0 whenever x,y € U and x* € 9f (x), y* € 9f (). In
particular, if U is open and /" is Gateaux differentiable on U, then

(VF(y) = Vf(x),x —y) >0 forallx,y € U.
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Hint. Use the subdifferential inequality to show

OV =x"y—x)=y"(y -0 +x"x—y)
>f) —fx)+fx)—f() =0. -

2.2.22 (Continuity properties of subdifferentials).* Suppose /' : E — (—00,400] is
proper a convex function.

(a) Suppose f is continuous at xg, and suppose € > 0. Then there exists § > 0 so
that of (u) C 9f (xo) + eBg whenever |lu — xp|| < 8.

(b) Suppose f is differentiable at x¢, and suppose ¢,, € df (x,) where x,, — x9. Show
that ¢, — f”(xp). In particular, if a convex function is differentiable on an open
set U in E, then it is automatically continuously differentiable on U.

(c) Suppose f is differentiable and (f,) is a sequence of convex functions that con-
verges uniformly to / on bounded sets. Show that for any bounded set W C E
and ¢ > 0 there exists N € N so that df,,(w) C Vf(w) + eBg whenever w € W
andn > N.

(d) Show that part (c) can fail when f is merely continuous, but show that for any
bounded set # and any ¢ > 0 and § > 0, there exists N > 0 such that 9f,, (w) C
qu_w”<5 df (x) + eBg whenever n > N.

Hint. (a) Suppose not, then there exists x, — xg and ¢ > 0 so that ¢,, € 9f (x,,), but
¢n & 9f (x0) + eBE. Use the local Lipschitz property of /' (Theorem 2.1.12) to deduce
that (||¢,l|)» is bounded. Then use compactness to find convergent subsequence, say
¢n, — ¢. Show that ¢ € 9df (xo) to arrive at a contradiction.

(b) This follows from (a) and the fact 3f (xo) = {f”(x0)} (Theorem 2.2.1).

(c) Suppose not, then there is a subsequence (n;) and ¢ > 0 such that ¢, €
ofn, (Wy, ), wy, € W but ¢, & Vf(wy,) + eBg. Because f, — f uniformly on
bounded sets, it follows that (f,) is eventually uniformly Lipschitz on bounded sets.
Hence by passing to a further subsequence, if necessary, we may assume w,, — w,
and ¢, — ¢ for some wo and ¢ in E. Now show that ¢ € df (wp), however, by (b),
Vf(wg) = Vf(wy) = ¢ which yields a contradiction.

(d) For example, let f;, := max{| - | — 1/n,0} and f := | - | on R. Then df,(1/n) ¢
af (1/n) + %BR for any n € N. Suppose no such N exists. As in (c), choose ¢,, €
Ofn; (wy,) but ¢y, & of (w) + eBg for |w — wy, || < 8§, where as in (c), w,, — wo
and ¢, — ¢ and ¢ € 9f (wp). This produces a contradiction. O

2.2.23 (Subdifferentials at boundary points).* Suppose f : E — (—o00,+00] is a
proper convex function.

(a) Ifxgp € bdry dom f, then 9f (x¢) is either empty or unbounded.
(b) Given examples showing that either case in (a) may occur.

Hint. (a) Suppose 9f (xo) # . With notation as in the last part of the proof of
Theorem 2.2.1, let &,(x) := g(x) + ndc(x) and show 94,(x9) C 9f(xp), find a
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direction d so that //,(xo;d) — oo, and use the max formula (2.1.19) to conclude
there are ¢, € 9f (x) so that ||¢,| — oo.
(b) Consider f'(x) := —4/x and g(x) := 8[0,4-00)- O

Combining Exercises 2.2.23 with Exercise 2.4.7 given below, one sees that the
subdifferential map is not locally bounded at any x in the boundary of the domain of /.
2.2.24 (Reformulation of second-order derivatives). Show that f* is twice Gateaux
differentiable at x € E if and only if f is Gateaux differentiable in a neighborhood U
of x and there is a bilinear mapping b : E x E — R (i.e. b(h, k) is linear in 2 and k
separately) such that

b,k = lim <Vf o+ ﬂ‘t) —vf (x),h> forall h,k € E. (2.2.4)
t—

Moreover, in this case b(h, k) = (Hk,h) where H is the Hessian of /" at x.

Hint. Suppose f is twice Gateaux differentiable at x with Hessian H. Verify that
(h, k) — (h, Hk) equals the right-hand side in (2.2.4). Conversely

k> lim VS (x + th) — V()]

maps E — E; the bilinearity of b implies this map is linear, and hence f is twice
Gateaux differentiable at x. O

2.3 Conjugate functions and Fenchel duality

The Fenchel conjugate (also called the Legendre-Fenchel conjugate or transform) of
a function /" : E — [—00, +00] is the function /* : E — [—00, +-00] defined by

/(@) = sup{{¢,x) — f(0)}.

xeE

A useful and instructive example is op = §},. As one expects, /** denotes the conju-
gate of /*, and it is called the biconjugate of f. The conjugate function /™ is always
convex and if the domain of f* is nonempty, then /™ never takes the value —oo. A
direct consequence of the definition is that for f, g : E — [—o00, 4+00], the inequality
f = g implies /* < g*. As we shall see throughout this book, the conjugate plays
a role in convex analysis in many ways analogous to the role played by the Fourier
transform in harmonic analysis.

Proposition 2.3.1 (Fenchel-Young). Any points ¢ € E and x € domf where f :
E — (—o00, 400] satisfy the inequality

f@) +17(@) = (¢,x). (2.3.1)

Equality holds if and only if ¢ € of (x).
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Proof. The inequality follows directly from the definition of conjugate functions,
while

¢ edf(x) & () —f(») =) —f(x) forally e E
& [7(@) =) —f ().

establishes the equality. |

Some basic examples and facts concerning one-dimensional conjugate functions
are collected in Tables 2.1 and 2.2. Several further properties of conjugate functions
will be given in Section 4.4.

Table 2.1 Conjugate pairs of convex functions on R.

fx)=g"() domf gy =1*») domg
0 R 0 {0}
0 [0, +00) 0 (—00,0]
0 [-1,1] vl R
0 [0,1] yt R
xP/p, p>1 R /g (5+4=1 R
}P/p p=1 0400 b9 (F+d=1) R
—P/p, 0<p<l (0,400  —(=»¥/g (b+1=1) (=000
Vi+a2 R /12 [~1,1]
~logx (0, +00) ~1 — log(~y) (—00,0)
coshx R ysinh =1 () — /142 R
— log(cos x) -%.%) ytan~l(y) — %log(l +%) R
log(cosh x) R ytanh~ () + Llog(1 —»?)  (=1,1)
o R {ylogy -y (>0 [0, +00)
0 y=0
ylogy+ (1 —y)log(l —y)
log(1 + &%) R (y€(0,1) [0,1]
0 (y=0,1)
ylogy — (1+y)log(l+y)
—log(1 —e") (—00,0] (y>0) [0, +00)
0 (y=20)
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Table 2.2 Transformed conjugates.

f=g g=r"
S g
h(ax) (a #0) W (y/a)
h(x +b) h*(y) — by
ah(x) (a > 0) ah*(y/a)

Aspects of the growth rate of a convex function are often reflected in properties of
its conjugate as seen in the following.

Theorem 2.3.2 (Moreau—Rockafellar). A closed convex proper function on E has
bounded lower level sets if and only if its conjugate is continuous at 0.

Proof. According to Proposition 2.1.9, a convex function f : £ — (—00, 4-00] has
bounded lower level sets if and only if it satisfies the growth condition

lim inf @ >

lxll—o00 {|x|]
Because f is closed, it is bounded below on compact sets and thus the previous
inequality is equivalent to the existence of a minorant of the form e|| - || + & < f(-) for
some constants ¢ > 0 and k. Taking conjugates, this is equivalent to /* being bounded
above on a neighborhood of 0, which in turn is equivalent to /* being continuous at 0
(Theorem 2.1.10). O

In order to prepare for the important Fenchel duality theorem, we present the
following lemma.

Lemma 2.3.3. Suppose [ : E — [—00,+00] is convex and that some point xy €
core dom f satisfies f (xo) > —oo. Then f never takes the value —oo.

Proof. Suppose f (xg —h) = —oo for some & € X. The convexity of the epigraph of f
then implies f'(xo + th) = oo for all # > 0. This contradicts that xo € coredomf. [

Let E and Y be Euclidean spaces and 4 : E — Y a linear mapping. The adjoint of
A, denoted by A*, is the linear mapping from Y to E defined by (4*y,x) = (y, 4x)
forallx € E.

Theorem 2.3.4 (Fenchel duality theorem). Let E and Y be Euclidean spaces, and let
fi:E— (—o0,400]landg : Y — (—o0,400] and a linearmap A : E — Y, and let
p,d € [—00, +00] be the primal and dual values defined respectively by the Fenchel
problems

p = inf{f () +g(An) (2.3.2)

d := sup{—/"(4"¢) — g"(—P)}. (2.3.3)

¢peY
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2

Figure 2.6 Fenchel duality (Theorem 2.3.4) illustrated for x2/2 + 1 and —(x — 1)2/2 — 1/2.
The minimum gap occurs at 1/2 with value 7/4.

Then these values satisfy the weak duality inequality p > d. If, moreover, f and g are
convex and satisfy the condition

0 € core(domg — A domf) (2.3.4)
or the stronger condition
Adomf Ncontg # ¢ (2.3.5)

then p = d and the supremum in the dual problem (2.3.3) is attained whenever it is
finite.

Proof. The weak duality inequality p < d follows immediately from the Fenchel—
Young inequality (2.3.1).
To prove equality, we first define an optimal value function/ : ¥ — [—o00, +00] by

h(u) = inf{f(x) +g(dx +u)}.

It is easy to check that % is convex and dom # = dom g — A domf. If p = —o0, there
is nothing to prove. If condition (2.3.4) holds and p is finite, then Lemma 2.3.3 and
the max formula (2.1.19) show there is a subgradient —¢ € 3/(0). Consequently, for
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allu € Y and all x € E, one has
h(0) < h(u) + (¢, u)
<fx) +gMx+u) + (¢, u)
={f() = ("¢, x)} + {g(Ax + u) — (=, Ax + u)}.

Taking the infimum over all points u, and then over all points x yield the inequalities
h(0) < —f*(A"¢) — g"(=¢) <d < p = h(0).

Thus ¢ attains the supremum in problem (2.3.3), and p = d. We leave it as exercises
to show that condition (2.3.5) implies condition (2.3.4). ]

The following is an important subdifferential sum rule, which is sometimes called
the convex calculus theorem.

Theorem 2.3.5 (Subdifferential sum rule). Let E and Y be Euclidean spaces, and let
f i E— (—oo,+o0oland g : Y — (—00,400] and a linear map A : E — Y. At any
point x € E, the calculus rule

3(f +g o A)x) D I (x) + A dg(Ax) (2.3.6)
holds, with equality if f and g are convex and either condition (2.3.4) or (2.3.5) holds.

Proof. This is a consequence of the Fenchel duality theorem (2.3.4). See
Exercise 2.3.12 and also Exercise 2.4.1. O

When g is simply the indicator function of a point, one has the following useful
corollary to the Fenchel duality theorem (2.3.4).

Corollary 2.3.6 (Fenchel duality for linear constraints). Given any functionf : E —
(—o00, +00], any linear map A : E — Y, and any element b of Y, the weak duality
inequality

inf{f(x) : Ax = b} > sup{(b,$) — f*(4*¢)} 2.3.7)
xeE peY
holds. If f is convex and b belongs to core(4 domf) then equality holds, and the
supremum is attained when finite.

In general an ordinary convex program is the problem of minimizing a convex
objective function f subject to a finite number of convex inequalities, g;(x) < b;,j €
J, and linear equalities, (ar,x) = by, k € K, called constraints. Additionally a set
constraint x € C may be given. We write

ing{f(x) g <c,jed, far,x)=Dbr,keK}
xXe

Since a set constraint x € C can be incorporated by adding an indicator function
3¢ to the objective function, a great many problems can be subsumed in (2.3.7)
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and extensions to be met later on. Indeed the fact that f* often takes infinite values
blurs the distinction between objective and constraint. Thus, the feasible set is C N
dom f ﬂjej{x 0 g0 < ¢} Vrexdx © (ar,x) = br}. We analyze the Lagrangian
dual of an ordinary convex program in Exercise 2.3.10.

Exercises and further results

2.3.1. Table 2.1 shows some elegant examples of conjugates on R, and Table 2.2
describes some simple transformations of these examples. Check the calculation of
f* and check /" = f** for functions in Table 2.1. Verify the formulas in Table 2.2.
2.3.2 (Young inequality). Use calculus to derive the special case of the Fenchel-
Young inequality (2.3.1). Forp, ¢ > 1 with 1 /p+1/q = 1, show that x|’ /p+|y|9/q >
xy for all real x and y.

2.3.3 (Holder inequality). Let /' and g be measurable on a measure space (X, i).
Show for p,q > 1 with 1 /p + 1/g = 1 that

/fgdu = Ifllpligllg-
X

When p = g = 2 this is the Cauchy—Schwarz inequality.
Hint. Assume ||f'||, = llgll; = 1 and apply the Young inequality of Exercise2.3.2. [J

2.3.4 (Convexity of p-norm). Show, for 1 < p < oo, that the p-norm, ||x[|, :=

1/p o
(Zj;yzl |xx P ) ,on RY is indeed a norm.

Hint. (2) First show that the unitball B, = {x: Zgzl |xx|P < 1} in N-space is convex
and then use the gauge construction of Exercise 2.1.13.

(b) Alternatively, one may apply Holder’s inequality of Exercise 2.3.3 to the

sequences

“1\V 1\Vv

(beel G40 ™) o (el G40 ™")

to estimate ||x +)7||§ < Uxllp + 1yl lx +)7||§/q. Here as always 1/p+1/¢g = 1 and

q=>1. O

2.3.5 (Favard inequality). Letf be concave and nonnegative on [0, 1]. Show that for
p=>1

1 1 1/p
/O F@dt = %Wnp.

2.3.6 (Griiss—Barnes inequality). Let /" and g be concave and nonnegative on [0, 1].
Show for p,q > 1 that

@+ D@+ D
6

1
/0 S(Dg() dt = I llpllgllg-

When 1/p + 1/q = 1 this provides a pretty if restricted converse to Holder’s
inequality.
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Hint. First prove this for p = ¢ = 1 (due to Griiss) and then apply Favard’s inequality
of Exercise 2.3.5. |

2.3.7. Let f be convex on a product space X x Y. Let A(y) := infyex f(x,y).
Show that #*(y*) = f*(0,y*). Hence h(0) = inficx f(x,0), while 2**(0) =
—infreys £*(0,5%).
2.3.8 (Recession functions). For a closed convex function f', the recession function
is defined by

07/ () = lim LEF0 /G

t—>+00 t

for z € domf. Show that 0"/ is well defined (independent of z) and is sublinear and
closed. Show that for any « > inf f, one has 07f(d) < 0 if and only if /(y) < &
implies f (y +td) < « forall # > 0. In other words, d is in the recession cone of each
such lower level set: {d : C + Ryd C C} [95, p. 83]. In particular, 0%/ (d) < 0 for
some d # 0 if and only if / has unbounded lower level sets.
2.3.9 (Homogenization). Recall from the proof of Lemma 2.1.8 that a function f
is convex if and only if the function defined by g(x,#) := #f(x/¢) is sublinear for
t > 0. Hence deduce that y?/x is convex on R x R, . Determine the closure
of (x,y) + »?/x. Show more generally when f is closed and convex on R, that
g (x,t) = tf (x/1r) for t > 0, that in the language of Exercise 2.3.8 g**(x,0) =
07f (x), and that g**(x, t) = oo otherwise [95, p. 84].
2.3.10 (Lagrangian duality). Consider the ordinary convex program

h(c) :=inf{f(x) : gi(x) <¢;,j=1,...,n} where ¢ :=(c1,c2,...,cs) €R"
with Lagrangian L(x, 1) := f(x) + (A, g(x)). Use Exercise 2.3.7 to show that % is

convex when f and each g; is. Then

(a) Confirm that
H(0) = sup inf £ (o) + (g ().

X
reR%

Hence,

inf{f(x) : gix) <c¢,j=1,...,n} = sup in/fif(x) + (A, g(x)).

n xXe
reRY

if and only if 4 is Isc at zero.

(b) In particular, % is continuous at zero when Slater’s condition holds: there is
X e domf withg;(x) < Oforj=1,...,n.

(c) Moreover, the set of optimal Lagrangian dual solutions is precisely —ad/(0).

(d) Extend the analysis to the case where there are also affine constraints.

Hint. First apply the previous analysis to f + 8p where P is the affine part of the
feasible set. Then use the ideas of the mixed Fenchel duality corollary (3.1.9). O

2.3.11 (Duffin’s duality gap). Consider the following problem (for real b):

v(b) := inf {exz DXt +xd—xi <b xe RZ}. (2.3.8)



2.3 Conjugate functions and Fenchel duality 51

(a) Draw the feasible region for b > 0 and b = 0. Then plot the value function v and
compute v**. Compare the results to those promised by Exercise 2.3.10.
(b) Repeat the above steps with the objective function e*? replaced by x;.

2.3.12.* Fill in the details for the proof of the Fenchel duality (2.3.4) and
subdifferential sum (2.3.5) theorems as follows.

(a) Fenchel duality theorem (2.3.4):

(1) Use the Fenchel-Young inequality (2.3.1) to prove the weak duality
inequality.
(i) Prove the inclusion in (2.3.6).
For the remaining parts, assume f and g are convex.
(iii) Prove the function / defined in the proof is convex with dom# = dom g —
Adomf.
(iv) Prove the condition (2.3.5) implies condition (2.3.4).

(b) Subdifferential sum theorem (2.3.5): assume additionally that (2.3.4) holds.

(i) Suppose ¢ € 3(f + g o A)(x). Use the Fenchel duality theorem (2.3.4) and
the fact x is an optimal solution to the problem

i‘éfz{f(x) — (¢, x)) + g(4x)}

to deduce equality in (2.3.6).

(ii) Prove points ¥ € E and ¢ € Y are optimal for problems (2.3.2) and (2.3.3),
respectively, if and only if they satisfy the conditions 4*¢ € 3f(x) and
—¢ € 9g(4x).

2.3.13.* Suppose f : E — (—o00,400] is a proper convex function. Show that f
is Lipschitz with constant £ if and only if domf™* C kBg. Give an example of a
continuous nonconvex function on the real line that is not Lipschitz whose conjugate
has bounded domain.

Hint. See Proposition 4.4.6 and [369, Corollary 13.3.3] and try an example like
J=VI- O

2.3.14 (Infimal convolutions).* Let / and g be proper extended real-valued func-
tions E. The infimal convolution of f and g is defined by

(feg)) :==inf f(y) +gx — )
yek

See Figure 2.7 for an illustration of infimal convolutions.

(a) Show that, geometrically, the infimal convolution of ' and g is the largest
extended real-valued function whose epigraph contains the sum of epigraphs
of f and g.

(b) Provide an example showing that the sum of two epigraphs of continuous convex
functions may not be closed.
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0.5+

0.5

Figure 2.7 Infimal convolution of —y/1 — x2 and % Ix|%.

(c) Provide an example showing that the infimal convolution of two continuous
convex functions on R need not be proper.

(d) Provide an example showing that even if the infimal convolution of two lsc
convex functions is proper, it need not be Isc.

(e) Show that the infimal convolution of two convex functions is convex.

(f) Suppose f, g are convex functions on £ that are bounded below. If f : E — R is
continuous (resp. bounded on bounded, Lipschitz), then f og is a convex function
that is continuous (resp. bounded on bounded sets, Lipschitz).

(g) Suppose C is a closed convex set. Show that dc = || - || ad¢. Conclude that d¢ is
a Lipschitz convex function (hence this provides an alternate proofto Fact 2.1.6).

Hint. For (b) consider f'(x) := ¢* and g(x) := 0; for (c) let f (x) := x and g(x) := 0;
for (d) use the indicator functions of the epigraphs of f(x) := ¢* and g(x) := 0.
The infimal convolution is the indicator function of the sum of the epigraphs, i.e. the
indicator function of open half plane {(x,y) : y > 0} which is not Isc; for (e) use (a);
for the first two parts of (f) notice that for

inff +infg < (fog)(x) <f(x—xp) +gxp) foreachx € E

where xg € dom g is fixed. Continuity then follows from Theorem 2.1.12, and bound-
edness on bounded sets follows from bounds onf". Given thatf o g is everywhere finite,
an easy estimate shows the Lipschitz constant for /" is valid for the convolution. [J

2.3.15 (Infimal convolutions and conjugation).*

(a) Letf and g be proper functions on E, then (fog)* = f* + g*.
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X
0.5 1

Figure 2.8 Infimal convolution of 3|x| and —y/1 — x2. Note the curves diverge when the slope
reaches £3.

(b) Suppose f : E — R is a convex function bounded on bounded sets. If f,, < f for
each n, and f;* — f™ uniformly on bounded subsets of the domain of /¥, then
fn — f uniformly on bounded subsets of E.

(c) Letf : X — R be convex and bounded on bounded sets. Then both f on|| - ||
and f on|| - || converge uniformly to / on bounded sets.

(d) Iff and g are convex and dom f N contg # @, show that (f + g)* = f*og*. Is
convexity needed?

Hint. For (a) see the proof of Lemma 4.4.15; for (b) see the proof of Lemma 4.4.16;
and for (c), use (a) and (b), cf. Corollary 4.4.17. O

2.3.16 (Lipschitz extension).* Suppose the real function f* has Lipschitz constant &

on the set C C E. By considering the infimal convolution of the functions / + §¢ and

k|l - |I, prove there is a function f : E — R with Lipschitz constant & that agrees with

£ on C. Prove furthermore that if f and C are convex then /" can be assumed convex.

See Figure 2.8 for an example illustrating this.

2.3.17 (Nearest points). (a) Suppose that f : X — (—00,400] is strictly convex.
Show that it has at most one global minimizer.

(b) Prove that the function £ (x) := ||x — y||?/2 is strictly convex on E for any point
yeE.

(c) Suppose C is a nonempty closed convex subset of E.

(i) Let y € E; show that there is a unique nearest point Pc(y) in C to y,
characterized by

v—Pc(y),x —Pc()) <0 forallx € C.
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The mapping x — Pc(x) is called the nearest point mapping.

(i1) For any point x € C, deduce that d € Nc(x) holds if and only if x =
Pc(x+d).

(ii1) Deduce, furthermore, that any points y and z in E satisfy

1Pc(y) = Pc@I < lly —zl;

that is, the projection Pc : £ — C is a Lipschitz mapping.

(d) Give an example of a nonconvex set S C R where Pg is discontinuous.
2.3.18 (Nearest point to an ellipse). Consider the ellipse

2 2
X 4
E:= St =1
{(x,y) 2t 5, }

. . . 2 2
in standard form. Show that the best approximation Pg (u,v) = (a‘é i’t, %) where
a*u? b2

@07 0y

t solves

= 1. Generalize this to a hyperbola and to an arbitrary

ellipsoid.
2.3.19 (Nearest point to the p-sphere). For 0 < p < 00, consider the p-sphere in two
dimensions

Sp = {x,): xlP + )P = 1}.
Let z* := (1 — z2)!/P. Show that, for uv # 0, the best approximation Psp (u,v) =
(sign(u)z, sign(v)z*) where eitherz = 0,1 or 0 < z < 1 solves

2PNz — qul) — 227N — o)) = 0.

(Then compute the two or three distances and select the point yielding the least value.
It is instructive to make a plot, say for p = 1/2.) Extend this to the case where uv = 0.
Note that this also yields the nearest point formula for the p-ball.

Hint. One approach is to apply the method of multipliers [96, Theorem 7.7.9] and
then eliminate the multiplier. O

2.3.20 (Distance functions). Suppose C, S C E are nonempty and C is convex.

(a) Prove that d§ is a difference of convex functions by showing

2 2 *
B =" —(%Ms) x).

(b) Recall that 8¢ is convex and show that d> = &g, + 87, that is s = 8, + oc.
(¢) Forx € C, show that ddc(x) = Bg N N¢(x).
(d) If Cis closed and x ¢ C, show that

Vdc(x) =

200 (x — Pc(x)),

where Pc(x) is the nearest point to x in C.
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(e) If C is closed, show that
1o o
3 Vd¢(x) =x — Pc(x) forallx € E.

2.3.21 (First-order conditions for linear constraints). Let C be a convex subset of E,
f : C — Rbe a function and 4 : E — Y be a linear map where Y is a Euclidean
space. For b € Y, consider the optimization problem

inf{f(x) : x e C, Ax = b}. (2.3.9)

Suppose x € int C satisfies Ax = b.

(a) Suppose that x is a local minimizer for (2.3.9) and /" is differentiable at x. Show
that Vf(x) € A*Y.

(b) Conversely, suppose that V£ (x) € A*Y and f is convex. Show that x is a global
minimizer for (2.3.9).

Hint. Show that the normal cone to the set {x € £ : Ax = b} atany point in itis A*Y,
and deduce the result from this. O

2.3.22 (Hidden convexity, I). T We have used many special cases of the simple fact that
x — infy f(x,y) is convex whenever f is jointly convex on a vector space X x Y. Itis,
however, possible for the infimum to be convex without / being so. A useful example
is given by the Fan minimax theorem. Recall that for arbitrary sets, f : X x ¥ — R
is said to be convex-concave like on X x Y if, for 0 < ¢ < 1, (a) for x1,xp in X there
exists x3 in X with £ (x3,y) < tf (x1,y) + (1 — £)f (x2,y) for all y in ¥; and (b) for
1,2 in Y there exists y3 in ¥ with ' (x,y3) > tf (x,y1) + (1 —£)f (x,)») forall x in X .
The general form of Fan’s minimax theorem is:

Theorem 2.3.7 (Fan minimax theorem). Suppose that X,Y are nonempty sets with
f convex-concave like on X x Y. Suppose that X is compact and f (-,y) is Isc on X
foreachyinY. Then

p :=minsupf(x,y) = supminf(x,y).
X vy y X

If'Y is actually compact and f (x,-) is usc on Y for each x in X, then ‘sup’may be
replaced by ‘max’above.

Hint. We follow [123]. Consider, for any finite set y1,y2 -+ ,y, in Y

h(z) = ir}}f{r Sy <ri=1,2,...,n}

and observe that, while f is not convex, 4 is since f(-,);) is convex-like. Also 4 is
continuous at zero and so possesses a subgradient which justifies the existence of a
Lagrange multiplier [123]. Hence, one has Aq,..., A, > 0 with

F Y M () =) = h0),

i=1
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for all real » and all x in X'. Deduce that Z?:l A; = 1 and hence, by concave-likeness,
there is an element y of ¥ with

minsup f(x,y) > minf (x,y) > A(0) > max minf(x,y).
X y X I<i<n X
Now appeal to compactness to show that
minsupf (x,y) > supminf(x,y).
X vy y X

Weak duality provides the other inequality. [

2.3.23 (Hidden convexity, II).T Use Lyapunov’s theorem (1.4.7) to show that A
given by

(HC) h(b) := inf / Go(x(1), 1) u(d) subject to
T
/T Gox(0).0) u(dr) = by, -, /T $u (). 1) p(dr) = b,

for 1 < k < n is convex whenever each ¢; is a normal (convex or nonconvex)
integrand, in the language of the discussion before Theorem 6.3.6, and u is a purely
nonatomic, complete finite measure. In particular, this holds when the constraints are
linear functionals and the objective function is of the form fT ¢ (x(2)) u(de) for an
arbitrary Isc ¢.

Hint. Let ¢ := (¢, @1, . . . , d»). Fix two vectors b and ¢ and feasible functions x and
y with [ ¢i(x(0),1) d = by, [ $i(p(0).1) die = ¢, and h(b) < [ Go(x(t). ) dpe +
g, h(c) < fT do(¥(t),t) du + &. By translation we may assume ¢ = 0,y = 0, and
¢(y) = 0. Use the vector measure given by m(E) := qu)(x(t) du for E C T to
show A(sb + (1 — s)c) < sh(b) + (1 —s)h(@c) +efor0 < s < 1. O

2.3.24 (Direct and indirect utility).” In mathematical economics the relationship
between production and consumption is often modeled by the following dual pair.
Begin with a real-valued, nondecreasing concave or quasi-concave function on the
nonnegative orthant in Euclidean space, E, that is supposed to represent a consumer’s
preference for consumption of some amounty € £ of consumables. Fix a nonnegative
vector p of prices and consider the primal or utility maximization problem

u(p) == sup {v(y): (p,y) =r} (2.3.10)
0<yeFE

of working out how one maximizes ones individual utility given a fixed budget » > 0.
The function u is called the indirect utility function and expresses the consumer utility
as a function of prices. Under conditions discussed in [163, 186] the direct utility
function can be reconstructed from

v(y) = 0inf {ulp/r) : (p,y) <r}. (2.3.11)
<pek
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(a) Show u is nonincreasing on the positive orthant.
(b) It canbe shown u is quasi-convex and continuous on the positive orthant when v is

quasi-concave and continuous on the nonnegative orthant. Moreover, u satisfies

(2.3.11).
(¢) Show that the Cobb—Douglas functions defined for y > 0 by

n
v(y) =[],
i=1

with «; > 0, are quasi-concave and continuous on the nonnegative orthant and
that they have log-convex indirect utility functions

u(p)z]‘[<§)’,

i=1

infinite on the boundary of the orthant, where o := Y [ | ;. (Compare [95,
Example 13].)
Hint. €8 is quasi-concave when g is.

2.3.25 (Maximum entropy [100]).T Define a convex function p : R — (—00, +-00]
by
tlogt —t¢t, ift>0;
p@) =10 ift =0;

+00, otherwise;
and a convex function f : R” — (—o00, +00] by

n

f@) =Y px).

i=1
al L n
Suppose X is in the interior of R’} .

(a) Prove f is strictly convex on R’} with compact lower level sets.

(b) Prove f”(x;X — x) = —oo for any x on the boundary of R”} .

(¢) Suppose the map G : R” — R™ is linear with GX = b. Prove for any vector
¢ € R” that the problem

inf{ f(x) + (c,x) : Gx =b,x € R"}

has a unique optimal solution x lying in the interior of R’} .
(d) Use Exercise 2.3.21 to prove that some vector A € R” satisfies Vf (x) = G*A —c¢
and deduce X; = exp(G*A — ¢);.
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Maximum entropy leads natural to the notion of divergence estimates or relative
entropy.
2.3.26 (Divergence estimates [304]). '

(a) Prove the real function
f2Q40(exp i+ 1) =3 — 1)?

is convex and minimized when ¢ = 1.
(b) Forv € intR, and u € R, deduce the inequality

3(u—v)? <2(u+2v) (ulog (%) —u+ U) .

Now suppose the vector p € int IR’} satisfies ) p; = 1.
(c) Ifthe vector g € int R’} satisfies ) _; g, use the Cauchy—Schwarz inequality to
prove the inequality

‘ @i — 91
(l;lpi—ql) Z T2

qi’

and deduce the inequality

n p l n 2
> pilog (—Z) 23 (Z lpi — qz‘l) ~
i=1 4 i=1

2.3.27. Let C be a convex subset of E, and let k¢ := yc be its associated gauge
function. The polar function is defined by

(kc)® (x) :=inf{v > 0 : (x*,x) < vkc(x)}.
Note that if kc(x) > 0 for x # 0, then

(x*, x)
k2 (x*) = sup ———
¢ x;ﬁO kc(x)
(a) Show thatkZ = kco and that kZ” = cl kc. Deduce that polar functions are support
functions.
(b) Deduce that the polar of a norm is the dual norm.
(c) Observe the polar inequality

(x*,x) < ke () k¢ (x¥),

for all x and x*. Hence rederive Holder’s inequality.

(d) (Experimental design duality).” An elegant illustration of the use of polar func-
tions is to be found in [359, 358]. The setup, from linear model theory in statistics,
is that we let £} be the Euclidean space of & x k£ symmetric matrices, Sy the cone
of positive semidefinite matrices and let M C Ej be a compact, convex subset of
the nonnegative semidefinite matrices containing some positive definite element
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(this is Slater’s condition in this context). Fix 0 < s < k, let K be a full-rank
k x s matrix and define a mapping — not the duality map — by J : Sy — S
by J(A) = (K'A"K)"'if4 € AK) := {B € N; : rangeB C rangeK}, and
J(4) = 0 otherwise. Here A~ denotes the Moore—Penrose pseudo-inverse matrix.

An information functional is a concave, positively homogeneous function j :
Ss — R which is isotone with respect to the semidefinite or Loewner ordering
(see (2.3.30)). Then the optimal (experimental) design problem in statistics asks
for the solutions to

w = sup (joJ)(M),
MeM

and the dual design problem is
V= min 1 © K/]V[( .
NeMe /] ( )

(1) Show that if j is strictly concave then it is strictly increasing — but not
necessarily conversely as j = tr, the trace, shows.
(i1) Characterize subgradients of — logoj o J.

(ii1) Show thatjoJ isusc if and only dom; C intS;, in which case u is attained.
Note that this gives a ‘natural’ class of nonclosed convex functions, such as
troJ when 0 < s < k.

(iv) Show that strong duality obtains: u = v.

2.3.28 (The location problem [280, 130]).T The classical location problem, also
known as the Fermat—Weber problem or the Steiner problem asks for the point least
distance from m given points ay, az, . . ., a,;, — the locations — in a Euclidean space E.
That is we seek the point ¥ minimizing the coercive convex function

m
F@) =Y willx—al,

i=1

for given positive weights w;. Needless to say there are many generalizations. For
example, the Euclidean norm could be replaced by a different norm or gauge function
for each index.

(a) Fermat posed the question, answered by Torricelli, for the triangle with equal
weights: the solution is the Fermat point. For triangles with no angle exceeding
120° this is achieved by constructing an equilateral triangle on each side of the
given triangle. For each new vertex one draws a line to the opposite triangle’s ver-
tex. See Figure 2.9. The three lines intersect at the Fermat point. In the remaining
case, a vertex is the solution.

(b) Show the minimum exists and is unique (in the Euclidean case).

(c) Use the proposition on critical points (2.1.14) and the subdifferential sum rule
(2.3.5) to show that a nonlocation X is minimal if and only if

m

)_c—ai
Y w i,
1% — aill

i=1
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Figure 2.9 The Fermat point of a triangle.

and write down the optimality condition in the general case. Deduce that the
optimum is a fixed point of the mapping defined, for x not a location, by

Yo wiai/ llx — a|

Y wi/llx — aill

with continuity assured by setting 7'(a;) = a; for each location.

(d) Analyze Wieszfeld’s proposed 1937 algorithm which is just to iterate 7. Convince
yourself that, assuming the locations span the space, it usually converges to a
solution — typically at linear rate [280, 130]

Tx) =

2.3.29 (Joint and separate convexity on R [34]).** Suppose that / is a nonempty open
interval in R, and that f € C*(7) with f” > 0 on I. Let Dy denote the Bregman
distance defined as follows

Dy I x1—[0,00): () > f(x) —f(») = f (X)(x — ).

The convexity of f implies that x — D¢ (x,y) is convex for every y € 1. We will say
Dy is jointly convex if (x,y) = Dyr(x,y) is convex on I x I, and we will say Dy is
separately convex if y = Dy (x,y) is convex for every x € I.

(a) Let i :=f". Show that Dy is jointly convex < 1/h is concave <

h(y) + 1 () —x) = (h())’/h(x), forallx,yinl. G)

In particular, if / exists, then: Dy is jointly convex < hh" > 2(i')>.
(b) Let i :=f". Show that Dy is separately convex <

h(y) +h(y)(y—x) >0, forallx,yinl. (s)
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(c) Letf(¢) := e " onI = (0,1). Use part (a) to show Dy is not jointly convex on /,
and use part (b) to show that Dy is separately convex on /. Hence joint convexity
is genuinely stronger than separate convexity.

(d) (Fermi-Dirac entropy) Let f(¢) := tlogt+ (1 — #) log(1 —¢) on/ = (0, 1). Use
part (a) to show that Dy is jointly convex.

(e) Let I = (—00,+00). Show that Dy is separately convex if and only if / is a
quadratic function.

(f) Let! = (0, 00). Show that Dy is separately convex if and only if /" (x) +x/"" (x) >
0 > /" (x) for every x > 0.

(g) Suppose I = (0,00) and /""" exists. Let ¥ := log o(f”). Show that:

(i) Dy is jointly convex < ¢ (x) > (1//’(x))2, forall x > 0.

(ii) Dy is separately convex < 0 > ¥/(x) > —1/x, forallx > 0.
(iii) f” is log-convex < " (x) > 0, for all x > 0.
@iv) f” is convex & ¥ (x) > —(W(x))z, for all x > 0.

(h) (Boltzmann—Shannon entropy) Let f(¢) := tlog? — ¢ on (0,00). Show Dy is
jointly convex, but Dy« is not separately convex.

(i) (Burg entropy) Let f(#) := —logt on (0,00). Show that Dy is not separately
convex, but /” is log convex.

(k) (Energy) Let f(¢) := ¢*/2 on R. Show that Dr(x,y) = |x — ¥|2/2 recovers the
usual distance (squared).

Hint. For (a), use the Hessian characterization of twice differentiable convex func-
tions, along with Exercise 2.2.4. For (b), observe the second derivative of y
Dyr(x,y) is h(y) + K (y)(y — x). For (e), use (b) and let x — o0 to conclude
f"(x) = 0forall x € R. For (f), use (b). For (g), use (a) for (i), use (f) for (ii), and use
basic properties of convex and log-convex functions for (iii) and (iv). Use appropriate
parts of (g) to show (h) and (i). For more details on the proof and for further results
see [34]. O

2.3.30 (Joint and separate convexity on £ [34]).** Let U be a convex nonempty open
subset of £, and let / € C3(U) with f” positive definite on U. Then f is strictly
convex, and we let H = V?f be the Hessian of f. Recall that the real symmetric
matrices can be partially ordered by the Loewner ordering

H, = H, ifand only if H; — H, is positive semidefinite

and form a Euclidean space with the inner product (Hy, H>) := tr(H1H,). For more
information see [261, Section 7.7] and [303, Section 16.E]. Observe that the Bregman
distance associated with the Euclidean norm 1/2]| - ||§ is(x,y) = 1/2||x—y| % Extend
the definitions of Dy, separately convex and jointly convex given Exercise 2.3.29 to
E and show that:

(a) Dy is jointly convex if and only if

H(y)+ (VHD))(y —x) = HOH ' 0H(y), forallx,yeU. ()
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(b) Dy is separately convex if and only if
H() + (VH())(y —x) = 0, forallx,y e U. (S)

(c) Show that the following are equivalent:
(i) Dy is jointly convex.
(i) VH ') (x —y) = H'(x) — H~!(y), forall x,y € U.
(iii) H~' is (matrix) concave, i.e.

H™ ' 0 + uy) = AH ™ (x) + (),

forallx,y €e Uand A, € [0, 1] with X 4+ p = 1.
(iv) x — (P,H~'(x)) is concave, for every P > 0.

Hint. (a) The Hessian of the function U x U — [0, +00) : (x,y) +> Dr(x,y) is the
block matrix

VD) = ( H(x) —H(y) ) .

—H(y) H@)+ (VH»)( —x)

Using standard criteria for positive semidefiniteness of block matrices (see [261,
Section 7.7]) and remembering that H is positive definite, we obtain that Vsz (x,»)
is positive semidefinite for all x, y if and only if (J) holds.

(b) For fixed x € U, similarly discuss positive semidefiniteness of the Hessian of
the map y > Dr(x,y).

(c) Consider the mapping U — RM*N . y s H(»)H ' (y). It is constant,
namely the identity matrix. Take the derivative with respect to y. Using an appro-
priate product rule (see, for instance, [185]) yields 0 = H(»)((VH™'(») () +
((VH(y))(z))H_l(y), for every z € RY. In particular, after setting z = x — y,
multiplying by H~!(y) from the left, and rearranging, we obtain

H 'O (VHD) = 0)H () = (VE'(30) (x — »).

(1)< (ii): The equivalence follows readily from the last displayed equation and (a).
(i1)<(iii): The proof of [366, Theorem 42.A] works without change in the present
positive semidefinite setting.

Figure 2.10 The NMR entropy and its conjugate.
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(iii))<(iv): is clear, since the cone of positive semidefinite matrices is
self-dual. O

2.3.31 (NMR entropy).” Letz = (x, y) and let |z| denote the Euclidean norm. Show
that z — cosh(|z|]) and z — |z|log <|z| +1+ |z|2) — 1+ |z|? are mutually

conjugate convex function on R? (or C). They are shown in Figure 2.10. The latter
is the building block of the Hoch—Stern information function introduced for entropy-
based magnetic resonancing [102].

2.3.32 (Symbolic convex analysis).” It is possible to perform a significant amount
of convex analysis in a computer algebra system — both in one and several
dimensions. Some of the underlying ideas are discussed in [87]. The computa-
tion of f5 := x + |x| — 2¢/1 —x in Chris Hamilton’s Maple package SCAT
(http://flane.cs.dal.ca/ ~chamlto/files/scat.npl)isshownin
Figure 2.11. Figure 2.12 and Figure 2.13 illustrate computing sdf5 = 9fs and
gs = f< respectively. Note the need to deal carefully with piecewise smooth func-
tions. Figure 2.13 also confirms the convexity of f5. The plots of /5 and 95 are shown
in Figure 2.14.

piecewise(-3<=x and x<=1,abs(x)-2*sqrt(1-x),infinity):
f5 := convert(%,PWF);

00, r <=3

1, r=-3
—2y/1—z—2z, (-3<z)and (z<0)

f5:= -2, z=0
—2y1—z+2z, (0<z)and (z<1)

1, rz=1

00, 1<z

Figure 2.11 Symbolic convex analysis of f5.

Plot(sdf5,-3..1,view=[-3..1,-3..5] ,axes=none), yielding

( {}) r< -3
[0, — 3], r=-3
(EH W £}, (=3 <) and (z < 0)
sdf5 = [O 2] z=0

(LIt ey (0 < 2) and (2 < 1)

i, =1
{}, 1<

Figure 2.12 Symbolic convex analysis of dfs.
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( -3y +1, y<-—1

5 _ -f

2+§7+2 1 Y
=, (5 <y)and (y <0)

g9 =< 2, y=20
2, (0 <y) and (y < 2)

2, Yy =2

y2—2y+2
\ —1+y 7 2<y
> F5 := Conj(gh,x):
Equal (£f5,F5);
true

Figure 2.13 Symbolic convex analysis of g5 = fs*.

Figure 2.14 Plots f5 and dfs.

2.4 Further applications of conjugacy

We start with some accessible but important further geometric and functional analytic
corollaries to the foundational results of the previous section.

Corollary 2.4.1 (Sandwich theorem). Let f : E — (—oco,+o0o]land g : ¥ —
(—o00,+00] be convex, and let A : E — Y be linear. Suppose f{ > —g o A and
0 € core(domg — Adomf) (or Adomf Ncontg # ). Then there is an affine
function a : E — R of the form a(x) = (A*¢,x) + r satisfying f > o > —g o A.
Moreover, for any X satisfying f (X) = —g o A(x), we have —¢ € dg(AXx).

Proof. See Exercise 2.4.1 for two suggested proofs. [

The sandwich theorem makes a very satisfactory alternative starting point rather
than a corollary. Figure 2.15 illustrates the failure of the sandwich theorem in the
absence of the constraint qualification.

Corollary 2.4.2 (Separation theorem). Suppose C1,Cy C E are convex sets such
that Cy has nonempty interior and int C; N Cy = . Then there exists ¢ € E \ {0}
such that (¢, x) < (¢,y) forallx € C1 and all y € C;.
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Figure 2.15 Failure of Fenchel duality for /x and —/—x.

Proof. By translation we may without loss of generality assume 0 € intC;. Let
f = yc, be the gauge of Cj and let g := yc, — 1. Then f is continuous because
0 € int C; (Exercise 2.1.13). According to the sandwich theorem (2.4.1) there exist
an affine function «, (say « = ¢ + k where ¢ € E and k € R) suchthatf > o > —g.
Thus ¢p(x) + &k < 1 forall x € Cq, and ¢(x) + k£ > 1 for all x € C,, moreover
k=¢(0)+k < yc(0) =0, and so ¢ is not the 0 functional. O

Corollary 2.4.3 (Supporting hyperplane). Suppose that C C E is a convex set
with nonempty interior and that X € bdry C. Then there exists ¢ € E such that
(p,x) < (¢,x) forallx € C (theset {x € E : (¢,x) = (¢,x)} is called a supporting
hyperplane).

Proof. This follows directly by applying the separation theorem (2.4.2) to C; := C
and C; := {x}. O

Theorem 2.4.4 (Fenchel biconjugation). For any functionf : E — (—o00,+00], the
following are equivalent.

(a) f is closed and convex.
o) f=f.
(c) For all points x in E,

f(x) =sup{a(x) : «is an affine minorant of f'}.

Hence the conjugation operation induces an order-inverting bijection between proper
closed convex functions.

Proof. (a) = (c): Letx € domf and fix 7 < f'(X). Because f is Isc we choose r > 0
so that f(x) > 7 whenever ||x — X|| < r. Then apply the sandwich theorem (2.4.1)
to f and g := —4p,(z) + ¢ to conclude f has an affine minorant, say «. It suffices
to show the result for 4 := f — ag. Suppose X € X and h(x) > ¢. Choose § > 0 so
that 4(x) > 7 for |]x — X|| < 8. Then choose M > 0 so large that 7 — M < 0 and let
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g :=t— M| - —Xx||. The definition of g along with the fact # > 0 implies g < 4. Thus
one can apply the sandwich theorem (2.4.1) to 4 and g to obtain an affine minorant «
of /1 so that a(x) > 7 as desired.

(¢) =(b): Because /** < f, it suffices to show /** > « for any affine minorant «
of f. Indeed, write o := y + k forsome y € E and k € R. Then o* = §) — k and so
o™ = a. Thena < f implies o* > f* implies «™* < f**, and so @ < f** as desired.

(b) = (a): This follows because f** is closed. |

Conditions on finite-dimensional separation theorems can be relaxed using the
notion of relative interior introduced below. First, a set L in E is said to be affine if the
entire line through any distinct points x and y in L lies in L; algebraically this means
Ax 4+ (1 — L)y € L for any real L. The affine hull of a set D, denoted by aff D is the
smallest affine set containing D. An affine combination of points x1,x2,...,%;, is a
point of the form Z:":l Aix; for real numbers A; summing to one.

Lemma 2.4.5. Let D be a nonempty subset of E. For each point x € D, aff D =
x + span(D — x), and consequently the linear subspace span(D — x) is independent
of the choice of x € D.

Proof. Letx € D; then v € x + span(D — x) implies

k k k
v:x—l—Zai(d,-—x) = <1 —Zai)x+zaidi
i=1 i=1

i=1
k k k

= Z)‘idi where 1o = 1 — Zai,ki = a;,dp = x and so ZA,- =1,
i=0 i=1 i=0

this shows x + span(D — x) C aff D. Reversing the steps above shows the reverse
inclusion.

Because y + span(D — y) = aff D = x + span(D — x) for any x,y € D, it is
another elementary exercise to show that span(D — x) is independent of the choice
ofx € D. O

The relative interior of a convex set C in E denoted ri C is its interior relative to its
affine hull. In other words, x € ri C ifthere exists § > 0sothat (x4+3Bg)Naff C C C.
The utility of the relative interior is in part that it depends only on the convex set and
not on the space in which it lives: a disc drawn on the blackboard has the same
relative interior when viewed in three dimensions. Although there are analogs in
infinite dimensions, the relative interior is primarily of use in Euclidean space.

Theorem 2.4.6. Suppose dimE > {0} ; C,0e Candaff C = Y and Cis a
convex set. Then Y is a subspace of E and C contains a basis {y1,y2,...,Vm} of ¥
and has nonempty interior relative to Y. In particular, any nonempty convex set in £
has nonempty relative interior.

Proof. Because0 € C, it follows from Lemma2.4.5 that Y is asubspace of E. Because
C contains a minimal spanning set for Y, C contains a basis, say y1,¥2,...,Vn of Y.
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ThenU ={yeY:y=Y7,Ayi,0<A; < 1/m}isopeninY.Moreover, U C C
and is nonempty because (1 — Y72 ; A)0+ Y 7" | A;y; € C whenever 0 < 4; < 1/m.
The “in particular’ statement follows from a standard translation argument. O

Further facts related to relative interior or affine sets can be found in Exercises 2.4.4
and 2.4.5. One of the useful consequences of relative interior is that it allows us to
relax interiority conditions in certain Euclidean space results, two examples of this
are as follows.

Theorem 2.4.7 (Separation theorem). Suppose C1,Cy C E are convex and ri C1 N
Cy = (. Then there exists ¢ € E \ {0} such that (¢,x) < (¢,y) for all x € Cy and all
yeQC.

Proof. LetC = C;—Cyandlet Y = aff C. It suffices to show there is a nontrivial ¢ €
E that separates C from 0. Suppose 0 ¢ Y. Then by elementary linear algebra, or by the
separation theorem (2.4.2), there isa ¢ € E \ {0} that separates 0 from Y, and hence
separates C from 0. In the case 0 € Y, we may apply the separation theorem (2.4.2)
to 0 and C in Y, and then extend the separating functional to all of £. 0

Theorem 2.4.8 (Nonempty subdifferential). Suppose f : E — (—00,400] is a
proper convex function. Then 3f (x) # @) whenever x € ri(domf).

Proof. See Exercise 2.4.6. 0

A pretty application of the Fenchel duality circle of ideas is the calculation of polar
cones. The (negative) polar cone of the set K C E is the convex cone

K :={peE: (¢,x) <0 forallx € K}.

Analogously, K™ := {¢ € E: (¢,x) > 0, forallx € K} is the (positive) polar cone.
The cone K=~ = (K7)~ is called the bipolar. A particularly important example of
the polar cone is the normal cone to a convex set C C E at a point x in C which we
recall is defined by N¢(x) := 98¢ (x); indeed one can check N¢(x) = (C —x)~.

We use the following two examples extensively.

Proposition 2.4.9 (Self-dual cones). Let S} denote the set of positive semidefinite n
by n matrices viewed as a subset of the n x n symmetric matrices, and let R/ denote
the positive orthant in R". Then

(R} =-R} and (S})~ = -S}.
Proof. See Exercise 2.4.22. O

The next result shows how the calculus rules above can be used to derive geometric
consequences.

Corollary 2.4.10 (Krein—Rutman polar cone calculus). Let E and Y be Euclidean
spaces. Any cones H C Y and K C E and linear map A : E — Y satisfy

KNA"HY” >A*H™ + K.
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Equality holds if H and K are convex and satisfy H — AK = Y (or in particular
AK Nint H # 0).

Proof. Rephrasing the definition of the polar cone shows that for any cone K C E,
the polar cone K~ is just d§x(0). The result now follows from the subdifferential
sum rule (2.3.5). ]

The polarity operation arises naturally from Fenchel conjugation, since for any
cone K C E we have §g- = 8%, whence §g—- = %*. The next result, which is
an elementary application of the basic separation theorem (2.1.21), will allow one to
identify K~ as the closed convex cone generated by K.

Theorem 2.4.11 (Bipolar cone). The bipolar cone of any nonempty set K C E is
given by K~ = cl(conv(R4K)).

Proof. See Exercise 2.4.23. O

From this, one can deduce that the normal cone N¢ (x) to a convex set C at a point
x in C, and the tangent cone to C at x defined by Tc(x) = cl R4 (C — x), are polars
of each other. The next result characterizes pointed cones (i.e. those closed convex
cones K satisfying K N —K = {0}).

Theorem 2.4.12 (Pointed cones). IfK C E is a closed convex cone, then K is pointed
if and only if there is an element y of E for which the set

C={xeK: (x,y)=1}
is compact and generates K (that is, K = R C).

Proof. See Exercise 2.4.27. O

Exercises and further results

2.4.1. This exercise looks at the interrelationships between various results presented
so far.

(a) Proofs for the Hahn—Banach/Fenchel duality circle of ideas.

(i) Prove the sandwich theorem (2.4.1) using the max formula (2.1.19).

(ii)) Use the Fenchel duality theorem (2.3.4) to prove the sandwich
theorem (2.4.1).

(iii) Use the sandwich theorem (2.4.1) to prove the subdifferential sum
rule (2.3.6).

(iv) Use the sandwich theorem (2.4.1) to prove Hahn-Banach extension
theorem (2.1.18).

(b) Find a sequence of proofs to show that each of (i) through (iv) is equivalent (in
the strong sense that they are easily inter-derivable) to the nonemptyness of the
subgradient at a point of continuity as ensured by Corollary 2.1.20.
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Hint. (a) For (i), define /4 as in the proof of the Fenchel duality theorem (2.3.4), and
proceed as in the last paragraph of the proof of Theorem 4.1.18.

For (ii), with notation as in the Fenchel duality theorem (2.3.4) observe p > 0
because f(x) > —g(A4x), and then the Fenchel duality theorem (2.3.4) says d = p
and because the supremum in d is attained, deduce that there exist ¢ € Y such that

0<p=[/f)—(@,4Ax)]+[g(¥) + (&, 1)].

Then for any z € E, setting y = Az, in the previous inequality, we obtain

a:=inf[f(x) - (A*¢,x)] = b = sug[—g(AZ) — (4%¢,2)].

Now choose r € [a, b] and let a(x) = (4*y*,x) + r.
For (iii), see the proof Theorem 4.1.19, while (iv) is straightforward. 0

2.4.2 (A limiting sandwich example from [297]). Let /" and g be defined by

1 — Vuv, ifu,v>0;
S (w,0) = { 0, otherwise
and
1 —/—uv, if—u,v>0;
g(u,v) == { .
00, otherwise.

Show that although inf> (f + ) is strictly positive there is no affine separator m
withf > m > —g.
2.4.3 (Accessibility lemma).* Suppose C is a convex set in E.

(a) ProveclC C C + ¢Bg forany ¢ > 0.

(b) For sets D and F in E with D open, prove D + F is open.

(¢) Forx eintCand0 < A < 1, prove Ax + (1 —A)clC C C. Deduce Aint C +
(1—=MclCcCintC.

(d) Deduce int C is convex.

(e) Deduce further that if int C is nonempty, then cl(int C) = clC. Is convexity
necessary?

2.4.4 (Affine sets).* Establish the following facts for affine sets.

(a) Prove the intersection of an arbitrary collection of affine sets is affine.

(b) Prove that a set is affine if and only if it is a translate of a linear subspace.
(c) Prove aff D is the set of all affine combinations of elements in D.

(d) Prove cl D C aff D and deduce aff D = aff (cl D).

2.4.5 (The relative interior).* Let C be a convex subset of E.

(a) Find convex sets C; C C, withri C; ¢ 1i Cs.

(b) Prove that for0 < A < 1,onehasAriC + (1 —A)clC CriC, and henceri C is
convex with cl(ri C) = cl C.

(c) Prove that for a point x € C, the following are equivalent.
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(1) xeriC.
(i1) Foranyy € C, there exists ¢ > 0 withx +e(x —y) € C.
(iii) The set {A(c —x) : A > 0,c € C} is a linear subspace.
(d) If F is another Euclidean space and the map 7 : E — F is linear, then ri 7C D
T(iC).

For more extensive information on relative interior and its applications, including
to separation theorems, see [369].
2.4.6.* Prove Theorem 2.4.8.

Hint. Assume 0 € domf, and let ¥ = span(dom f). For x € ri(domf’), show that
df |y (x) # 0, and use the fact Y is complemented in £ to deduce the conclusion. []

2.4.7 (Subdifferentials near boundary points).* Suppose f : E — (—00,400] is
a closed proper convex function, and xg € domf. Show that if df (xg) = @, then
there exist x, — xo and ¢, € 9f (x,) such that ||¢,|| — oo. Conclude that 9f is not
bounded on any neighborhood of a boundary point of dom f. This phenomenon is
studied in detail in Chapter 7.

Hint. First, there exists a sequence (x,) C ri(domf) converging to xo, and hence
by Theorem 2.4.8 there exist ¢, € df (x,). If a subsequence of (¢,) were bounded,
then it would have a convergent subsequence with limit ¢. Show that ¢ € 9f (xp)
which is a contradiction. Combining this with the result of Exercise 2.2.23 provides
the conclusion. O

2.4.8.* Show thatif f : E — (—00,400] is a proper convex function, then clf is a
proper convex function.

Hint. For properness use Theorem 2.4.8. [

2.4.9. Let C be the convex hull of the circle {(x,y,z) : x> +)* = 1,z = 0} and the

line segment {(1,0,z) : — 1 <z < 1} in R3. Deduce that C is closed but its set of

extreme points is not closed. See Figure 2.16 for a sketch of this set.

2.4.10 (Theorems of the alternative). (a) (Gordan [237]) Let xg,x1,...,x, € E.
Show that exactly one of the following systems has a solution.

m m
D hxi=0, > Ai=1,20,.... n €[0,00) (2.4.12)
i=1 i=0

(x;,x) <0 for0,1,...,m,and x € E. (2.4.13)

(b) (Farkas [209]) Let x1,x2,...,x, and ¢ be in E. Show that exactly one of the
following has a solution.

m
Zl‘l’ixi =, H‘l):uZa"'a:u’m € [05 OO) (2414)

i=1

(x;,x) <0 fori=1,2,...,m, {(¢c,x) >0,x € E. (2.4.15)

Hint. For (a), if (2.4.12) has a solution, then clearly (2.4.13) does not. Let C = {x €
E: Y okixi=x,1 >0,% 2 =1}.If0 € C, then (2.4.12) has a solution; if not,
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Figure 2.16 A convex set whose extreme (or exposed) points are not closed.

use the basic separation theorem (2.1.21) to find x € E so that sup-x < (x,0) = 0,
and conclude (2.4.13) has a solution.

(b) This can also be shown using the basic separation theorem (2.1.21) and the
fact that finitely generated cones are closed by Exercise 2.4.11. An alternative ana-
lytic approach to both (a) and (b) was given by Hiriart-Urruty [254]; see also [95,
Section 2.2]. O

We turn to the proofs of several foundational results discussed in the first chapter.
2.4.11 (Carathéodory’s theorem).* Suppose {a; : i € I} is a finite set of points in E.
For any subset J of I, define the cone

CJIZ ZMiGiI/LiE[0,00),iGJ .
ieJ

(a) Prove the cone C7 is the union of those cones C; for which the set {a; : j € J}
is linearly independent. Furthermore, prove directly that any such cone C; is
closed.

(b) Deduce that any finitely generated cone is closed.

(c) Ifthe point x lies in conv{a; : i € I} prove that in fact there is a subset J C / of
size at most 1 + dim £ such that x € conv{a; : i € J}.

(d) Use part (c) to prove that the convex hull of a compact subset of £ is compact.

2.4.12.* Prove Radon’s theorem (1.2.3).

Hint. First, find real numbers {ai};’ilz not all 0 so that

n+2 n+2

Zaixi=0 and Za,-:O. (2.4.16)
i=1 i=1
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Indeed, the collection {x; — x1 }7222 is linearly dependent in R”, hence find {ai};’izz not

all 0 so that Z:’:zz aj(x;—x1) = 0,and seta; = — Z:’:zz a;. Thenlet/] = {i: a; > 0}
and I, = {i : a; < 0}, and let C; and C; be as in the statement of the theorem. Let
a=) aandletx =3 %x;. Then X € C1, and it follows from (2.4.16) that

- . a v _
¥= e, —Zxiand } ;o =% =1,andso x € Cs. O

2.4.13.” Prove Helly’s theorem (1.2.4).

Hint. First show the case when [ is finite (in this case we need not assume the sets C;
are closed and bounded). If || = n + 1, the result is trivial, so suppose |/| = n + 2
and we have sets C,(C,...,Cy42 so that every subcollection of n + 1 sets has
nonempty intersection. Choose x; € \ier,j#i G- If x;, = x;, for some j; # j», then
%j, € (Nig Ci. If the X;s are all distinct use Radon’s theorem (1.2.3) to get a point in
the intersection.

Now suppose |I| = k£ > n + 2, and the assertion is true whenever |I| < k — 1
the above argument shows every subcollection of n + 2 sets will have nonempty
intersection. Replace Cy and C; with C; N C,. Then every collection of n 4 1 sets
will have nonempty intersection, and use the induction hypothesis.

For an infinite collection of sets, use the finite intersection property for
compact sets. I

Note. Helly’s theorem is valid for much weaker assumptions on the closed convex
sets C;; in fact the conclusion remains valid if the C; have no common direction of
recession; see [369, p. 191ff] for this and more.

2.4.14 (Kirchberger’s theorem). Let 4 and B be finite sets in a Euclidean space
of dimension n. Use Helly’s theorem (1.2.4) to show that if for every finite subset
F C AU B with cardinality not exceeding n + 2 the sets F N A and F N B can be
strictly separated, then A and B can be strictly separated.

2.4.15 (Shapley—Folkman theorem).* Suppose {Si}ie; is a finite collection of
nonempty sets in R”, and let S := )", .; S;. Then every element x € conv.S can
be written as x = Zie 7 Xi where x; € conv S; for each i € I and, moreover, x; € S;
for all except at most » indices.

Hint. As in [448] consider writing the convexity conditions for x as positivity
requirements in R”*" where m is the cardinality of /. [

We now return to the Aumann convexity theorem also highlighted in Chapter 1.
2.4.16 (Aumann convexity theorem (weak form)).* If £ is finite-dimensional and ©
is a nonatomic probability measure then

/Q:conv/Q.
T T

Hint. (a) Recall that a measure is nonatomic if every set of strictly positive measurable
measure contains a subset of strictly smaller positive measure. First establish that
every nonatomic probability measure w satisfies the following Darboux property: for
each measurable set of 4 with ;t(4) > 0 and each 0 < o < 1 there is a measurable
subset B C A with u(B) = au(A).
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(b) Now suppose x; = [;fi(t)du and x = [;/2(t)du. Then fix x on the
line segment between these two points. Consider 2 := {f1,f2} and observe that
x € conv [ Q(t) dy. Use part (a) to partition T into 27 subsets {4,} each of mea-
sure w(7)/(2n). Then write x € conv 21221 / 4 2, and apply the Shapley—Folkman
theorem to write x € 37, [, Q2 +conv Y o, [, Q, for some subset / with exactly
n members. Hence

with w(S1) = n(T)/2.
(c) Repeat this argument inductively for each m = 1,2, ... to obtain x; € . s §2 and
rm € conv fT\U'-"_ISi Q with u(S;) = u(7T)/2 for 1 <i < m and

m
x = Zx,- + .
i=1

Now take limits, observing that u{7 \ |J;j~; Si} —m 0, to conclude that x € [, €.
|

2.4.17. Suppose (T, X, 1) is a probability space while E is finite-dimensional and
Q: T — FE is measurable with closed nonempty images. Show that fT Q) du is
nonempty if and only if o (¢) := inf ||Q2(¢)|| is integrable.

2.4.18. Suppose (T,X, ) is a nonatomic probability space while E is finite-
dimensional and Q: T — F is measurable with closed nonempty images. Show that

conv/ Q1) d,u,;zé/conv Q@)du
T T

is possible.
2.4.19 (Primal solutions from dual solutions). Suppose the conditions for the Fenchel
duality theorem (2.3.4) hold, and additionally that the functions /" and g are lsc.

(a) Prove that if a point ¢ € Y is an optimal dual solution then the point X € E
is optimal for the primal problem if and only if it satisfies the two conditions
¥ € 3f*(4*¢) and Ax € dg*(—¢).

(b) Deduce that if /* is differentiable at the point A*¢ then the only possible primal
optimal solution is X = Vf™*(4*®).

(c) Interpret this in the context of linear programming as say in (3.3.1).

2.4.20 (Pshenichnii—Rockafellar conditions [357]).* Suppose the convex set C in E
satisfies the condition C N cont f # @ (or the condition int C Ndom f* # @), where f
is convex and bounded below on C. Use the sandwich theorem (2.4.1) to prove there
is an affine function o < f with inf¢ f = inf ¢ «. Deduce that a point X minimizes f
on C if and only if it satisfies 0 € 3f (x) + Nc(x).

Apply this to the following two cases:

(a) C asingle point {x°} C E;
(b) C apolyhedron {x : Ax < b}, where b € R" and 4 : E — R" is linear.
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2.4.21 (von Neumann’s minimax theorem). Suppose Y is a Euclidean space. Suppose
that the sets C C E and D C Y are nonempty and convex with D closed and that the
map 4 : E — Y is linear.

(a) By considering the Fenchel problem
inf {§c (x) + 8}y (4x)}
xeE

prove inf sup(y, Ax) = max inf (y, Ax), where the max is attained if finite under
xeC yeD yeD xeC

the assumption
0 € core(dom &}, — AC). (2.4.17)

(b) Prove property (2.4.17) holds in either of the two cases

(i) D is bounded, or
(ii) 4 is surjective and 0 € int C (you may use the open mapping theorem
(Exercise 2.1.16)).

(c) Suppose both C and D are compact. Prove

min max(y, Ax) = max min{y, Ax).
xeC yeD <y’ ) yeD xeC ()/, )

2.4.22 (Self-dual cones).* Prove Proposition 2.4.9.

Hint. Recall that (X, Y) := tr(XY) defines an inner product on the space of n by n
symmetric matrices. This space will be used extensively in Section 3.2. See also [95]
for further information. ]

2.4.23.* Use the basic separation theorem (2.1.21) to prove Theorem 2.4.11.
2.4.24.* Suppose C C E is closed and convex, and that D C E is compact and
convex. Show that the sets D — C and D + C are closed and convex.

2.4.25 (Sums of closed cones).*

(a) Prove that any cones H,K C E satisfy (H+K)"=H NK~.

(b) Deduce that if H and K are closed convex cones then they satisfy (H N K)™ =
cl(H~ + K7), and prove that the closure can be omitted under the condition
KNintH #@.

In R3 define the sets

H:={x: x%+x§ §x§, x3 <0}, and

K:={x: xp=—x3}.

(c) Prove that H and K are closed convex cones.

(d) Calculate the polar cones H—, K, and (H N K)~.

(e) Prove (1,1,1) e (HNK)™ \ (H~ 4+ K7), and deduce that the sum of two closed
convex cones is not necessarily closed.
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2.4.26 (Pointed cones and bases).* Consider a closed convex cone K in E. A base for
K is a convex set C with 0 ¢ ¢l C and K = R C. Using Exercise 2.4.25, prove the
following are equivalent.

(a) K is pointed.

(b) (K~ —K7) =E.

(c) K-—K~ =E.

(d) K~ has nonempty interior.

(e) There exists a vector y € E areal ¢ > 0 with (y,x) > ¢||x|| forallx € K.
(f) K has a bounded base.

Hint. Use Exercise 2.4.25 to show the cycle of implications (a) = (b) = (¢) = (d)
= (e) = () = (a). O

2.4.27.* With the help of Exercise 2.4.26, prove the Theorem 2.4.12.
2.4.28 (Cone convex functions). A function F' : 4 C E — Y is said to be convex
with respect to a convex cone S (S-convex) if

tF(x)+ (1 —F(y) — F(tx + (1 — t)y) € S

foreachx,yin4and 0 < ¢t < 1. We write x > y orx > Sy whenx — y € S. Show
the following.

(a) Every function is Y-convex and every affine function is 0-convex.

(b) When S is closed then F is S-convex if and only if s F is convex on A4 for each
sTin ST,

(c) Suppose S has a closed bounded base and 4 is open. Then F is Fréchet (resp.
Gateaux) differentiable at a € 4 if and only if sTF is Fréchet (resp. Gateaux)
differentiable at @ € 4 for some s in the norm-interior of S

(d) Supposef: E x 2 — Risconvex inx € E and continuous for ¢ € 2 a compact
topological space. Then the formula Fr (x)(¢) := f (x, t) induces a convex operator
Fr: E — C(R) in the pointwise-order. This construction has many variations
and applications, as it allows one to study parameterized convex functions as a
single operator.

2.4.29 (Composition of convex functions). The composition result of Lemma 2.1.8
has many extensions. Suppose that the set C C E is convex and that the func-
tions f1,/2,...,/n : C — R are convex, and define a function f : C — R”
with components f;. Suppose further that D O f(C) is convex and that the func-
tiong : D — (—o00,+00] is convex and isotone: any points y < z in D satisfy
2(y) < g(z). Prove that the composition g o f is convex. Generalize this result to the
composition of a convex and S-isotone function with a S-convex function.

2.4.30. Let W be the Lambert W function; that is, the inverse of x — x exp(x), which
is concave with real domain of (—1/e, 00). A remarkable application of the Lambert
function to divergence estimates is given in [228].

(a) Show that the conjugate of

x2
X > + xlogx
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is
2y
y|—>W(ey)+W2(e).

(b) Show that the conjugate of (r,s) > 2e% with Is| <1/4/2,r € Ris

oy DL 12 WEB70)

«/E —-W (—8y2/x4) ’

where implicitly y* < ex*.
2.4.31 (Conjugates of compositions). Consider the composition g o f* of a nonde-
creasing convex function g : R — (—o00,+00] with a convex function ' : £ —
(—00, +00]. Assume there is a point X in E satisfying f(X) € int(dom g). Use the
Lagrangian duality (Exercise 2.3.10) to prove the formula, for ¢ in E,

o @) = jinf {g"0+0°(7)}
where we interpret g(4+00) = +o00 and

0(£) = 8y .

Specialize this result to exp of and then to exp o exp.

Hint. It helps to express the final conjugate in terms of the Lambert W function defined
in Exercise 2.4.30. O

2.4.32 (Hahn—Banach theorem in ordered spaces).*™ The Hahn—Banach theorem in
extension form has an extension to the case when the mappings take range in an
ordered vector space and convexity is in the sense of Exercise 2.4.28. Show that the
following are equivalent.

(a) Letalinear space X and a subspace Z C X be given, along with a cone sublinear
operator p : X — Y (i.e. convex and positively homogeneous) and a linear
operator T : Z — Y such that 7z <g p(z) forall z € Z. Then there exists a linear
operator T such that 7Z = T and Tx < p(x) forall x € X.

(b) Suppose f,g are S-convex functions which take values in ¥ U {co} and that
f >s —g. while one of / and g is continuous at a point at which the other is
finite. Then there is a linear operator 7 : X — Y and a vector b € y such that
f(x) =>s Tx+b>—g(x)forallx € X.

(c) (Y,S) is an order complete vector space.

Hint. For (c) implies (b) implies (a) imitate the real case as in [62]. To see that (a)
implies (c) we refer the reader to Exercise 4.1.52 and [64]. O
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2.4.33 (Subgradients in ordered spaces).**

(a) Show that a cone-convex function has a nonempty subgradient at any point of
continuity as soon as the order cone has the monotone net property (MNP): every
order-increasing net with an upper bound has a supremum.

(b) Show in finite dimensions that the MNP holds if it holds for sequences and hence
for every closed pointed convex cone; but that any order complete generating cone
induces a lattice order. Hence, subgradients exist for orders like the semidefinite
matrices (the Loewner ordering) which are far from order complete.

Hint. To show existence of subgradients, mimic the proof we gave in the scalar case.
J

2.5 Differentiability in measure and category

We begin with a classical result which is a special easy case of Rademacher’s theorem
given later in this section as Theorem 2.5.4.

Theorem 2.5.1. Suppose f : U — R is a convex function where U is an open
convex subset of R". Then f is differentiable almost everywhere on U with respect to
Lebesgue measure on R".

Proof. Let {e;}}_, represent the standard basis of R". Then since f is convex and
continuous on U, the one-sided derivative exists, see Proposition 2.1.17. Since

S & +ex/m) —f(x)

for each k,
1/m

f'(x;e) = lim
m—00

it follows that f”(x;er) is a Borel measurable function as a pointwise limit of
continuous functions. Similarly, f’(x; —e;) is Borel measurable. Hence E; =
{x: f'(x;er) +f'(x; —er) > 0} is measurable, and moreover, x € Ej if and only if
% -f (x) does not exist. Now consider E} ,, = £ "mBg where m € N. Then denoting
the Lebesgue measure by p and using Fubini’s theorem

W (Egem) = /R XE¢, A1

-/ (f XEk,mdxk) drp -+ vy degg oo dx, =0
R R

because the inner integral is 0 since f is convex as a function of x; (and thus
differentiable except possibly a countable set of points by Theorem 2.1.2). Then
E, = Ufnozl Ekm is a null set because it is a countable union of null sets. Thus
the partial derivatives of f* exist, except possibly on a null subset of U, and so by
Theorem 2.2.1, f is differentiable almost everywhere on U. O

Corollary 2.5.2. Suppose f : U — R is convex where U is an open convex subset
of E. Then f is differentiable precisely on the points of a dense Gs-subset of U.
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Proof. Theorem 2.5.1 shows that /" is differentiable on a dense set of U, and then
Exercise 2.5.2 shows the set of differentiability points is a countable intersection of
open sets. O

Subgradients of continuous convex functions may be reconstructed from their
nearby derivatives as we now show. There is a more subtle formula (4.3.13) which
applies at boundary points of the domain of a continuous convex function.

Corollary 2.5.3. Suppose f : U — R is a convex function where U is an open
convex subset of R" and x € U. Then

af (x) =conv{y : y = li’11n Vi (xn),x, = X, Vf(x,) exists }.

Proof. The right-hand side is a compact convex set (call it C) as the convex hull of a
closed bounded set; see Carathéodory’s theorem (1.2.5). One can check the left-hand
side contains the right-hand side. Suppose by way of contradiction that there exists
¢ € df (x) \ C. By the basic separation theorem (2.1.21), we choose 4y € Sg so that
¢ (ho) > sup,ec (v, ho). Now there is an open neighborhood, say V of hg, and M € R
so that
¢(h) > M > sup(y, hg) forallhe V.
yeC

According to Theorem 2.5.1 we may choose 4, € V with h, — hg and ¢, — 0% so
thaty, = Vf(x + t,h,) exists. Because f is locally Lipschitz on U (Theorem 2.1.12),
the sequence (y,,) is bounded. Passing to a subsequence if necessary, we may assume
yn — ¥, and hence y € C. Now

S G+ tahy) —f(X)

> (¢, hy) > M.
Iy
Then
(Vn,)_f) - (yns)_c + tnhn) f f()_C) —f()_C + Zthn) < —M.
th In
Thus (y,,, —h,) < —M. Consequently,
<.)_}7 h()) = hm()’n:”’n) 2 M
n
which is a contradiction. O

The next theorem is an extension of Theorem 2.5.1 to the setting of locally Lipschitz
functions. While it is not specifically about convex functions, we will present it in
full because of its broader interest and its application to second-order derivatives of
convex functions.

Theorem 2.5.4 (Rademacher). Any locally Lipschitz map between Euclidean spaces
is Fréchet differentiable almost everywhere.
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Proof. Without loss of generality (Exercise 2.5.3), we can consider a locally Lipschitz
function /' : R” — R. In fact, we may as well further suppose that / has Lipschitz
constant L throughout R”, by Exercise 2.3.16.

Fix a direction / in R”. For any ¢ # 0, the function g; defined on R” by

&+~ ()
giln) =

is continuous, and takes values in the interval / = L||A|[—1, 1], by the Lipschitz
property. Hence, for k = 1,2, .. ., the function p; : R” — [ defined by

pr(x) == sup  gi(x)
0<|t|< 1/k

is Isc and therefore Borel measurable. Consequently, the upper Dini derivative D;f f:
R” — [ defined by

D f(x) := limsup g/(x) = inf pj(x)
t—0 keN

is measurable, being the infimum of a sequence of measurable functions. Similarly,
the lower Dini derivative D, f : R" — I defined by

D, f(x) := lim inf g;(x)
t—0

is also measurable.
The subset of R” where f is not differentiable along the direction 4, namely

Ap={xeR": D f(x) < D)},

is therefore also measurable. Given any point x € R”, the function ¢ — f(x + th)
is absolutely continuous (being Lipschitz), so the fundamental theorem of calcu-
lus implies this function is differentiable (or equivalently, x + th & Aj) almost
everywhere on R.

Consider the nonnegative measurable function ¢ : R” x R — R defined by
¢ (x,1) := 84,(x + th). By our observation above, for any fixed x € R"” we know
fR ¢ (x,t) df = 0. Denoting Lebesgue measure on R” by w, Fubini’s theorem shows

o:/l;n(fkqs(x,t)dt)du

:/( o (x,1) d,u) dt=/ w(Ap) dt
R N JRe R

so the set A;, has measure zero. Consequently, we can define a measurable function
Dyf : R" — R having the property that D;f = D;ff = D, f almost everywhere.
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Denote the standard basis vectors in R” by ey, e3, ..., e,. The function G : R” —
R with components defined almost everywhere by

af
G =D,f = —
i e axi
foreachi = 1,2,...,n is the only possible candidate for the derivative of /. As we

shall show, a standard integration by parts argument establishes that it is the derivative.
Consider any continuously differentiable function v : R” — R that is zero except
on a bounded set. For our fixed direction 4, if ¢ # 0 we have

h) —
[Rn () ¥ (x) dp = _/Rnf(x)lﬁ(xﬂ ) — ¥ (x) .

t

As t — 0, the Bounded convergence theorem applies, since both f and i are
Lipschitz, so

/Rn Dyf (x) ¥ (x) dp = —/Rnf(X) (Vi (x), h) dp.

Setting 4 = e; in the above equation, multiplying by 4;, and adding over i =
1,2,...,n, where we now represent an arbitrary 7 € E as h = Z:I:I hie;, yields

[ nGenww == [ 1w v de= [ e ve

R»

Since ¢ was arbitrary, we deduce Dyf = (h, G) almost everywhere.

Now extend the basis ej,ez,...,e, to a dense sequence of unit vectors {/y}
in the unit sphere Sp». Define the set A C R” to consist of those points where
each function Dy, f is defined and equals (h, G). Our argument above shows A°
has measure zero. We aim to show, at each point x € A, that f has Fréchet
derivative G(x).

Fix any ¢ > 0. For any ¢ # 0, define a function ; : R” — R by

7 (h) :=w —(G(), h).

Itis easy to check that 7, has Lipschitz constant 2L. Furthermore, foreachk = 1,2, ...,
there exists §; > 0 such that

|re(hy)| < % whenever 0 < [f] < &.

Since the sphere Sgn is compact, there is an integer M such that

M
&
Sgr (h —Bn>.
R CkL_Jl k+4L R
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If we define § = min{8;,8,,...,8)} > 0, we then have
[re ()| < % whenever 0 < |t] < 68, k=1,2...,M.

Finally, consider any unit vector 4. For some positive integer k < M we know
lh — hi |l < e/4L, so whenever 0 < |¢t| < § we have

& ¢
lre (W] < |re(h) — re(hi) | + |re(hp)| < ZLE + 5 =¢

Hence G(x) is the Fréchet derivative of f at x, as we claimed. O

Remark 2.5.5. (a) In contrast to the convex case, the points of differentiability of a
Lipschitz function on the real line need not contain a dense Gs-set. Indeed, following
[373, p. 97], we let S C R be such that S is measurable with u(/ N'S) > 0 and
ud N R\ S)) > 0 for each nonempty open interval / in R. Let

S&x) = /0’ (xs — xr\s) (@) dt.

Then /" has Lipschitz constant 1, but the points of differentiability of S is a set of first
category; see Exercise 2.5.8.

(b) The paper [329] presents a simple approach to Rademacher’s theorem.

(c) Priess’s paper [354] shows the disturbing result that for » > 1 there is a null dense
Gs-setin R” on which every Lipschitz function from R” to R is densely differentiable.

Some infinite-dimensional versions of results in this section and the next will be
discussed in Section 4.6.

Exercises and further results

2.5.1.* Suppose f : E — R is convex. Show that /" is differentiable at x € E if and
only if the symmetric error

fEHD+ G —h =2 @ _

0.
1A —0 il

Hint. For the ‘if” assertion assume ¢, A € 9f (x), and that ¢ (hg) > A(hg) for some
ho € Sg. Then for t > 0, f'(x + tho) + f (x — thy) — 2f (x) = t(¢p(ho) — A(ho)). [

2.5.2.* Suppose f : U — R is convex where U is a nonempty open convex subset
of E. Show that the points at which f is differentiable is a Gs-subset of £, that is a
countable intersection of open sets.

Hint. Consider, for example, the sets

1 1
Gumi=3xeU: sup< —fx+h)+fx—h) —2f(x) < —
(121l m mn

Use Exercise 2.5.1 to show that f is differentiable at x if and only if x € (), On
where O, := UmZn Gum- O
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2.5.3.* Assuming Rademacher’s theorem with range R, prove the general vectorial
version.

2.5.4. Suppose f : R” — R is locally Lipschitz and x € R”. Suppose there exists
y € R" and dense set of directions {4 }?° ; C Sg» such that

i L&+ i) —f (%)
m-—--

= (y,hy) foreach k € N.
t—0 t

Show that /" is Fréchet differentiable at x and Vf'(x) = y.
Hint. This is another proof of the last part of the proof of Rademacher’s theorem. [

2.5.5. Let C C E be a closed convex set with nonempty interior. Show that the
boundary of C is a Lebesgue-null set.

Hint. Since every boundary point of C is a support point, dc(-) is not differentiable
at boundary points; now apply Theorem 2.5.1. O

2.5.6 (The Clarke derivative).*™ The Clarke directional derivative is defined by
f°(x;h) ;= lim supw;
y—x,t10 !
and the Clarke subdifferential is defined by
0f x):={p e€E: (¢p,h) <f°(x;h) forall h € E}.
Letf : E — R have a Lipschitz constant K on a open neighborhood of x € E.

(a) Show that /°(x; -) is sublinear and f°(x;-) < K| - ||.
(b) Show that 9./ (x) is a nonempty compact and convex subset of KBr and

f°0e; h) = max{(¢,h) : ¢ € 9, (x)}, forany direction s € E.

(c) Show that 0 € d,f (x) if / has a local minimum at x.
(d) Use Rademacher’s theorem (2.5.4) to show that

0of (x) = conv{lim Vf/ (x") : x" — x, Vf(x") exists}.

(e) Compute d,f (x) for f as given in Remark 2.5.5(a); notice this shows the converse
of (c) fails very badly, and it also shows the failure of integration to recover f
from its Clarke subdifferential.

(f) If, additionally, f is convex, show that df (x) = 9./ (x).

Hint. See [95, Chapter 6] a briefintroduction to generalized derivatives which includes
the above and other information. See [156] for a more comprehensive exposition on
the Clarke derivative and its many applications. [

2.5.7 ([34, Theorem 2.6]). Suppose U is a convex nonempty open set in RY and
g : U — Riscontinuous. Let 4 := {x € U : Vg(x) exists}. Show that the following
are equivalent.
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(a) g is convex.

(b) U \ 4 is a set of measure zero, and Vg(x)(y —x) < g(y) — g(x), forallx € 4
andy € U.

(¢c) Aisdensein U, and Vg(x)(y —x) < g(y) —g(x), forallx e 4andy € U.

Hint. (a)=(b): g is almost everywhere differentiable by Theorem 2.5.1. On the other
hand, the subgradient inequality holds on U. Together, these facts imply (b).

(b)=(c): trivial.

(c)=(a): Fixu,vin U, u # v, and ¢t € (0, 1). It is not hard to see that there exist
sequences (u,) in U, (v,) in U, (¢,) in (0, 1) withu, — u, v, — v, ¢, — t,and x, :=
taty + (1 — t,)v, € A, for every n. By assumption, Vg (x,,) (u, —x,) < g(u,) — g(x,)
and Vg(x,)(vy — xp) < g(vn) — g(xn). Equivalently, (1 — #,)Vg(xn)(vp — un) <
g(u,) —g(x,) and £, Vg (x,) (up —vy) < g(v,) — g(x,). Multiply the former inequality
by t,, the latter by 1 —#,,, and add. We obtain that g(x,) < #,g(u,)+ (1 —t,)g(v,). Let
n tend to +o0 to deduce thatg(tu + (11— t)v) < tg(u) + (1 —t)g(v). The convexity
of g follows and the proof is complete. O

2.5.8.* Show that the points where the function f in Remark 2.5.5 is differentiable is
a set of first category.

Hint. Letf, (x) := n[ f (x+1/n)—f (x)]. Let G := {x: f’(x) exists}; thenf,, (x) — f/(x)
forx € G. Let Fy, := {x : |[fi(x) — fr(x)| < 1/2} for all j,k > n. Then UF, 2 G.
Suppose Fj, contains an open interval / for some ng € N. Then |fp, (x) — f'(x)| <
1/2 almost everywhere on /. Conclude that f,, > 1/2 on a dense subset of /, and
Jny < —1/2 on a dense subset of / to contradict the continuity of f;,,. 0

2.6 Second-order differentiability

The notions of twice Gateaux and twice Fréchet differentiability were introduced
earlier in this chapter. In this section we will connect those notions with some other
and more general approaches to second-order differentiability. First we introduce
second-order Taylor expansions.

Let U C E be an open convex set and let /' : U — R be a convex function.
Then f is said to have a weak second-order Taylor expansion at x € U if there exists
y* € 9f (x) and a matrix 4 : E — E such that f has a representation of the form

2
S+ th) =f(x)+ 0" h) + %(Ah, h) 4+ o(%) (t — 0), (2.6.1)

for each i € E (with the order term possibly depending on 4); if more arduously,

1

5 ldh. ) + o(I1%) (Il — 0). (26.2)

fa+h) =fC)+ % h) +
for h € E, we say that f has a strong second-order Taylor expansion at x.
On replacing A with (4 + 47)/2, we may assume without loss of generality the
matrix 4 is symmetric in the preceding Taylor expansions. Also, once we know 4 is
symmetric, then it is uniquely determined by the values (4%, i) (Exercise 2.6.1).
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Furthermore, we will say Vf has a generalized Fréchet derivative at x € U and
f has a generalized second-order Fréchet derivative at x if there exist ¢ € E and a
matrix 4 : E — F such that

Af x+h) Cp+Ah+o(l|h|)BE.

Analogously, we will say Vf has a generalized Gateaux derivative at x € U and f
has a generalized second-order Gdteaux derivative at x if

of (x + th) C ¢ + A(th) + o(|t])Bg for each i € Sg.

In either case above, ¢ = Vf(x), and the matrix 4 must be unique; see
Exercise 2.6.4 for these facts and more. Therefore, with the understanding we are
speaking of a generalized derivative, we will write V2f (x) = A.

The generalized notions of second-order Fréchet and Gateaux differentiability are
formally different, but they are in fact equivalent for convex functions; this and more
is recorded in the following theorem.

Theorem 2.6.1 (Equivalence of second-order properties). Let U C E be an open
convex set, and let f : U — R be convex, and let x € U. Then the following are
equivalent:

(a) f has a generalized second-order Fréchet derivative at x.
(b) f has a generalized second-order Gdteaux derivative at x.
(c¢) f has a strong second-order Taylor expansion at x.

(d) f has a weak second-order Taylor expansion at x.

Moreover, in (a) and (b) the matrix V*f(x) representing the generalized second-
derivative is symmetric. Additionally, if of is single-valued on a neighborhood of x,
then each of the above conditions is equivalent to f being twice Fréchet differentiable
at x in the usual sense.

Before proving this theorem, we introduce various notions of difference quotients.
The difference quotient of f is defined by

Af ) h > w; (2.6.3)

and the second-order difference quotient of f by

S+ 1th) —f &) — 1(Vf(x),h)

A (x) > =
jt

2.6.4)

Notice that if f is Fréchet differentiable at x, then lim,_, ¢ A/ (x) — Vf(x) uniformly
on bounded sets; if / has a strong second-order Taylor expansion at x, then Atz f(x) =
(Ah, h) uniformly on bounded sets. In order to study extended second-derivatives, it is



2.6 Second-order differentiability 85

helpful to consider the following set-valued difference quotients of the subdifferential

af (x + th) — Vf(x)
; .

A1) : B> (2.6.5)

Two propositions will ease our path. First:

Proposition 2.6.2. The convex function f has a generalized second-order Fréchet
derivative at x if and only if for every bounded set W C E and every ¢ > 0, there
exists & > 0 such that

A3f1(x)(h) — Ah C €Bg forallh e W, t € (0,6).
Proof. This is left as Exercise 2.6.5. 0

Second, and quite beautifully:

Proposition 2.6.3. Foranyt > 0, the function Af (x) : R" — (—o0,+o0]is closed,
proper, convex and nonnegative. Moreover,

1
d [5 Aiﬂx)] = Adf1(x).

Proof. This is left as Exercise 2.6.6. 0

Proof. (Theorem 2.6.1) First we prove (c) = (a): Suppose that /" has a second-order
Taylor expansion with 4 symmetric. Let g(h) := %(Ah, h). Then q is differentiable
with Vg(h) = Ah. According to Proposition 2.6.3 the functions ¢; := %A?f (x) are
convex and converge pointwise to g as ¢ — 07, and thus the convergence is uniform
on bounded sets (Exercise 2.1.22). Consequently ¢ is convex, and hence 4 is positive
semidefinite.

Because ¢; converges uniformly to g on bounded sets, according to
Exercise 2.2.22(c) one has for every bounded set W C E and every ¢ > 0, the
existence of § > 0 so that

aq:(h) C dq(h) + eBg whenever ¢t € (0,8), w e W,

where additionally é can be chosen small enough that dq;(h) # @ in these cir-
cumstances. According to Proposition 2.6.3, dq;(h) = A/[df](h). Noting that
aq(h) = {4h}, it now follows from Proposition 2.6.2 that / has a generalized
second-order Fréchet derivative at x with V2f (x) = 4.

(a) = (c): Suppose that /" has a generalized second-order Fréchet derivative at x.
Given ¢ > 0, we choose § > 0 so that f is Lipschitz on B;s(x) and

Af (x + th) C Vf(x) + A(th) + e|t|Bg for |t| < 8,h € Sk. (2.6.6)

For h € Sg fixed, let g1 (¢) := f(x + th) and

1
2(t) =1 (x) + 1(Vf(x),h) + 5t2<Ah,h>.
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Then it is easy to check that g (t) = (¢, &) almost everywhere for 0 <z < §, where
¢ € Of (x + th) and g5 (1) = (Vf (x), h) + t(Ah, h). Thus using (2.6.6) we have

lg1 () — g5 ()| < et, ae.for0 <t <3$.

Therefore, by the fundamental theorem of calculus (for absolutely continuous
functions), for 0 < ¢ < §, one has

t t 1
lg1(®) —g@®)| = ’/0 (g)(u) — g5(w)) du 5/0 8udu=§et2.

Since ¢ > 0 was arbitrary and § > 0 was independent of & € S, it follows that / has
a strong Taylor expansion at x with matrix 4 as desired.

It is clear that (a) = (b), and the proof of (a) = (c) also works for (b) = (d), noting
now that the choice of § depends on the direction /. The equivalence of (a) through
(d) is then completed in Exercise 2.6.3 which outlines a proof of (d) = (¢).

The symmetry of the matrix V2f (x) is deduced as follows. First, (a) = (c) shows
that the Taylor expansion holds with the matrix 4 = V2f (x). Then the Taylor expan-
sion holds with the symmetrization of 4; = (4 + A7) /2. Then the proof of (c) =
(a) shows that V2f'(x) = 4. By the uniqueness of the second derivative matrix, we
conclude that V£ (x) is symmetric. Finally, let us note that when f is single-valued
on a neighborhood of x, then f is differentiable on a neighborhood of x, and so the
generalized notions of second-order differentiability reduce to the usual notions. [J

Now, Alexandrov’s famous theorem may be presented.

Theorem 2.6.4 (Alexandrov). Every convex function f : R" — R has a second-
order Taylor expansion at almost every x € R", or equivealently, f has a generalied
second-order Fréchet derivative almost everywhere.

Proof. According to Theorem 2.1.12, f is continuous; consequently dom(df) = R”
by the max formula (2.1.19). Letting

Ep:={x e R" : Vf(x) exists}
we know that R\ E1 is a set of measure 0 (Theorem 2.5.1). LetJ := (/+3f)~'. Then
J is a nonexpansive map of R” into itself (this will be shown later in Exercise 3.5.8).
Next consider the set
Ey :={J(x) : J is differentiable at x and VJ (x) is nonsingular}.
Rademacher’s theorem (2.5.4) ensures that J is differentiable almost everywhere.

Moreover, because J is Lipschitz, we may apply the area formula (see [ 198, Theorem
3.3.2]) to obtain

/ |det(VJ(x))| dx = / #(B ﬁJ_l(y)) dy for all Borel sets B in R”,
B R~
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where # is the counting measure. By this formula along with the fact.J is onto (since
df is nonempty for all x € R"), we see that the complement of

{x : J is differentiable at x and V.J(x) is nonsingular}

has measure 0. On the other hand, a Lipschitz function maps negligible sets into
negligible sets (see [384, Lemma 7.25]). Consequently the complement of E, has
measure 0. Thus £3 has a negligible complement where E3 = E> N E>.

Fix x so that J(x) € E3. Then by the definition of J,

VI(J(x)) =x —J(x). (2.6.7)

According to Exercise 2.6.14, there are § > 0 and C > 0 so that whenever ||4] < §
there exists y such that

Jx+y)=Jx)+h and ||| < |yl < CliA]. (2.6.8)
Moreover, the differentiability of J at x implies
Jx+h) =Jx) + VJ@)h 4 o(||hl]). (2.6.9)

Suppose now # is such that ||| < § and J(x) + & € Ej. Then using (2.6.8), (2.6.7)
and (2.6.9) we have

VIJ@) +h) =VfJx+y)=x+y—-Jx+y)
=V J @)+ T = VJI@X)y +o(lylD). (2.6.10)

Now (2.6.8) and (2.6.9) imply
J@)+h=Jx)+ VJX)y +o(lyl). (2.6.11)
Because ||y| and ||4|| are comparable, (2.6.11) implies
y = (V) h+o(lhl). (2.6.12)

Finally, we show that /" has a second-order Taylor expansion at J (x) with matrix
A = (VJ(x))~! —I. For this, let ¥ (h) := f(J(x) + h) and let

~ 1
V() =) + (V). h) + - {dh, h).

We have ¢ (0) = 1/7(0) and for almost all small 4,

Vi (h) = Vf(J (x) + h)
= Vf(J(x)) + 4h + o(||h]]) (by (2.6.10) and (2.6.12))
= V{(h) +o(lIh]);
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consequently, W(h) := ¥ (h) — VU (h) is locally Lipschitz and satisfies W(0) = 0
and VW (k) = o(J|A||) for almost all small ~. Now one can easily show that W (k) =
o(||h]|?) as desired. O

Exercises and further results

2.6.1.* Let ¢ be a symmetric bilinear map. Show that ¢ (x, y) is uniquely determined

if ¢ (x,x) is known for all x. Note that any skew part (7* = —T') of a nonsymmetric
form cannot be so detected.
Hint. Solve ¢ (x + y,x +y) = ¢ (x,x) + 2¢(x,y) + ¢ (y,y) for ¢ (x,). O

2.6.2. Suppose in Euclidean space that

1
q(x) = §<Qx’x> + (b,x) +c.

Suppose Q is symmetric and positive definite. Show that
* 1 —1
q (.X) = §<Q x’x> + <dsx> + e,

where d := —Q 'band e := %(Q‘lb, b) — c. What happens if Q is only positive
semidefinite?
2.6.3.* Suppose U C E is open and convex, let f : U — R be convex and letx € U.

(a) Show that /" has a strong (resp. weak) second-order Taylor expansion at x if and
only if there is a matrix 4 such that A[zf (x) converges uniformly on bounded sets
(resp. pointwise) to the function 4 +— (4h,h) ast — 0.

(b) Use (a) and Exercise 2.1.22 to deduce f has a strong second-order Taylor
expansion at x if it has a weak second-order Taylor expansion at x.

Hint. To apply Exercise 2.1.22, notice that the difference quotients A? f (x) are convex,
and hence the function i — (4h, h) is convex. O

2.6.4.* Suppose U C E is open and convex where dim £ is finite, let f : U — R be
convex and letx € U.

(a) Suppose f has a generalized second-order Fréchet derivative at x. Show that /" is
Fréchet differentiable at x with Vf (x) = ¢, where ¢ is as in the definition.

(b) Suppose that f has a generalized second-order Gateaux derivative at x. Show that
the matrix 4 in the definition must be unique.

(c) Show that f has a generalized second-order Fréchet derivative at x if and only if
there exists an # by n matrix 4 such that

lim w = Ah where ¢, € 3f (x + th)

exists uniformly for # € Bg. Consequently, when df («) is single-valued in a
neighborhood of U, such a function is twice Fréchet differentiable at x in the
usual sense.
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2.6.5.* Prove Proposition 2.6.2.

Hint. This is a restatement of the definition; see [377, Proposition 2.6] for more
details. |

2.6.6.* Prove Proposition 2.6.3.

Hint. Use the properties of convex functions and the definitions involved; see [377,
Proposition 2.7]. 0

2.6.7. Construct continuous real nonconvex functions on R? that are continuously
twice differentiable everywhere except (0, 0), and:

(a) twice Gateaux differentiable at (0, 0), but not Fréchet differentiable at (0, 0);
(b) Fréchet differentiable and twice Gateaux differentiable at (0, 0), but not twice
Fréchet differentiable at (0, 0).

2.6.8. Letf : R — R be defined by f(r) = £3 cos(1/¢) if t # 0, and £ (0) = 0. Show
that /" is continuously differentiable, but /”/(0) does not exist. Moreover, show that /
has a second-order Taylor expansion at 0, i.e.

F@O =£0) +£(0) + %Aﬁ +o(t?)

where 4 = 0. Hence the existence of a second-order Taylor expansion is not equivalent
to second-order differentiability for nonconvex functions.

2.6.9. Constructaconvex functionf : R — R thatis C2-smooth and has a third-order
Taylor expansion at 0, but whose third derivative does not exist at 0.

Hint. Construct a continuous function 4 : [0, 00) — [0, 00) such that

X
limsuph(r)/t = 1, liminf A(r)/t = 0O and/ h(r) dt < x> forx > 0.
t—0+ =0t 0
Visually % could be a function with sparse narrow peaks touching the line y = x as
x — 0%. Now let f be the function such that £ (#) = 0 for t < 0, /() = h(¢) for
t > 0and f’(0) = 0 and /' (0) = 0 as already stipulated. The estimate fox h(t) dt < x>
allows one to show lim,_, o+ f(x)/x> = 0 which provides the desired third-order
Taylor expansion. 0

2.6.10. Consider f : R> — R by

22 .
Flay) = | P TBE Y, ifxy #£0;
’ 0, otherwise.

Show that f is convex and its second mixed partials exist but are different at (0, 0).
Verify directly that this function cannot have a weak second-order Taylor expansion
at (0,0). Additionally, the real function g(¢) := f(at, bt) has a second-order Taylor
expansion at t = 0 for any a, b € R. Hence this example illustrates that requiring the
same matrix 4 to work for every direction in the weak second-order Taylor expansion
is stronger for convex functions than requiring the restrictions of f* to lines through
the origin to have second-order Taylor expansions.
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Hint. Note this exercise was motivated by [409, p. 152]. Checking convexity and
computing the requisite partial derivatives takes some patience if done by hand: for
this, note that

Yot 4yt =Y Xt =4y —yh
filx,y) = R +26x  fy(x,p) = R +26y.
Then £;(0,0) = 0, £,(0,0) = 0, f,,(0,0) = —1, f,x(0,0) = 1. On the Taylor

expansion, note that since /' (0, 0) = 0, and since /”(0, 0) is the zero vector, the second-
order Taylor expansion reduces to the quadratic Q(x,y) = %[ax2 + (b+c)xy +dy*].
If the expansion is valid along the lines y = 0, x = 0, and y = x, then a = 26,
b+c=0=b—candd = 26. However, then the expansion is not valid along some
other line, e.g. y = 2x. O

2.6.11. Let U be an open subset of E, and suppose that f : U — R is Gateaux
differentiable. Then [332, p. 142] defines f to be twice Gateaux differentiable at
x € U if the limit
(Vf & + th), h) — (Vf (%), h)

t

Gy k) = lim
t—0

exists for all 4,k € E. Show that the function /" in Exercise 2.6.10 is twice Gateaux
differentiable at (0,0) € R? in the sense of [332]. Conclude that this definition is
weaker than the definition of twice Gateaux differentiability given earlier in this
chapter. Nevertheless, it is important to note that it is still strong enough to deduce
directional version of Taylor’s formula and in turn to deduce that /' is convex when
f"(x;h,h) > 0 forx € U and h € E where U is an open convex subset of E; see
[332, p. 143].

Hint. For this function, Vf = (f;,f;) and can check Vf'(tx,ty) = tVf(x,y). Thus, in
vector notation, for 0, 4, k € R2,

(Vfh) —Vf ).k _ . EVf (), k)

"(0;h,k) = 1i 1 = (Vf(h),k
S Ok, k) = lim ; lim ; (Vf(h), k),
from which the conclusion follows easily. ]

2.6.12. Suppose U is an open convex subset of R” and x € U. Show that f has a
generalized second-order Fréchet derivative at x if and only if there is an # by » matrix
A such that

Vf(x+h) € VF(x) +4h+ o(||h||)Br: when Vf (x + h) exists.

Hint. The ‘only if” portion is clear. For the ‘if” portion, f : U — R is differentiable
almost everywhere. Choose 6 > 0 so that §Sg» C U. According to Fubini’s theorem,
for almost all 2 € §Sg» with respect to the surface measure Vf'(x + th) exists for
almost all 0 < ¢ < §. Use an argument similar to the proof of (a) implies (c) in
Theorem 2.6.1 to show f has a strong second-order Taylor expansion at x (some
almost everywhere arguments will be needed). Then Theorem 2.6.1 shows that f has
a generalized second-order derivative at x. O
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2.6.13. Show that one cannot replace ‘almost everywhere’ with a residual set in the
conclusion of Alexandrov’s theorem (2.6.4).

Hint. One example: consider the function f* given in Remark 2.5.5, let g(x) =
fg (f(t) +2¢) dt forx > 0 and observe f(¢) + 2¢ is nondecreasing. Another example:
let G C R be a dense Gs-set of measure 0. Then [133, Theorem 7.6, p. 288] ensures
there is a continuous strictly increasing function /" such that g(#) = oo forall 7 € G.
Letf(x) = fgg(t) dr. See [200, p. 117]. O

2.6.14.* Verify there exist C > 0 and § > 0 so that (2.6.8) holds.

Hint. First, if F : §Bgn — R is continuous, 0 < ¢ < § and ||F(x) — x|| < ¢ for
all x € 8Sgn, then {x : |Ix|| <8 —¢e} C F({x : |Ix|| < 8}); see e.g. [384, Lemma
7.23]. Use this fact in conjunction with (2.6.9) and the fact VJ (x) is nonsingular
to deduce the existence of C > 0 and § > 0: for each » > 0 there exists s > 0
so that VJ (x)(rBrr) D VJ(x)(sBgrn) then apply the preceding fact to VJ (x)h —
VJ (x)h 4+ o(||h]) for ||h]| < & for appropriate §. Deduce ||| < ||y|| because J is
nonexpansive. |

2.6.15. Suppose U is a convex nonempty open set in RV and g : U — R is contin-
uously differentiable on U. Let 4 := {x € U : g’ (x) exists}. Show that g is convex
& U \ A4 is a set of measure zero, and g” is positive semidefinite on 4.

Hint. =: According to Alexandrov’s theorem (2.6.4), the set U \ A4 is of measure
zero. Fix x € U and y € RY arbitrarily. The function ¢ +— g(x + #p) is convex
in a neighborhood of 0; consequently, its second derivative (y, g'x+ ) (y)) is
nonnegative whenever it exists. Since g”(x) does exist, it must be that g”(x) is
positive semidefinite, for every x € 4.

«<: Fix x and y in U. By assumption and a Fubini argument, we obtain two
sequences (x,) and (y,) in U with x, — x, y, — y, and t = g"(x, + t(yy — X))
exists almost everywhere on [0, 1]. Integrating

t > (v — Xn, (&7 Con + tn — x0)) n — X)) = 0 from O to 1,

we deduce that (g'(ys) — g'(xx)) (¥n — x») > 0. Taking limits and recalling that g’ is
continuous, we see that g’ is monotone and so g is convex (Theorem 2.2.6). 0

2.6.16.** Suppose the convex function f : R” — (—o0, +00] is twice continuously
differentiable in a neighborhood of xo and V2f (xq) is nonsingular. Then f* is twice
continuously differentiable at x; = V/f'(xo) and

V) = [V (o)l
Hint. See [258, Corollary 4.8]. |

2.7 Support and extremal structure

We briefly introduce some fundamental notions to which we return in more detail in
Section 5.2 and in Section 6.6.
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An extreme point of a convex set C C F is a point x € C whose complement
C \ {x} is convex; equivalently, this means x is not a convex combination of any
y,z € C\ {x}. The set of extreme points of C is denoted by ext C.

Lemma 2.7.1. Given a supporting hyperplane H of a convex set C C E, any extreme
point of C N H is also an extreme point of C.

Proof. Suppose x is an extreme point of CNH. If x is a nontrivial convex combination
of y,z € C, then y and z must both be in H. However, this cannot be because x is an
extreme point of C N H. [

Theorem 2.7.2 (Minkowski). Any compact convex set C C E is the convex hull of
its extreme points.

Proof. The proof proceeds by induction on dim C; clearly the result holds when
dim C = 0. Now assume the result holds for all sets of dimension less than dim C.
By translating C we may assume 0 € C, and let 7/ = span C. Then C has nonempty
interior in F.

Given any pointx € bdry C, the supporting hyperplane theorem (2.4.3) shows that
C has a supporting hyperplane H at x. By the induction hypotheses applied to the set
C N H we deduce using Lemma 2.7.1

x € conv(ext(C N H)) C (extC).

Thus we have proved bdry C C conv(ext C)) so conv(bdry C) C conv(extC).
Because C is compact, it follows that conv(bdry C) = C and the result now
follows. U

Exercises and further results

2.7.1. Suppose C is a compact convex subset of £ and f : C — R is a continuous
convex function. Show that /" attains its maximum at an extreme point of C.
2.7.2. (Exposed points). A point x in a closed convex set C is an exposed point of C
if there exists a vector y such that (y,x) > (y, ¢) for every ¢ € C, ¢ # x, and y is said
to expose x in C. In other words o¢(y) is uniquely attained in C. Show that

(a) Every exposed point of a convex C is an extreme point but not conversely. (See
also Example 2.4.9.)

(b) Show that every exposed point of a compact convex set in a Euclidean space is
strongly exposed as defined on p. 211.

(c) Minkowski’s theorem implies Straszewicz’s’ theorem [369, Theorem 18.6] that
a compact convex set in R" is the closed convex hull of its exposed points.

Hint. 1t suffices to show the exposed points are dense in the extreme points. 0

2.7.3 (Milman converse theorem). Let C be a compact convex subset of a Euclidean
space E and suppose that C = conv4 for some closed 4 € C. Show that ext C C 4.
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Hint. Fix ¢ > 0. Since 4 is precompact, there is a finite set ¥ C A with4 C F +¢Bg.
Then C C conv | J,.pconv {4 N (x +eBg)}. Then if e € extC it must be that
e € x + &Bg for some x € F. 0

2.7.4 (Nested unions). Forn € N, let C,, € Cy,41 be closed convex subsets of a ball
in Euclidean space. Show that

ext| JC, | JextCy. (2.7.1)
n n

Compute both sides of (2.7.1) when (C,,) is a nested sequence of regular 2"-gons
inscribed in the unit ball in R?.

2.7.5 (Birkhoff’s theorem [95]). T Recall that an entry-wise nonnegative n x n matrix
is doubly stochastic if all row and column sums equal one, denoted M < SS,.
Show that

(a) Every n x n permutation matrix is an extreme point of SSj,.

(b) Every extreme point of SS;, is a permutation matrix.

(¢) Deduce from Theorem 2.7.2 that every doubly stochastic matrix is a convex
combination of permutation matrices.
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Finer structure of Euclidean spaces

The infinite we shall do right away. The finite may take a little longer. (Stanislaw Ulam)1

3.1 Polyhedral convex sets and functions

In the book [96, Section 2.3], theorems of the alternative (see Exercise 2.4.10) are
used to observe that finitely generated cones are closed. Remarkably, a finite linear-
algebraic assumption leads to a topological conclusion. In the section which follows
[96, Section 5.1] we pursue the consequences of this type of assumption in convex
analysis.

A cone C is finitely generated if there exist x1,x2,...,x, € E so that

m
C=f{r:x=) amx, a >0} (3.1.1)

i=1

There are two natural ways to impose a finite linear structure on the sets and
functions we consider. The first we have already seen: a ‘polyhedron’ (or polyhedral
set) is a finite intersection of closed half-spaces in £, and we say a functionf : E —
[—o0, 400] is polyhedral if its epigraph is polyhedral.

On the other hand, a polytope is the convex hull of a finite subset of £, and we call
a subset of E finitely generated if it is the sum of a polytope and a finitely generated
cone (in the sense of formula (3.1.1)). Notice we do not yet know if a cone that is
a finitely generated set in this sense is finitely generated in the sense of (3.1.1); we
shall return to this point later in the section. The function f is finitely generated if its
epigraph is finitely generated. A central result of this section is that polyhedra and
finitely generated sets in fact coincide — this is sometimes called the key theorem.

We begin by collecting together some relatively easy observations in the following
two results.

Proposition 3.1.1 (Polyhedral functions). Suppose that the function f: E —
[—o0, +00] is polyhedral. Then f is closed and convex and can be decomposed

! Stanislaw Marcin Ulam, 1909-1984, quoted from D. MacHale, Comic Sections, Dublin, 1993.



3.1 Polyhedral sets and functions 95

in the form
f = maxg; + b, (3.12)
4SS

where the index set 1 is finite (and possibly empty), the functions g; are affine, and
the set P C E is polyhedral (and possibly empty).
Thus dom f is polyhedral and coincides with dom df if f is proper.

Proof. Since any polyhedron is closed and convex, so is f, and the decomposition
(3.1.2) follows directly from the definition. Iff is proper then both the sets / and P are
nonempty in this decomposition. At any pointx in P (= dom (') we know 0 € 9ép(x),
and the convex function max; g; certainly has a subgradient at x since it is everywhere
finite. Hence we deduce the condition df (x) # @. 0

Proposition 3.1.2 (Finitely generated functions). Suppose the function f : E —
[—00, +00] is finitely generated. Then f is closed and convex and domf is finitely
generated. Furthermore, f* is polyhedral.

Proof. Polytopes are compact and convex by Carathéodory’s theorem (1.2.5), and
finitely generated cones are closed and convex, so finitely generated sets (and there-
fore finitely generated functions) are closed and convex (by Exercise 2.4.24). We
leave the remainder of the proof as an exercise. 0

An easy exercise shows thataset P C FE is polyhedral (respectively, finitely generated)
if and only if §p is polyhedral (respectively, finitely generated).

To prove that polyhedra and finitely generated sets in fact coincide, we consider the
two ‘extreme’ special cases: first, compact convex sets, and second, convex cones.
Observe first that by definition compact, finitely generated sets are just polytopes.

Lemma 3.1.3. 4 polyhedron has at most finitely many extreme points.
Proof. Fix a finite set of affine functions {g; : i € [} on E, determining a polyhedron
P:={xeFE: gx) <O0foriel}

For any point x in P, the ‘active set’ is the indices {i € I : g;(x) = 0}. Suppose two
distinct extreme points x and y of P have the same active set. Then for any sufficiently
small real ¢ the points x & £(y — x) both lie in P. But this contradicts the assumption
that x is extreme. Hence different extreme points have different active sets, and the
result follows. 0

This lemma together with Minkowski’s theorem (2.7.2) reveals the nature of
compact polyhedra.

Theorem 3.1.4. Every compact polyhedron is a convex polytope.
We next turn to cones.

Lemma 3.1.5. 4 polyhedral cone is finitely generated in the sense of (3.1.1).
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Proof. Given a polyhedral cone P C E, consider the subspace L := P N —P and
the pointed polyhedral cone K = P N L. Observe that one has the decomposition
P = K @ L. By the pointed cone theorem (2.4.12), there is an element y of E for
which the set

C=xeK: (x,y)=1}

is compact and satisfies K = R C. Since C is polyhedral, the previous result shows
it is a polytope. Thus K is finitely generated, whence so is P. [

Theorem 3.1.6 (Key theorem of polyhedrality). A convex set or function is polyhedral
if and only if it is finitely generated.

Proof. For finite sets {a; : i € I} C Eand {b; : i € I} C R, consider the polyhedron
in E defined by

P={xe€kFE: {(a,x) <b;foriell
The polyhedral cone in £ x R defined by
O :={(x,r) e ExR: (a;,x) —br <0foriel}

is finitely generated by the previous lemma, so there are finite subsets {x; : j € J}
and {y; : t € T} of E with

0= [ij(xj,l) +Zp,,(yt,0) A eRyforjed, uyeRy fort e T].
jeJ teT

We deduce

P={x: (x,1) € O}

= conv{x; : jeJ}+[Zutyy: ur € Ry forteT},
teT

so P is finitely generated. We have thus shown that any polyhedral set (and hence
function) is finitely generated.

Conversely, suppose the function f : £ — [—o00,+00] is finitely generated.
Consider first the case when f is proper. By Proposition 3.1.2, f* is polyhedral, and
hence (by the above argument) finitely generated. But f is closed and convex, also
by Proposition 3.1.2, so the Fenchel biconjugation theorem (2.4.4) implies f = f**.
By applying Proposition 3.1.2 once again we see f** (and hence 1) is polyhedral. We
leave the improper case as an exercise. [

Notice these two results show our two notions of a finitely generated cone do indeed
coincide.

The following list of properties shows that many linear-algebraic operations pre-
serve polyhedrality. In each case one of finite generation or half-space representation
is not obvious, but the other often is.
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Proposition 3.1.7 (Polyhedral algebra). Consider a Euclidean space Y and a linear
map A E — Y.

(a) Ifthe set P C E is polyhedral then so is its image AP.

(b) Ifthe set K C Y is polyhedral then so is its inverse image A~ K.

(c) The sum and pointwise maximum of finitely many polyhedral functions are
polyhedral.

(d) If the function g : Y — [—o00,400] is polyhedral then so is the composite
function g o A.

(e) Ifthe functionq : E X Y — [—00, +00] is polyhedral then so is the perturbation
function h . Y — [—00, +00] defined by h(u) := inf g q(x, u).

We shall see the power of this proposition in the final section of this chapter.

Corollary 3.1.8 (Polyhedral Fenchel duality). The conclusions of the Fenchel duality
theorem (2.3.4) and of the subdifferential sum rule (2.3.5) remain valid if the regu-
larity condition (2.3.4) is replaced by the assumption that the functions f and g are
polyhedral with

domgNAdomf # @.

Proof. We follow the proof of the Fenchel duality theorem (2.3.4), simply observing
that the value function %2 defined therein is polyhedral by the polyhedral algebra
proposition (3.1.7). Thus, when the optimal value is finite, 4 has a subgradient at
0. 0

We conclude this section with a result emphasizing the power of Fenchel duality
for convex problems with linear constraints.

Corollary 3.1.9 (Mixed Fenchel duality). The conclusions of the Fenchel duality
theorem (2.3.4) and of the subdifferential sum rule (2.3.5) remain valid if the regularity
condition (2.3.4) is replaced by the assumption that

domg NAcontf # ¢
while the function g is polyhedral.

Proof. Assume without loss that the primal optimal value
pi=inf{f() +gUn)} = inf {f()+r: gdx) <r)
x€E x€E, reR

is finite. By assumption there is a feasible point for the problem on the right at which
the objective function is continuous, so there is an affine function @ : £ x R - R
minorizing the function (x, ) — f(x) + r such that

p= inf R{oz(x, r): gdx) <r}

xeE, re
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(see Exercise 2.4.20). Clearly o has the form a(x,r) = B(x) + r for some affine
minorant 8 of f, so

p = inf{B(x) +g(4x)}.
xeE

Now we apply polyhedral Fenchel duality (3.1.8) to deduce the existence of an element
¢ of Y such that

p=-—pUP) —g"(—¢) <[ —g"(—¢) <p

(using the weak duality inequality), and the duality result follows. The calculus rules
follow as before. |

Exercises and further results

3.1.1.* Prove directly from the definition that any polyhedral function has a
decomposition of the form (3.1.2).

3.1.2.* Fill in the details for the proof of the finitely generated functions
proposition (3.1.2).

3.1.3.* Use Exercise 2.1.18 (lower-semicontinuity and closure) to show that if a
finitely generated function f is not proper then it has the form

4+oo ifx €K
f(x):{—oo ifx e K
for some finitely generated set K.
3.1.4. Prove aset K C E is polyhedral (respectively, finitely generated) if and only
if §x is polyhedral (respectively, finitely generated), without using the polyhedrality
theorem (3.1.6).
3.1.5.* Complete the proof of the polyhedrality theorem (3.1.6) for improper functions
using Exercise 3.1.3.
3.1.6 (Tangents to polyhedra). Prove the tangent cone to a polyhedron P at a point x
in P is given by Tp(x) = R4 (P — x).
3.1.7 (Polyhedral algebra).* Prove Proposition 3.1.7 using the following steps.

(a) Prove parts (a)—(d).
(b) In the notation of part (e), consider the natural projection

Pyyr:ExXY xR —Y xR.
Prove the inclusions
Pyxr(epig) C epih C cl(Pyxr(epiq)).

(c) Deduce part (e).
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3.1.8. Suppose the function f : £ — (—00,400] is polyhedral. Show that the
subdifferential of / at a point x in dom /' is a nonempty polyhedron and is bounded if
and only if x lies in int(domf’).

3.1.9 (Polyhedral cones). For polyhedral cones H C Y and K C E and a linear map
A E — Y, prove that

(KNA'HY =A4*"H + K~

by using convex calculus.
3.1.10. Apply the mixed Fenchel duality corollary (3.1.9) to the problem

inf(f(x) : Ax < b},

for a linear map 4 : £ — R™ and a point b in R” with the orthant ordering.
3.1.11 (Generalized Fenchel duality). Consider convex functions

hi,hy,...,hy 1 E — (—00,+00]

with ["); cont 4; nonempty. By applying the mixed Fenchel duality corollary (3.1.9)
to the problem

m

inf i h[(xi) : xi:xfori:1,2,...,m},
xxlx,ameE L=

prove
)i(gEZhi(x) - —inf{Zh;"(qﬁ") ¢l 9" CE, quf — 0}.

3.1.12 (Relativizing mixed Fenchel duality). In Corollary 3.1.9, prove that the
condition dom g N 4 contf* % ¥ can be relaxed to dom g N A ri(dom ) # @.

3.2 Functions of eigenvalues

In this section we will frequently encounter §” the symmetric » by » matrices as
well its subclasses S'f of positive semidefinite matrices and S% | of positive definite
matrices. We also let O" denote the orthogonal matrices. The mapping Diag R” — S”
is defined by letting Diag(x) be the diagonal matrix with diagonal entries x;. Also,
Ao 8™ — R” where A(4) maps to the vector whose components are the eigenvalues
of 4 written in nonincreasing order. As usual, tr(X) is the trace of X which is the
sum of the entries on the diagonal. For matrices X,Y € S” we write X < Y if
Y — X € §'. The vector space S” becomes a Euclidean space with the inner product
(X,Y) = tr(XY). Further information is given in [95, Section 1.2].
The key to studying functions of eigenvalues is the following inequality.

Theorem 3.2.1 (Fan). Any matrices X and Y in S satisfy the inequality

tr(XY) < AX)TA(Y). (3.2.1)
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Equality holds if and only if X and Y have a simultaneous ordered spectral
decomposition: there is a matrix U in O" with

X = UT(Diag A(X))U and Y = UT (Diag A(Y))U. (3.2.2)

A proof of Fan’s inequality via Birkhoff’s theorem is sketched in [95, p. 12]. The
special case of Fan’s inequality where both matrices are diagonal gives the following
classical inequality, in which for a vector x in R”, we denote by [x] the vector with
the same components permuted into nonincreasing order. A direct proof of this result
is left as an exercise.

Proposition 3.2.2 (Hardy—Littlewood—Pdlya). Any vectors x and y in R" satisfy the
inequality

Ty <"yl

Fenchel conjugacy gives a concise and beautiful avenue to many eigenvalue
inequalities in classical matrix analysis. In this section we outline this approach.

The two cones R’ and S’ appear repeatedly in applications, as do their corre-
sponding logarithmic barriers b and 1d, which are introduced in Proposition 3.2.3.

Proposition 3.2.3 (Log barriers). The functions Ib : R" — (—o0,+o0] and 1d :
S§" — (—00, +00] defined by

Ib (x) := {_ Yo logx; ifxeRY,

+00 otherwise
and
1d(X) = —logdetX ifX eS%,
+00 otherwise

are essentially smooth, and strictly convex on their domains as defined in Section 7.1.
They satisfy the conjugacy relations

Ib*(x) =1b(—x) —n forallx € R", and
1d*(X) =1d(=X) —n forall X € S".

The perturbed functions 1b + (c,-) and 1d + (C, -) have compact lower level sets for
any vector ¢ € R’ | and matrix C € S'} , respectively.

We can relate the vector and matrix examples through the identities
831 = 5R’i oA and Id =1b o A. (3.2.3)

We see in this section that these identities fall into a broader pattern.
Recall the function [-] : R" — R” rearranges components into nonincreasing order.
We say a function / on R” is symmetric if f(x) = f([x]) for all vectors x in R”; in
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other words, permuting components does not change the function value. We call a
symmetric function of the eigenvalues of a symmetric matrix a spectral function. The
following formula is crucial.

Theorem 3.2.4 (Spectral conjugacy). If f : R" — [—o00,400] is a symmetric
function, it satisfies the formula

(f o) =f*o
Proof. By Fan’s inequality (3.2.1) any matrix Y in S” satisfies the inequalities

(f o M)*(Y) = sup {tr(XY) — f (A (X))}
XeSn

< s;p{MX)TA(Y) —f(A(X))}

< sup (xTA(Y) — f(x))

xeR”

=f*((Y)).

On the other hand, fixing a spectral decomposition ¥ = U7 (Diag A(Y))U for some
matrix U in O" leads to the reverse inequality

FHoUY)) = sup (X AY) — £ ()}

xeR”

= sup{tr(Diagx)UYUT) — 1 (x)}
= sup{tr(U” (Diagx)UY) — f (M(UT DiagxU))}

< sup {tr(XY) — f(A(X))}
XeSn

= (f o M)"(Y),
which completes the proof. O

This formula, for example, makes it very easy to calculate 1d * (see the log barriers
proposition (3.2.3)) and to check the self-duality of the cone S} .

Once we can compute conjugates easily, we can also recognize closed convex
functions easily using the Fenchel biconjugation theorem (2.4.4).

Corollary 3.2.5 (Davis). Suppose the function f : R" — (—o0, +00] is symmetric.
Then the ‘spectral function’f o ) is closed and convex if and only if f is closed and
convex.

We deduce immediately that the logarithmic barrier 1d is closed and convex, as well
as the function X — tr(X 1) on S" ., for example.

Identifying subgradients is also easy using the conjugacy formula and the Fenchel—-
Young inequality (2.3.1).
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Corollary 3.2.6 (Spectral subgradients, Lewis). Iff : R" — (—o00,400] is a sym-
metric function, then for any two matrices X and Y in S", the following properties
are equivalent:

(@) Y €d(fol)X).

(b) X and Y have a simultaneous ordered spectral decomposition and satisfy A(Y) €
af (L (X)),

(c) X = UT(Diagx)U and Y = UT (Diagy)U for some matrix U in O" and vectors
x and y in R" satisfying y € of (x).

Proof. Notice the inequalities
(f o X)) + (f o *(Y) = (X)) +£*(AL(Y)) = LX) MY) = tr(XY).

The condition ¥ € 9(f o A)(X) is equivalent to equality between the left- and
right-hand sides (and hence throughout), and the equivalence of properties (a) and
(b) follows using Fan’s inequality (3.2.1). For the remainder of the proof, see
Exercise 3.2.9. O

Corollary 3.2.7 (Spectral differentiability, Lewis). Suppose that the function f :
R" — (—o00, 400] is symmetric, closed, and convex. Then f o A is differentiable at
a matrix X in 8" if and only if f is differentiable at M(X).

Proof. If 3(f o A)(X) is a singleton, so is df (L(X)), by the spectral subgradients
corollary above. Conversely, suppose df (A(X)) consists only of the vector y € R”.
Using Exercise 3.2.9(b), we see the components of y are nonincreasing, so by the
same corollary, d(f o A)(X) is the nonempty convex set

(UT (Diagy)U : U € 0", UT Diag(Ax(X))U = X}.

But every element of this set has the same norm (namely ||y||), so the set must be a
singleton. |

Notice that the proof in fact shows that when f is differentiable at A(X) we have the
formula

V(f o M(X) = U" (Diag V/ (AX))U (3.2.4)

for any matrix U in O" satisfying U’ (Diag A(X))U = X.

The pattern of these results is clear: many analytic and geometric properties of the
matrix function f oA parallel the corresponding properties of the underlying functionf".
The following exercise provides another excellent example.

Corollary 3.2.8. Suppose the function f : R" — (—o00,400] is symmetric, closed,
and convex. Then, in the language of Section 7.1, f o A is essentially strictly con-
vex (respectively, essentially smooth) if and only if f is essentially strictly convex
(respectively, essentially smooth).
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For example, the logarithmic barrier 1d is both essentially smooth and essentially
strictly convex.

Exercises and further results

3.2.1.* Prove the identities (3.2.3).

3.2.2. Use the spectral conjugacy theorem (3.2.4) to calculate 1d * and 85’51.

3.2.3.* Prove the Davis characterization (Corollary 3.2.5) using the Fenchel biconju-
gation theorem (2.4.4).

3.2.4 (Square-root iteration). Suppose a symmetric positive semidefinite matrix 4
satisfies 0 < 4 < I. Prove that the iteration

1 2
Yo=0, YVyp1 = §(A+ Yn) n=0,1,2,...)
is nondecreasing (i.e. ¥, < Y, 41 for all n) and converges to the matrix / — (I — 4) 172,
Deduce that all positive definite matrices have unique positive definite square roots
and likewise in the semidefinite case.

Hint. Consider diagonal matrices 4. |
3.2.5 (Examples of convex spectral functions). Use the Davis characterization

(Corollary 3.2.5) to prove the following functions of a matrix X € S” are closed
and convex:

(a) 1d (X).

(b) tr(XP), for any nonnegative even integer p.

(c) —tr(X'?) ifx es!
o0 otherwise.

(d) tr(X7) ifX eSy,

o0 otherwise

for any nonnegative integer p.

(e) XVt ifx est,
o0 otherwise.

) —(detX)/" ifX €8
o0 otherwise.

Deduce from the sublinearity of the function in part (f) the property
0XX=<xY=0=<detX <detY

for matrices X and Y in S”.

3.2.6. Calculate the conjugate of each of the functions in Exercise 3.2.5.

3.2.7. Use formula (3.2.4) to calculate the gradients of the functions in Exercise 3.2.5.
3.2.8 (Orthogonal invariance). A function # : §" — (—o00,400] is orthogonally
invariant if all matrices X in §” and U in O" satisfy the relation /(U7 XU) = h(X);
in other words, orthogonal similarity transformations do not change the value of 4.
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(a) Prove h is orthogonally invariant if and only if there is a symmetric function
fR" - (—o0,+oo] withh = f o A.

(b) Prove that an orthogonally invariant function % is closed and convex if and only
if 4 o Diag is closed and convex.

3.2.9.* Suppose the function f : R” — (—00,400] is symmetric.

(a) Prove /™ is symmetric.

(b) If vectors x and y in R” satisfy y € 9f(x), prove [y] € df([x]) using
Proposition 3.2.2.

(c) Finish the proof of the spectral subgradients corollary (3.2.6).

(d) Deduce d(f o M)(X) =0 & df (A(X)) = 0.

(e) Prove Corollary 3.2.8.

3.2.10 (Fillmore—Williams [214]). Suppose the set C C R” is symmetric: that is,
PC = C holds for all permutation matrices P. Prove the set

ATHO) =X €85 AX) € C}

is closed and convex if and only if C is closed and convex.
3.2.11 (DC functions). We call areal functionf on aconvex set C C E a DC function
if it can be written as the difference of two real convex functions on C.

(a) Prove the set of DC functions is a vector space.
(b) Iff is a DC function, prove it is locally Lipschitz on int C.
(c) Let oy denote the sum of the k largest eigenvalues of a symmetric matrix. Show

oy 1s convex and continuous fork = 1,2, ..., n. Hence prove that the k-th largest
eigenvalue X is a DC function on S” for k = 1,2, ..., n, and deduce it is locally
Lipschitz.

(d) Let us say a vector-valued function is DC if each of its coefficient functions is.
In [422] a short proof in Banach space is given of Hartman’s [250] result:

Theorem 3.2.9. Let X,Y,Z be Euclidean spaces with A C X,B C Y open and
convex. Let F : A — Y be DC on A with F(4) C B. Let G : B — Z be DC on B.
Then G o F is locally DC on A.

Hint. For(d),letF; = fi—h;,i =1,...,nand G; = gi—k;,j = 1, ..., m where all four
of familiesf;, g;, h;, kj are convex. Fixa € 4 and let M be acommon Lipschitz constant
for g;, G; on some neighborhood V' of F'(a). Show that around a both (g o F' +2M f)
and GoF + (goF +2M f') have locally convex coordinates. The same method shows
that if ' and G are globally Lipschitz then G o F is globally DC on 4. See [422] for
more details. |

3.2.12 (Log-concavity). Show that the following are logarithmically concave:

(a) x — % forall x in R.

I+e* N
(b) (x1,x2,+ - ,xN) > % forallx; > 0,xp > 0,--- ,xy > 0.
k=1%k

¢) The corresponding spectral function 4 — 44 for 4 positive definite.
() p g sp A p
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Figure 3.1 The semidefinite cone in 2-space with a boundary plane.

Other examples are to be found in [128, 96].

3.2.13 (Concavity and log-concavity). Show that the following are concave and so
log-concave:

/M
(@) (x1,x2,+--,xn) (]—[ﬁil Yk)) forallx; > 0,x > 0,--- ,xy > 0. Here
1 <M < N and X denotes the sequence placed in nondecreasing order.
(b) The corresponding spectral function for A4 positive definite. This is the M -th root
of the M smallest eigenvalues.

3.2.14 (2D semidefinite cone). Show that the cone of two-by-two semidefinite matri-
ces is represented by S» := {(x,y,z) : xy > zZ,x +y > 0}. Prove, as illustrated in
Figure 3.1, that the sum of S> and any hyperplane T tangent at a nonzero point of S,
is never closed.

3.2.15 (Convex matrix functions). Let C € §" be fixed. For matrices 4 € S} | and

D € S" show that
d2
2w (C(A + tD)‘1>

g > 0.

t=0

(a) Deduce that (i) 4 — tr(CA™"), (ii) 4 — tr(C4?), and (iii) 4 — — tr(CA'/?) are
convex with domains S” , , 8", and S} respectively.

(b) Deduce from Exercise 2.4.28(b) that (i) 4 +— A~!, (ii) 4 — A%, and (iii)
A+ —AY? define Loewner-convex functions with domains St ., 8", and S

respectively. Confirm that 4 — 4% is not order-convex.

. . (4 2 (40
Hint. Consider 4 := ( ’ 1 )andB._ ( 0 3 ) O

Hence 4 > A% cannot be order-monotone.
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3.2.16 (Quadratic forms). Define fp: S — R viafp(x) := %(Qx,x).

(a) Show, that fp is convex and that fQ* = fo-1 when O € S . (See also Exercise

2.6.2.) Deduce that Q — Q! is order-reversing in the Loewner ordering.
(b) Show that for 4, B € S’ one has

Jazs = 2f40fs,

and deduce that for Q € S’} , the mapping O 0~ is order-convex — as shown
by different methods in Exercise 3.2.15.
(c) Explore the above conjugacy formula and conclusions for Q € S7.

Hint. This entails using a generalized inverse Q™ [175, p. 179ff]. .

3.2.17 (Matrix norms [261, 236]).* We restrict this discussion to real spaces. A
matrix norm is a norm on a Euclidean space M of square n x n matrices that is also
submultiplicative

l4AB|| < ||14]||1B|| for all 4,B € M.

If |4*]| = ||A4]| for all A € M we have a x-norm. All matrix norms on M are
equivalent since the space is finite-dimensional.

An induced norm on a space of matrices is the one defined by [|4]| :=
sup{|l4x|| : |lx|| < 1}. (One can vary the norm on the range and domain spaces.)
The Frobenius norm of a matrix 4 is the Euclidean norm we have already met,
induced by the trace inner-product

n n
DO lail*

i=1 j=1

l4|lF := Vtrd4*4 =

The eigenvalues of v/ 4*A4 (or ~/AA*) define the singular values of A, denoted o (4).
Let p(4) := sup{lo| : o € o(A4)} be the spectral radius. Show that:

(a) Every induced norm is a matrix norm.
For all 4 in M show the following:
®) I14lF =/ X, aiz, where o; € 0(A4), is a matrix norm;
(c) |14*lF = Il14llF = ||OA|lr = ||[AO||r for all orthogonal O € M;
(d) p(4) < ||4] for all matrix norms;
(e) p(4) = limy_, s [l4¥||'/* for all induced norms.

3.2.18 (Matrix p-norms [261, 236, 54]).** When the underlying norm in Exercise
3.2.17 is the p-norm, we write [|4||, for the induced norm. Let # be the dimension of
the underlying space. For all 4 in M show that

(@) 14l = I 4llF = V/nll4ll2;

(a2) %ﬁ 4l < 1412 < V/nll 4l
(a3) ﬁ [4lloe = 1412 = VullAlloo;
(®) 1415 < 14111 1411003
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(c1) 14l = maxi<j<n >y layl;
(c2) I14lloo = maxi<in 7y layl;
(d) |4]l2 = |OA]l2 = ||40]|, for all orthogonal O in M.

It is also common to see ||4]|, used to denote the entrywise p-norm of the matrix
viewed as a rolled-out sequence. This leads to quite different results. Thence, || 4|2 =
4llF, |A]l1 = tr /A*A4, is the trace norm, and |||l = maxi<;j<np |ajl.

In greater generality the matrix norms become operator or Banach algebra norms
and the entrywise norms become the Schatten norms of section 6.5. All matrix and
entrywise norms on M are equivalent since the space is finite-dimensional. The ease
of computation of the entrywise norms is one of the key reasons for so renorming
within numerical linear algebra.

3.2.19 (Vector and matrix norms [261, 236, 54]).** Let || - || be any norm on M. Show
that there is a unique number ¢ > 0 such that ¢|| - || is a matrix norm. Need it be an
induced norm?

A particularly nice discussion of matrix norms and many related issues can be found
in [54, Chapter 9].

3.3 Linear and semidefinite programming duality

Linear programming (LP) is the study of convex optimization problems involving a
linear objective function subject to linear constraints. This simple optimization model
has proven extraordinarily powerful in both theory and practice, so we devote the first
part of this section to deriving linear programming duality theory from our convex
perspective.

We then contrast this theory with the corresponding results for semidefinite pro-
gramming (SDP), a class of matrix optimization problems analogous to linear
programs but involving the positive semidefinite cone.

Linear programs are inherently polyhedral, so our main development follows

directly from the polyhedrality section (Section 3.1). Given vectors a',a?, ..., a",
and ¢ in R” and a vector b in R™, consider the primal linear program
inf (c,x)
subjectto (a',x)—b; < 0 fori=1,2,...,m (3.3.1)
x € R

Denote the primal optimal value by p € [—o00,+00]. In the Lagrangian duality
framework, the dual problem is

m
sup{ b Y wid = —c, e Rjﬁ} (3.3.2)
i=1

with dual optimal value d € [—o0, +00].

This can be systematically analyzed using polyhedral theory. Suppose that Y is a
Euclidean space, that the map 4 : E — Y is linear, and consider cones H C Y and
K C E. For given elements ¢ of E and b of Y, consider the primal abstract linear
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program
inf{{c,x) : Ax—b e H, x € K}. (3.3.3)

As usual, denote the optimal value by p. We can write this problem in Fenchel form
(2.3.2) if we define functions f on E and g on Y by f(x) := (c,x) 4+ dx(x) and
g(») := 6y (y — b). Then the Fenchel dual problem (4.4.1) is

sup{(b,¢) : A*p—ce K™, p e —H} (3.3.4)

with dual optimal value d. If we now apply the Fenchel duality theorem (2.3.4)
first to problem (3.3.3), and then to problem (3.3.4) (using the bipolar cone theorem
(2.4.11)), we obtain the following general result. Note that (ii) of either (a) or (b)
below is usually referred to as Slater’s condition since it asserts that an inequality
holds strictly.

Corollary 3.3.1 (Cone programming duality). Suppose the cones H and K in problem
(3.3.3) are convex.

(a) If any of the conditions
(i) b € int(4K — H),
(ii) b € AK —intH, or
(iii) b € A(intK) — H, and either H is polyhedral or A is surjective
hold then there is no duality gap (p = d) and the dual optimal value d is attained
when finite.
(b) Suppose H and K are also closed. If any of the conditions
(i) —c eint(A*H™ +K7),
(ii) —c€ A*"H™ +intK~, or
(iii) —c € A*(int H™) + K~, and K is polyhedral or A* is surjective
hold then there is no duality gap and the primal optimal value p is attained when
finite.

In both parts (a) and (b), the sufficiency of condition (iii) follows by applying the
mixed Fenchel duality corollary (3.1.9). In the fully polyhedral case we obtain the
following result.

Corollary 3.3.2 (Linear programming duality). Suppose the cones H and K in the
dual pair of problems (3.3.3) and (3.3.4) are polyhedral. If either problem has finite

optimal value then there is no duality gap and both problems have optimal solutions.

Proof. We may apply the polyhedral Fenchel duality corollary (3.1.8) to each problem
in turn. O

Our earlier result for the linear program (3.3.1) is clearly just a special case of this
corollary. The formulation allows many patterns to be unified. Suppose for instance,
that the cone K = R, x 0,, then K™ = R, x R and equality variables are dual to
unconstrained ones.

Linear programming has an interesting matrix analog. Given matrices
Ay1,4z,...,Apy, and C in S} and a vector b in R™, consider the primal semidefinite
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program
inf tr(CX)
subjectto tr(4,X) = b; fori=1,2,...,m (3.3.5)
X e St

This is a special case of the abstract linear program (3.3.3), so the dual problem is

sup{bT¢: C—iqﬁ,fli es", ¢ GR’”}, (3.3.6)

i=1

since (8)” = —S, by the self-dual cones proposition (2.4.9), and we obtain the
following duality theorem from the general result above.

Corollary 3.3.3 (Semidefinite programming duality). If the primal problem (3.3.5)
has a positive definite feasible solution, there is no duality gap and the dual optimal
value is attained when finite. On the other hand, if there is a vector ¢ in R™ with

C—> ¢idi =0
i

then once again there is no duality gap and now the primal optimal value is attained
when finite.

Unlike linear programming, we really do need a condition stronger than mere
consistency to guarantee the absence of a duality gap. For example, if we consider
the primal semidefinite program (3.3.5) with

0 1 1 0
n_2,m_1,C_[1 0:|,A1_[0 0],andb_0,

the primal optimal value is 0 (and is attained), whereas the dual problem (3.3.6) is
inconsistent. Another related and flamboyant example is given in Exercise 10.1.6.

The semidefinite cone has many special properties that we have not exploited. One
such property is mentioned in Exercise 3.3.8.

Exercises and further results

The fact that duality gaps can and do occur in nonpolyhedral linear programming
was a discovery of the 1950s. It is still a topic of active interest especially since
the emergence of semidefinite programming. This is well illustrated in [417] where
the phenomenon is carefully analyzed and various strategies for repairing the gap
are described, as are important concepts about the facial structure of nonpolyhedral
cones.

3.3.1.* Verify the precise form of the dual problem for the linear program (3.3.1).
3.3.2 (Linear programming duality gap). Give an example of a linear program of
the form (3.3.1) which is inconsistent (p = +o00) with the dual problem (3.3.2) also
inconsistent (d = —o0).
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3.3.3.* Verify the precise form of the dual problem for the abstract linear program
(3.3.3).

3.3.4.* Fill in the details of the proof of the cone programming duality corollary
(3.3.1). In particular, when the cones H and K are closed, show how to interpret
problem (3.3.3) as the dual of problem (3.3.4).

3.3.5.* Fill in the details of the proof of the linear programming duality
corollary 3.3.2.

3.3.6 (Complementary slackness). Suppose we know the optimal values of problems
(3.3.3) and (3.3.4) are equal and the dual value is attained. Prove a feasible solution x
for problem (3.3.3) is optimal if and only if there is a feasible solution ¢ for the dual
problem (3.3.4) satisfying the conditions

(Ax — b, ) = 0 = (x,A*¢p — ¢).

3.3.7 (Semidefinite programming duality).* Prove Corollary 3.3.3.
3.3.8 (Exposedness in the semidefinite cone). Prove that every extreme point of the
cone S} is exposed, but that for n > 2 not every boundary point is extreme.

Hint. Cones in which all extreme faces are exposed are called facially exposed.
See [340]. |

The now well-exploited links between semidefinite programming and combinato-

rial optimization [128] were made apparent by work by Lovasz and others over the
past two decades (and as is often the case in various earlier work), and especially by
a spectacular 1995 result of Goemans and Williamson which applied the sort of ideas
we now outline to illustrate how semidefinite relaxation works.
3.3.9 (Semidefinite relaxation).*™ Semidefinite programs provide an excellent way
of relaxing hard combinatorial problems to more tractable convex problems [438,
Ch. 13]. This is nicely highlighted by looking at a quadratic Boolean programming
model

W= argg((me = 2{c,x))

where Q is a n x n symmetric matrix and JF denotes the Boolean constraint
x = {£1,%1,...,+£1}. Classically, such programs were solved by a coarse linear
relaxation from x € Fto —1 < x; < 1,k = 1,...,n and then reimposing the
Boolean constraints by requiring various variables to be fixed and using branch-and-
bound methods to determine which assignment is optimal. A superior semi-definite
relaxation is produced as follows.

(a) By homogenization we may assume ¢ = 0: replace Q by

) 0 —c
o=(% %)

and replace x by (¢, x). The original problem then has x; = 1.
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(b) Now observe that, as the trace commutes,

(0x,x) = trxT Ox = tr OxxT = tr QY
where Y = xxT is arank one, positive semidefinite matrix with entries y; ; = x;x;.
(c) Thus a semidefinite relaxation of the homogenized program is

= max{tr QY : diag(Y) = e}
Y>0

where e := (1,1, ..., 1), in which we have only relaxed the rank-one constraint.
Goemans and Williamson showed for the NP-hard ‘min-cut/max-flow’ prob-
lem that a randomized version of such a relaxation after dualization — which being
a semidefinite program can approximately be solved in polynomial time — has
expected performance exceeding 0.87856% of the exact solution [235].

3.4 Selections and fixed points

A multifunction is a set-valued mapping. The range of a multifunction Q : E — 2% is
Uyer Q(x). A selection for the multifunction €2, is a single-valued functionf : E —
Y such that f'(x) € Q(x) for all x € E. We first present some standard terminology
for multifunctions before presenting our main results.

A multifunction 2 between Euclidean spaces E and Y is is said to be closed if
its graph, defined by graph(2) := {(x,y) : ¥ € Q(x)}, isclosed in £ x Y. It is
upper-semicontinuous (USC) or alternatively inner-semicontinuous (isc) at a point
xif Q7N(V) = {y € E: Q(y) C V}is open whenever ¥ is an open set with
Q(x) C V. Suppose U is an open subset in £. Then €2 is said to be an usco on U if
is USC and has nonempty compact images throughout U; and a cusco if the images
are also convex.

Likewise 2 is is said to be lower-semicontinuous (LSC) or outer-semicontinuous
(osc)atapointx if {y € E : Q(y) NV # @} is open whenever V' is an open set
with Q(x) NV # . While isc and osc, as used in [378, Chapter 5], are arguably
less ambiguous and more intuitive terms, USC and LSC are still more standard. A
mapping that is both LSC and USC is sometimes called continuous.

We shall see in this and the next sections that cuscos arise in several important
contexts. For the first such example, we shall say that a fixed point of a multifunction
Q: C — Cisanelementx € C withx € Q(x). Although this section is presented in
the context of Euclidean spaces, the key results extend easily as we shall indicate in
Section 6.1.

Theorem 3.4.1 (Kakutani—Fan [274]). If C C E is nonempty, compact and convex,
then any cusco 2 : C — C has a fixed point.

Before proving this result, we outline a little more topology. Given a finite open
cover {O1,0»,...,0,} of aset K C E, a partition of unity subordinate to this cover
is a set of continuous functions p1,p2,...,pm : K — Ry whose sum is identically
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equal to one and satisfying p;(x) = 0 for all points x outside O; (for each index 7).
We outline the proof of the next result, a central topological tool, in Exercise 3.4.6.

Theorem 3.4.2 (Partition of unity). There is a partition of unity subordinate to any
finite open cover of a compact subset of E.

Topological spaces for which this result remains true are called paracompact spaces
and include all compact spaces and all metric spaces.

The other theme of this section is the notion of a continuous selection of a multi-
function 2 on a set K C E, by which we mean a continuous map f on K satisfying
f(x) € Q(x) forall x in K. The central step in our proof of the Kakutani—Fan theorem
is the following ‘approximate selection’ theorem.

Theorem 3.4.3 (Cellina approximate selection theorem [21]). Given any compact
set K C E, suppose the multifunction Q : K — Y is an usco. Then for any real ¢ > 0
there is a continuous map f : K — Y which is an ‘approximate selection’ of Q2 :

de)(x,f(x)) < € forall points x in K, 3.4.1
with range f contained in the closed convex hull of range Q.

Proof. We use the norm on £ x Y given by
G Exy == lIxllg + lIylly forallx € Eandy €Y.
As € is an usco, for each x in K there is a § in (0, ¢ /2) satisfying
Qx+8Bg) C Q2(x) + ;By.

Since the sets x + (8x/2) int Bg (as the point x ranges over K) comprise an open

cover of the compact set K, there is a finite subset {x, x>, ..., x;} of K with the sets
x; + (8;/2) int Bg comprising a finite subcover (where §; is shorthand for §,, for each
index 7).

Theorem 3.4.2 provides a partition of unity p1,pa,...,pm : K — R4 subordinate
to this subcover. We construct our approximate selection f* by choosing a point y;
from €2 (x;) for each i and defining

f) = "pi(x)y; forallxink. (3.4.2)
i=1

Fix any point x in K and set / := {i : p;(x) # 0}. By definition, x satisfies
lx — x;|l < 8;/2 for each i in /. If we choose an index j in / maximizing §;, the
triangle inequality shows |lx; — x;|| < &;, whence

&
yi € Q(x) C Q(Xj +5jBE) C Q(xj) + EBY

for all i in /. In other words, for each i in / we know dQ(xj)(y,-) < ¢/2. Since
this distance function is convex, equation (3.4.2) shows dq(x;)(f(x)) < /2. Since
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lx — x;ll < &/2, this proves inequality (3.4.1). The final claim follows immediately
from equation (3.4.2). 0

Proof of the Kakutani—Fan theorem. For each positive integer » Cellina’s result shows
there is a continuous self map f; of C satisfying

1
de @) (x,f-(x)) < — for all points x in C.
r

By Brouwer’s fixed point theorem [95, Theorem 8.1.3] each f; has a fixed point x”
in C, with

1
dg)(x",x") < — foreachr.
r

Since C is compact, the sequence (x") has a convergent subsequence whose limit
must be a fixed point of €2 since €2 is closed by Exercise 3.4.3(b). O
Cellina’s result remains true with essentially the same proof in Banach space — as
does the Kakutani—Fan theorem [208].
We end this section with an exact selection theorem parallel to Cellina’s result but
assuming the multifunction is LSC ({x : Q(x) NV # @} is open whenever V is.)
rather than an usco. The proof is outlined in Exercise 3.4.8.

Theorem 3.4.4 (Michael selection theorem [315]). Given any closed set K C E,
suppose the multifunction Q : K — Y is LSC with nonempty closed convex images.
Then given any point (X,y) in G(S2), there is a continuous selection f of Q2 satisfying
S &) =y.

Figure 3.2 illustrates the distinction between the Michael’s and Cellina’s results.
The right-hand image clearly shows a better approximate selection, but the mapping

is not LSC and any continuous mapping must stay bounded away from the maximal
monotone mapping in supremum norm.

14 1+
0.5+ 0.5 1
04 0
—-0.54 -0.54
-1+ : , e - , ;
-2 -1 0 1 2 -2 -1 0 1 2
X X

Figure 3.2 Two approximate selections to 9| - |.
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Exercises and further results
3.4.1 (USC and continuity). Fix  : K — 27 for a closed subset K C E.

(a) Prove the multifunction

Q) forxekK

XGEH{Q forx ¢ K

is USC if and only if €2 is USC.

(b) Prove a function f : K — Y is continuous if and only if the multifunction
x €K — {f(x)}is USC.

(c) Prove a function f : E — [—o00,400] is Isc at a point x in E if and only if the
multifunction whose graph is the epigraph of f/ is USC at x.

3.4.2 (Minimum norm selection). If U C Eisopenand Q : U — Y is USC, prove
the function g : U — Y defined by g(x) = inf{||y|| : y € Q(x)} is Isc.

3.4.3 (Closed versus USC).* If the multifunction ® : £ — Y is closed and the
multifunction 2 : £ — Y is USC at the point x in £ with € (x) compact, prove the
multifunctionz € £ +— Q(z) N ®(z) is USC at x.

(a) Hence prove that any closed multifunction with compact range is USC.
(b) Prove any USC multifunction with closed images is closed.
(¢) If a USC multifunction has compact images, prove it is locally bounded.

3.4.4 (Composition). Ifthe multifunctions ® and €2 are USC prove their composition
x = ®(Q(x)) is also.

3.4.5 (USC images of compact sets). Fix a multifunction 2 : K — Y. Suppose K is
compact and 2 is USC with compact images. Prove the range 2 (K) is compact by
following the steps below.

(a) Consider an open cover {U, : y € I'} of Q(K). For each point x in K, prove
there is a finite subset I'y of " with

e c | U,

y€lx
(b) Construct an open cover of K by considering the sets
{zeK: Q@ c | Uy}
yely

as the point x ranges over K.
(c) Hence construct a finite subcover of the original cover of Q(K).

3.4.6 (Partitions of unity). Suppose the set K C E is compact with a finite open cover
{019 027 R Om}

(a) Show how to construct another open cover {V1,Va,...,V,} of K satisfying
cl V; C O; for each index i.
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Hint. Each point x in K lies in some set O;, so there is a real §, > 0 with
x + 8xB C Oj; now take a finite subcover of {x + 8, int B : x € K} and build the
sets V; from it. O

(b) For each index i, prove the function g; : K — [0, 1] given by

. dg\o;
gi=—
dx\o; + dy,

is well-defined and continuous, with g; identically zero outside of O;.
(c) Deduce that the set of functions p; : K — R defined by

D= qi
I
Zj qj
is a partition of unity subordinate to the cover {O1, O», ..., Oy}.

3.4.7.* Prove the Kakutani—Fan theorem (3.4.1) is valid under the weaker assumption
that the images of the cusco  : C — E always intersect the set C using Exercise
3.4.3.

3.4.8 (Michael’s theorem).* Suppose the assumptions of Michael’s theorem (3.4.4)
hold. Consider first the case with K compact.

(a) Fix areal ¢ > 0. By constructing a partition of unity subordinate to a finite
subcover of the open cover of K consisting of the sets

O, ={x€eE: dowx(y) <e} foryinY,
construct a continuous function f : K — Y satisfying
do ) (f(x)) < e for all points x in K.
(b) Construct continuous functions f1, /2, ... : K — Y satisfying

dow (fitx)) <27 fori=1,2,...
Ifiz1(x) —fio)|l <2177 fori=1,2,...

for all points x in K.

Hint. Construct fi by applying part (a) with ¢ = 1/2; then construct fiyi
inductively by applying part (a) to the multifunction

xeK > Q@) N(fikx)+27By)

with & = 2711, O

(c) The functions f; of part (b) must converge uniformly to a continuous function f".
Prove f is a continuous selection of €2.
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(d) Prove Michael’s theorem by applying part (c) to the multifunction

A e ifx#Xx

200) = { F} ifx=x

(e) Now extend to the general case where K is possibly unbounded in the following
steps. Define sets K, := K N nBg for each n = 1,2, ... and apply the compact
case to the multifunction 21 = |k, to obtain a continuous selection g1 : K —
Y. Then inductively find a continuous selection g,,+1 : K41 — Y from the
multifunction built from

{gn(x)} forx € K,

Qpi1(x) = { Qx) forx € Kyp1 \ Ky

and prove the function defined by
fx)=gux) forxekK,, n=12,...

is the required selection.

The result remains true with much the same proof if K is paracompact and Y is a
Banach space. A lovely application is:
3.4.9 (Hahn—Katétov—Dowker sandwich theorem). Suppose K C E is closed.

(a) For any two Isc functions f,g : K — R satisfying f > —g, prove there is a
continuous function 4 : K — R satisfying f > h > —g by considering the
multifunction x — [—g(x),f (x)]. Observe the result also holds for extended-
real-valued f and g.

(b) (Urysohn lemma). Suppose the closed set J and the open set U satisty V' C U C
K. Use part (a) to prove there is a continuous function f : K — [0, 1] that is
identically equal to one on V" and to zero on U°.

3.4.10 (Continuous extension theorem). Consider a closed subset K of £ and a
continuous function f : K — Y. By considering the multifunction

{f()} forx e K
Qx) =
x) { cl(convf(K)) forx &K,
prove there is a continuous function g : £ — Y satisfying g|x = f and g(E) C
cl(conv f(K)).
3.4.11 (Generated cuscos). Suppose the multifunction 2 : K — Y is locally bounded
with nonempty images.

(a) Among those cuscos containing €2, prove there is a unique one with minimal
graph, given by

®(x) := [ cleonv(Q(x + £B)) forx € K.

e>0
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(b) If K is nonempty, compact, and convex, ¥ = E, and €2 satisfies the conditions
QK)CKandx € &(x) = x € Q(x) forx € K, prove 2 has a fixed point.

3.4.12 (Multifunctions containing cuscos). Suppose 2 : K — Y is closed with
nonempty convex images, and the function /' : K — Y is such that f'(x) is a point of
minimum norm in €2 (x) for all points x in K. Prove 2 contains a cusco if and only if
£ is locally bounded.

Hint. Use Exercise 3.4.11 to consider the cusco generated by . |

3.5 Into the infinite

Many of the results we shall meet in future chapters are of significance in Euclidean
space and some admit much simpler proofs. To aid with browsing in chapters to
follow we preview some of these results in their Euclidean avatars now. We begin
with the simple but powerful Euclidean case of Ekeland’s variational principle (4.3.1)
which is given in a complete metric space.

Theorem 3.5.1 (Ekeland’s variational principle). Let E be Euclidean and letf : E —
(—00, +0x] be a Isc function bounded from below. Suppose that ¢ > 0 and z € E
satisfy

f2) < i%ff—l-s.

Suppose A > 0 is given, then there exists y € E such that

@ llz=yl=x @) fy)+(E/Mlz—yll =), and
(© f)+(/Dlx =yl > f(y), forall x € E\ {y}.

Proof. Let g be defined by g(x) := f(x) + (¢/1)|lx — z||. Then g is Isc and coercive
and so achieves its minimum at a point y. Hence

S @)+ E/Mlx =zl = f(») + (/Mlz =yl (3.5.1)

for all x € E. In particular infg f + ¢ > f(z) > f(y) + (¢/1) ]|z — y|l, whence (a) and
(b) follow. The triangle inequality applied to (3.5.1) gives (c). [

Apotent application of Ekeland’s principle is to the Brendsted—Rockafellar theorem
of Exercise 3.5.7. Another fine illustration of the variational principle at work is to
rapidly establish that every Cebysev set in Euclidean space is convex.

Recall that a set C in Euclidean space is said to be a Cebysev set if every point
in the space has a unique best approximation in C (see Theorem 1.3.1 and Exercise
2.3.20.) We will discuss this concept further and study another conjugate function
approach in Section 4.5. We call C C X approximately convex if, for any closed
norm ball D C X disjoint from C, there exists a closed ball D" > D disjoint from C
with arbitrarily large radius.

Theorem 3.5.2 (Cebysev sets are convex [96, 229]). Every éebyiev set C in a
Euclidean space is convex (and closed).
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Proof. By Exercise 3.5.2 it suffices to show C is approximately convex. Suppose not.
We claim that for each x ¢ C

y dc(y) —dc(x)
imsup ———— =

3.5.2)
y—=>x ly — x|l

As a consequence of the mean value theorem (Exercise 3.5.5) for Lipschitz functions
(since in the language of Section 9.2 all Fréchet (super-)gradients have norm-one off
C). Consider any real @ > dc(x). Fix reals o € (0, 1) and p satisfying

—a—dc(x) <p<a-—p

Apply Theorem 3.5.1 to the function —dc + 84,5, Where B := B, to show there
exists a point v € E satisfying the conditions

dc(x) +ollx —v|| <dc(v)
dc(z) —ollz—=v| <dc(v) forallz € x + pB.

Deduce ||x — v|| = p, and hence x + 8B C v + aB. O

We say a multifunction 7: E — 2£" is monotone onaset U if (y* —x*,y —x) > 0
whenever x,y € U and x* € T(x), y* € T(y). If no set is mentioned it is assumed to
be the domain of T, thatis: {x : T(x) # #}. Amonotone multifunction — also called a
monotone operator, especially if single-valued or in infinite dimensions — is maximal
monotone if (y* — x*,y —x) > 0 for all x* € T'(x) implies that y* € T(y). We say
such a pair (y,y*) is monotonically related to the graph of T.

In Exercise 2.2.21 we verified monotonicity of the subgradient. It is worth noting
that any positive definite matrix induces a (single-valued) monotone operator that is
most often not a subgradient (Exercise 3.5.4). More subtly and significantly we have:

Theorem 3.5.3 (Rockafellar). Suppose f : E — (—00,4-00] is a Isc proper convex
function. Then df is a maximal monotone multifunction.

Proof. The proof in Theorem 6.1.5 is applicable if X is replaced by £ and Exercise
3.5.7 is used instead of the full Brondsted—Rockafellar theorem (4.3.2). Another proof
is given in Exercise 3.5.11. [

A function f : E — (—00,+00] is said to be supercoercive if limux”_)od% =
—+o00 whereas " is called cofinite if its conjugate is finite everywhere on E. In many
sources, supercoercive functions are referred to as strongly coercive. A fundamental
duality result is:

Proposition 3.5.4 (Moreau—Rockafellar). A proper closed convex function f on
Euclidean space is supercoercive if and only if it is cofinite.

Proof. Let o > 0 and B € R. Then Fenchel conjugation shows that / > «| - || + 8
if and only if f* < —B on aBg; see Theorem 2.3.2 for an alternate approach to this.
After translation, this shows that /™ is continuous at x¢ if and only if f — (xo, -) grows
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as fast as some multiple of the norm. A simple argument shows that if this holds at all
points then ' is supercoercive. The converse follows more easily in the same way. [

For a discussion of this sort of result in Banach space see Fact 4.4.8 and
Exercise 4.4.23.

Finally, we make a brief introduction to a remarkable convex function whose study
is central to Chapter 9. For a monotone multifunction 7', we associate the Fitzpatrick
Sfunction Fr introduced in [215]. It is given by

Frx,x*) = sup{(x,y*) + (x*,») — (,)*) : y* € T(»)}, (3.5.3)

and it is clearly Isc and convex on E x E as it is an affine supremum. Moreover, see
Exercise 3.5.10, one has:

Proposition 3.5.5. [215, 121] The Fitzpatrick function associated with a maximal
monotone multifunction T: E — E satisfies

Frlxe,x®) = (x,x%) (3.5.4)

for all (x,x*) in E x E with equality if and only if x* € T (x).

Proposition 3.5.6 (Minty condition). A monotone operator T on a Euclidean space
E is maximal if and only if range(T +1) = E

Proof. We prove the ‘if”. Assume (w, w*) is monotonically related to the graph of T'.
By hypothesis, we may solve w* + w € (T + I)(x + w). Thus w* = * + x where
t* € T(x + w),. Hence

0 < (w— (w+x),w* —1*) = —(x,w* —r*) = —(x,x) = —||x||?

Thus, x = 0. So w* € T(w) and we are done.
The ‘only if” is a special case of Theorem 3.5.7. 0

Theorem 3.5.7 (Maximality of sums). Let T' be maximal monotone on a Euclidean
space E and let  be closed and convex on E. Suppose the following constraint
qualification (CQ) holds:

0 € core{convdom(T) — conv dom(df)}.

Then

(a) Of +T) + I is surjective.
(b) of + T is maximal monotone.

Proof. (a) We use the Fitzpatrick function F7(x,x*) and further introduce f;(x) :=
F(x) + 1/2]x]2. Let G(x,x*) := —fi(x) — fi*(=x¥). Observe that for all x,x* € E,
by the Fenchel-Young inequality (2.3.1)

Fr@x,x") = (x,x%) = G(x,x%)
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along with Proposition 3.5.5. Now, 0 € core{convdom(7) — convdom(df)} guar-
antees that the sandwich theorem (2.4.1) applies to Fr > G since f;* is everywhere
finite (by Exercise 3.5.11). So there are w, w* € E with

Frx,x*) — G(z,z*) > wkx* —z*) + w*(x — 2) (3.5.5)
for all x,x* and all z, z*. In particular, for x* € T'(x) and for all z*,z € E we have
(x —w,x* —w*) + [f1@) + 7 (=) + (z.29)] = (w —z,w* —2%).

Now we use Exercise 3.5.11 again to solve —w* € dom(df;"), and so to deduce
that —w* € 9f7(v) for some z. Thus

(v —w,x* —w*) + [f1(0) + f{ (—w") + (v, w")] = (w — v, 0" —w*) =0.

The second term on the left is zero and so w* € T'(w) by maximality. Substitution of
x = w and x* = w* in (3.5.5), and rearranging yields

(w,w*) + {{(=z*, w) = [ (=29} + {(z, —w*) - fi@)} <0,

forallz, z*. Taking the supremum over z and z* produces (w, w*)+f; (w)+f;* (—w*) <
0. This shows —w™* € df;(w) = 9f (w)+w on using the sum formula for subgradients.

Thus, 0 € (T + 9f7)(w). Since all translations of T’ + df may be used, as the (CQ)
is undisturbed by translation, (9f + T') + I is surjective which completes (a); and (b)
follows from Proposition 3.5.6. O

Exercises and further results

3.5.1 (Approximately critical points [193, 121]). Let g be continuous, Gateaux
differentiable and bounded below on a Euclidean space.

(a) Use Ekeland’s variational principle (3.5.1) to show that, for each ¢ > 0, there is
apoint x, € E with |[Vg(x.)| < e.

(b) Suppose more stringently that g is supercoercive and continuously differentiable.
Show that range Vg = E.

Hint. First, fix y € E and apply part (a) to x — g(x) — (,x) to deduce that
range g is dense. Then appeal again to coercivity to show the range is closed. [J

3.5.2 (Approximate convexity [96, 229]).** Show every convex set in a finite-
dimensional Banach space is approximately convex. If the space has a smooth norm
(equivalently a rotund dual norm) then every approximately convex set is convex.

Hint. The first assertion follows from the Hahn—Banach theorem. Conversely, suppose
C is approximately convex but not convex. Then there exist points ¢,b € C and a
closed ball D centered at the point ¢ := (a + b)/2 and disjoint from C. Hence, there
exists a sequence of points x,xs, ... such that the balls B, = x,, 4+ B are disjoint
from C and satisfy D C B, C B4 forallr = 1,2,.... The set H := cl U, B, is
closed and convex, and its interior is disjoint from C but contains c. It remains to
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confirm that H is a half-space. Suppose the unit vector u lies in the polar set H°. By
considering the quantity (u, ||x, — x|~ (x, — x)) as » 1 0o, we discover H° must be
aray. This means H is a half-space. 0

3.5.3. Show that a single-valued continuous monotone operator 7 on a Euclidean
space is maximal.

Hint. (T(x +th),h) > 0forallt > 0andallz € E. O

3.5.4. Let 4 be a n x n semidefinite matrix, i.e. {4x,x) > 0 for all x € R". Show
that x — Ax defines a monotone operator, maximal (by Exercise 3.5.3), which is a
subgradient if and only if 4 is symmetric.

Hint. x — {(Ax,x) > 0 is convex. O

3.5.5 (Convex mean value theorem). Supposef is convex and everywhere continuous
on a Euclidean space. Show that for u, v € E there exists z interior to the line segment
[u, v] with

S W) —f() € (9f (2),u —v). (3.5.6)

Hint. Define a convex function by g(¢) := f(u + t(v — u)) — t(f (v) — f(u)) for

0<t<1 Writez(t) :=u+t(v—u).As g(0) = f(u) = g(1) there is an interior
minimum at some s in (0, 1). Setz := z(s). Thus 0 < g'(s; £1) = f'(z; £ (v — u)) —
(£)(f (v) — f(1)). Now use the max formula (2.1.19). O

If f is merely locally Lipschitz, Exercise 2.5.6 allows one to show that (3.5.6) still
holds if 9,/ (z) is used.
3.5.6. Use Exercise 3.5.5 to provide a simple proof that df is maximal monotone
when f" is convex and everywhere continuous on a Euclidean space.
3.5.7 (Brendsted—Rockafellar). Given f : E — (—o00,400] and xg € domf and
& > 0, the e-subdifferential of f at x¢ is defined by

def (x0) = {p € X™ 1 ¢(x) — Pp(x0) <f(x) —f(x0) +&,x € E}. (3.5.7)

Suppose " is a proper Isc convex function on the Euclidean space £. Then given any
xg € domf, e > 0,1 > 0 and xj € 9./ (xo), there exist x € domf and x* € E such
that

x* € 9 @), I — xoll < &/ and |x* — x| < A

Hint. First, (x§,x—x0) < f (x)—f (xo) forallx € E. Now define g(x) := f (x) — {xg,x)
for x € E. Note that g(xg) < infy g + &, and apply Theorem 3.5.1. A full proof is
given in Theorem 4.3.2. 0

3.5.8.* Suppose E is a Euclidean space and 7 : £ — E is a maximal monotone
mapping. Show that (/ + 7)~' has domain E and is nonexpansive. In particular,
Rockafellar’s theorem (3.5.3) ensures this applies when 7' = df where f : E — R is
convex.
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Hint. Proposition 3.5.6 implies that dom(/ + T)~! = H. Suppose y1 € (I + T)(x1)
and y» € (I + T)(x2). Then y; — x; € Tx; and y» — xp € Txp. By the monotonicity
of T and inner product norm

0 <((y1 —x1) — (2 —x2),x1 —x2)

2
= (1 —y2,x1 — x2) — [lx1 —x2l
and so [lx; — x2]| < |[y1 — »2] as desired. O

3.5.9 (Local boundedness). In Theorem 2.1.10 and Exercise 2.1.23 we examined
the boundedness behavior of convex functions and subdifferentials. This behavior
extends to monotone operators.

(a) Show that every (maximal) monotone multifunction is locally bounded at each
point of the interior of its domain: for each such point xg there is a neighbourhood
U(xp) of xg such that {y : y € T(x),x € U(xp)} is a bounded set.

Hint. See Exercise 6.1.6. |
(b) Show that Exercise 2.2.23 also extends to maximal monotone operators.

3.5.10.* Prove Proposition 3.5.5.

3.5.11. Use Exercise 2.3.15 to show that for a closed convex function f on £ and
f1=f+ %II - |I* we have (f+ %II - ||2)>k :f*D%H . ||i is everywhere continuous.
Also v* € If (v) +v & f;*(v*) + fi(v) — {v,v*) < 0.

3.5.12 (Maximality of subgradients). Apply Theorem 3.5.7 with T := 0 to deduce
that the subgradient of a closed convex function on a Euclidean space is maximal
monotone.

3.5.13 (Maximality of sums [369]). Apply Theorem 3.5.7 deduce that the sum of
two maximal monotone multifunctions 77 and 7> on a Euclidean space is maximal
monotone if 0 € core[conv dom(7) — convdom(73)].

Hint. Apply Theorem 3.5.7 to the maximal monotone product mapping 7 (x,y) :=
(T1(x), T»(»)) and the indicator function f'(x,y) := (=) of the diagonal in £ x E.
Check that the given condition implies the (CQ) needed to deduce that T + Ig«g +
08(y=y) is surjective. Thus, so is T + 7> + 21 and we are done, the constant 2 being
no obstruction. O

3.5.14 (Cuscos [378]). Prove the following assertions for multifunctions between
Euclidean spaces.

(a) Alocally bounded multifunction with a closed graph is an usco on the interior of
its domain.

(b) A multifunction €2 with nonempty compact images is USC at x if and only if for
each ¢ > 0 thereis § > 0 with Q(y) C Q(x) + ¢Bg for ||y — x| < 6.

(c) Any monotone operator T, and so the subgradient of a convex function, is single-
valued at any point where it is LSC.

Hint. Suppose y1 # y» € T'(x). Fix h € E with (0, h) — (y1,h) > & > 0. For all
small £ > 0onehas T(x +th) N{y : (y,h) < (y1,h) +¢&} =0. O
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We shall see later in the book — starting with Exercises 3.5.15 and 3.5.16 that —
in our context, in large part because of (¢) — cuscos are usually the most appropriate
extension of the notion of continuity to multifunctions.

3.5.15 (Clarke subdifferential cusco [156]).** Let U < E be an open subset of a
Euclidean space. In the language of Exercise 2.5.6 show that:

(a) The Clarke derivative f°(x; v) is usc as a function of (x, v).
(b) The Clarke subdifferential 8,/ : U — 2% is a cusco on U.
(c) Thus, the subdifferential of a continuous convex function is a cusco.

3.5.16 (Maximal monotone cusco). Let U C E be an open subset of a Euclidean
space. Show that if T is maximal monotone on £ and U < dom 7T then T is
acuscoon U.

3.5.17 (Differential inclusions [157]).T A differential inclusion requests a solution to

X' (t) € F(t,x(1)) a.e., a<t<hb, (3.5.8)

where a solution is taken to be an absolutely continuous mapping from [a, b] to
R”". This provides a very flexible way of unifying apparently different problems
such as ordinary differential equations, differential inequalities and various control
systems. Under mild conditions (see Filippov’s lemma [157, p. 174]) one can replace
X' () = f(t,x(¢), u(t)) where the control is u(¢) € U by theinclusionx’(¢) € F(z,x) :=
ftx,U).

From now on we shall consider the following autonomous problem

X'(t) € F(x(©)) ae., 0<t<oo0, (3.5.9)

where F': R” — R” is a cusco with constants y, § such that sup ||F(x)|| < y|lx|| + 8
for x € R". A zero x* of F is — in an obvious way — an equilibrium point of the
system. If for every & € R” there is a solution with x(0) = « on the entire positive
half-line such that ||x(¢) — x*|| — 0 as ¢t — oo then the equilibrium is said to be
globally asymptotically stable. This is clearly a desirable property and is conveniently
verified by the existence of a (smooth) Lyapunov pair (V, W) of smooth functions
on R” such that for all x in R” one has (i) V' (x) > 0, W (x) > 0 with W (x) = 0 if and
only if x = x*; (ii) V has compact lower level sets; and (iii)

min (VV(x),v) < =W (x).
VEF (x)

(a) When F is singleton, show thatz — V (x(¢)) + fot W (x(s)) ds is decreasing and so
bounded. Hence, so is # — V(x(¢)). Thus, x(¢) remains bounded. In particular,
the ODE has a solution on the whole positive half-line and ¢ — W (x(¢)) is
globally Lipschitz on [0, 00).

(b) Deduce that W (x(¢)) converges to zero and so x(¢) — x*.

(c) A more technical version of the same argument works for a cusco with linear
growth [157, p. 209].
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Lyapunov functions are used very broadly and provide ways of validating the
behavior of trajectories without having to compute them explicitly. The function V'
measures ‘energy’ of the system and — W gives a rate of dissipation.

3.5.18 (Duality of Lyapunov functions [234]).T The generality of Exercise 3.5.17
perhaps obscures some remarkable convex duality structure. Let us consider the case
of a linear differential inclusion or (LDI) where we set

F(x) :=conv{dy,A4s,...,An} (x)

for n x n matrices A1, 4>, ...,Ay. There is a natural adjoint inclusion with G(x) :=
conv {4}, 4%,.. . A%} (x).

A pretty piece of convex analysis is the following whose proof'is left as an exercise
in convex analysis.

Theorem 3.5.8 (Lyapunov duality inequalities [234]).T Let 1/p+1/q = 1. Suppose
V:R" — R is convex and everywhere finite, is positively homogeneous of degree
p > land has V(x) > 0 for x # 0. Then V* is convex and everywhere finite, is
positively homogeneous of degree g > 1 and has V*(x) > 0 for x # 0. Moreover,
the inequality

AV (x),Ax) < —ypV(x) forall x € R" (3.5.10)
holds if and only if the adjoint inequality holds
BV*(y),A*y) < —yqV*(y) forally € R". (3.5.11)

3.5.19 (More on Lyapunov duality [234]).T When p = ¢ = 2, Theorem 3.5.8 leads
to interesting results such as a neat proof that asymptotic stability at the origin of
F and of G coincide [234]. This relies on understanding what happens for a single
differential equation and building an appropriate Lyapunov pair or inequality.

(a) For a linear equation, global asymptotic stability implies globally exponential
stability: for some ¢ > 1, 8 > 0 every trajectory satisfies [|x(¢)|| < c||x(0)|le~#".
Indeed, in this case V(z) := sup{||x(t)||2e2/3’ ct > 0,x(0) = z,x' = Ax}is
convex and satisfies (3.5.10) with p = 2. This extends to the general (LDI).

(b) Conversely, the existence of V' solving (3.5.10) with p = 2 assures global
exponential stability.

(c) Concretely, one can solve the Lyapunov equation ATP + PA = —Q where
P, Q are positive definite matrices and so construct V' (z) := (z, Pz) for which
% V(x(t))|:=0 = —{z, Oz) where x(¢) is a solution of the ODE with x(0) = z. In
this case the role of W (z) in Exercise 3.5.17 is taken by (z, Oz).

3.5.1 How to browse in the rest of the book

In many cases replacing X by E and ignoring more technical conditions will cause
little problem. More precisely we advertise the following.
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Material appropriate in Euclidean space. Exercises 4.1.22,4.4.19,4.4.23,4.6.4,
5.1.34, Remark 5.3.9, Exercises 6.2.10, 6.2.11, Theorem 6.2.13, Exercises 6.2.15,
7.2.3, 7.3.2, Exercises 7.3.6, 7.3.7, Theorem 7.3.8, Sections 7.4, 7.5, Lemma 7.6.3,
Theorem 8.2.2, Exercise 8.3.1, Theorem 8.4.2, Exercise 8.4.3, Exercises 9.1.1,9.1.2,
9.1.3, Theorem 9.2.21, Section 10.1.

Material appropriate in Hilbert space. Exercises 4.1.27, 4.1.46, 4.1.15, 4.1.17,
4.4.5, Fact 4.5.6, Theorems 4.5.7, 4.5.9, Exercises 4.5.6, 4.5.8, 4.5.10, 4.5.11,
5.1.34, Theorem 5.1.36, Exercise 5.3.5, 5.5.6, Lemma 6.1.13, Theorem 6.1.14,
Section 6.5, Subsection 6.7.1, Example 7.6.2, Exercises 8.1.2, 9.3.1, Example 9.5.3,
Exercise 9.7.11.

Material appropriate in reflexive space. Exercises 4.1.25, 4.1.26, 4.1.46, Theo-
rem 4.1.27, Exercises 4.3.3,4.4.1,4.4.7,4.4.15, 4.4.20, Section 4.5, Exercise 4.6.16,
Theorem 5.1.20, Remark 5.1.31, Exercises 5.1.13, 5.1.17, 5.1.28, 5.3.14, 5.3.15,
5.3.17, Theorem 6.2.9, Exercises 6.2.6, 6.2.10, 6.2.14, 6.2.25, 6.4.4, 6.7.6, 7.2.2,
Theorems 7.3.2,7.3.6, 7.3.7, Examples 7.5.3, 7.5.5, Section 7.6, Exercise 7.7.5, The-
orem 8.4.3, Exercises 8.4.4-8.4.6, Proposition 9.1.14, Section 9.3, Theorems 9.4.6,
9.4.9,9.5.1,9.5.2, Exercise 9.6.3.
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Convex functions on Banach spaces

Banach contributed to the theory of orthogonal series and made innovations in the theory
of measure and integration, but his most important contribution was in functional analy-
sis. Of his published works, his Théorie des opérations linéaires (1932; “Theory of Linear
Operations”) is the most important. Banach and his coworkers summarized the previously
developed concepts and theorems of functional analysis and integrated them into a compre-
hensive system. Banach himself introduced the concept of [complete] normed linear spaces,
which are now known as Banach spaces. He also proved several fundamental theorems in
the field, and his applications of theory inspired much of the work in functional analysis
for the next few decades. (Encyclopedia Britannica)]

4.1 Continuity and subdifferentials

Throughout the rest of the book X denotes a normed or a Banach space. We assume
familiarity with basic results and language from functional analysis, and we will often
draw upon the classical spaces £,, co and others for examples. Notwithstanding, we
will sketch some of the classic convexity theorems in our presentation.

We write X* for the real dual space of continuous linear functionals, and denote
the unit ball and sphere by By :={x € X : |lx|]| < 1}and Sy :={x e X : |x|]| =1},
respectively. We say that a subset C of X is convex if, for any x,y € C and any
A€ [0,1], 2x + (1 — A)y € C. The convex hull of a set S C X is the intersection of
all convex sets containing S.

We say an extended-valued function f': X — (—o00,+00] is convex if for any
x,y € dom f and any XA € [0, 1], one has

SOx+ (1 =10p) <MK+ A =1 ).

A proper convex function f : X — (—o00,+400] is said to be strictly convex if the
preceding inequality is strict forall 0 < A < 1 and all distinct x and y in the domain of
f. We call a function f : X — [—00, 4+00) concave if —f is convex. Moreover, given
a convex set C C X and we may refer to f : C — R as convex when the extended
real-valued function_/; : X — (—o00,+400] is convex where_/; x) ==f(x) forx e C
and_/; (x) := +o00 otherwise.

I From www. bri t anni ca. conf eb/ arti cl e- 9012092/ St ef an- Banach
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In many regards, convex functions are the simplest natural class of functions next
to affine functions and sublinear functions. Convex functions and convex sets are
intrinsically related. For example, if C is a convex set then the indicator function
8¢ and the distance function dc are convex functions, with the latter function being
Lipschitz (the definitions given in Chapter 2 for Euclidean spaces of the concepts
mentioned in this paragraph extend naturally to Banach spaces). On the other hand
if f is a convex function, then epif and the lower level sets f ~' (=00, a], a € R are
convex sets (Exercises 4.1.3 and 4.1.4). Two other important functions related to a
convex set C are the gauge function yc defined by

yc(x) :=inf{r >0 : x € rC},
and the support function o¢ defined on the dual space X* by
oc(x®) = o (C;x*) := sup{{x,x*) : x € C}.

Several properties of the gauge function and the support function are discussed in
Exercises 4.1.30 and 4.1.31.

Some extremely useful properties of functions convex and otherwise are as follows.
A function f : X — [—o0,+0o¢] is said to be lower-semicontinuous (Isc) at xo €
X if liminf,_, ' (x) > f(xo), and if this is the case for all xo € X, then f is
said to be lower-semicontinuous. Likewise, f is upper-semicontinuous (usc) at xg if
limsup,_, . f(x) < f(x0), and if this is the case for all xo € X, then f is upper-
semicontinuous. We will say f is closed if its epigraph is a closed subset of X x R,
where we recall the epigraph of f is defined by epif = {(x,1) e X xR : f(x) < ¢}.
Lower-semicontinuity and closure are naturally related.

Proposition 4.1.1 (Closed functions). Let f : X — [—o00, +00] be a function. Then
the following are equivalent.

(a) f is Isc.
(b) f has closed lower level sets, i.e. {x : f(x) < «a}is closed for each a € R.
(c) f is closed.

Proof. This is left as Exercise 4.1.1. 0

Consider a function /' : X — [—00,400]. Then one can readily check that the
closure of its epigraph is also the epigraph of a function. We thus define closure of
as the function clf whose epigraph is the closure of f'; that is epi(clf) = cl(epif).

Proposition 4.1.2. Letf : X — [—00,+00] be a function. Then:

(a) clf is the largest Isc function minorizing f;
(b) le(xo) = lim,uo inf||x_xo|‘<5f(x).

Proof. See Exercise 4.1.2(a). O

As in finite dimensions, one can define a function /' : X — [—o00,+00] to be
convex if epif is a convex subset of X x R; see Exercise 4.1.4. Likewise, the
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convex hull of a function f, conv f is the largest convex function minorizing f (see
p. 21). One of the remarkable — yet elementary properties — of convex functions
is the equivalence of local boundedness and local Lipschitz properties without any
additional assumptions on the function.

Lemma 4.1.3. Letf : X — (—00,+00] be a convex function, and suppose C is a
bounded convex set. If f is bounded above on C + §By for some § > 0, then f is
Lipschitz on C.

Proof. By translation, we may without loss of generality assume 0 € C. Let 7 > 0
be such that C C rBy, and let M be such that f(x) < M for all x € C + §By. Now
letx € C\ {0}, and let A = ||x||. Then by the convexity of f,

A 1) 1)

A+6 8
Therefore, f(x) > %(f(O) - M) > %(f(O) — M). Consequently, f is
bounded below on C.
Now let K € R be such thatf(x) > K forallx € C, and letx # y € C be arbitrary,

8 A 8
andletA = ||x—y|. Theny = mx+ PRy <y + X(y —x)). By the bounds and

convexity of f,

1) A A A
f(y)imf(x)+(S—|—_AM:‘f(x)_6+A‘f(x)+8+AM'

Therefore, ' (y) — f(x) < llx — y||. The same inequality works with x and y

- K
reversed. Thus, /" has Lipschitz constant on C. O

Proposition 4.1.4. Suppose f : X — (—o00,400] is proper and convex. Let x €
domf’; then the following are equivalent:

(a) f is Lipschitz on some neighborhood of x;

(b) f is continuous at x;

(c) f is bounded on some neighborhood of x;

(d) f is bounded above on some neighborhood of x.

Proof. First, (a) = (b) = (c) = (d) are obvious. Let us now suppose that (d) is true;
say f is bounded above on Bjs(x) for some § > 0; by Lemma 4.1.3, f is Lipschitz on
Bs(x). This proves (a). O

Unlike the finite-dimensional case, a finite-valued convex function need not be
continuous. Indeed, discontinuous linear functionals can be defined on any infinite-
dimensional Banach space using a Hamel basis, i.e. an algebraic basis for the
underlying vector space; see Exercise 4.1.22. However, when the convex function
is Isc, things are quite nice as we now observe. Given a nonempty set F C X, the
core of F is defined by x € core F' if for each & € Sy, there exists § > 0 so that
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x+th € F forall 0 < ¢ < 4. Itis clear from the definition that, int /' C core F'. See
Exercise 4.1.20 for further relations. The following is a ‘core’ result in this subject.

Proposition 4.1.5. Suppose X is a Banach space and f : X — (—o00,+00] is Isc,
proper and convex. Then the following are equivalent:

(a) f is continuous at x;
(b) x € intdomf,
(c) x € coredomf.

In particular, f is continuous at points in the core of its domain.

Proof. The implications (a) = (b) = (c) are clear. Now suppose that (c) holds. By
shifting f we may assumex = 0. Then consider F, := {y € X : max{f(y),f(—y)} <
n}. Then | JnF, = X, and so the Baire category theorem implies that for some nyg,
noFy, has nonempty interior. The convexity and symmetry of ngF,, imply that 0
is in the interior of noF},, and hence 0 is in the interior of F,,. Consequently, /" is
continuous at 0 as desired (Proposition 4.1.4). 0

The usefulness of the preceding result, is that it is often easier to check that some-
thing is in the core of the domain of a convex function than in its interior. Also,
a Isc convex function whose domain lies in a finite-dimensional space need not be
continuous as a function restricted to its domain (see Exercise 2.2.20). The reader can
check this is the case for the function f : R? — (—00,4+00] defined by

3

x—z, ifxzfygxand0<x§1
fony =14
JEY=00 0 ife,y) = (0,0)

oo, otherwise.

The weak and weak™* topologies and their basic properties are extremely useful
tools in the study of convex functions on Banach spaces. Let X be a normed space,
the weak topology on X is generated by a basis consisting of sets of the form

fxeX: fik—xp) <efori=1,...,n}

for all choices of xg € X, f1,...,/n € X*and ¢ > 0.

Given a Banach space X with norm || - ||, the dual space of continuous linear
functionals on X is denoted by X*. The canonical dual norm on X* is defined by
ol := sup{p(x) : |lx|| < 1} for ¢ € X*; additionally any norm || - || on X* that
is the dual norm to some equivalent norm on X is called a dual norm on X*. The
weak*-topology on the dual X* of X is generated by a basis consisting of sets of
the form

(peX*: (¢ —¢o)x;) <efori=1,...,n}

for all choices of ¢g € X*, x1,...,x, € X and ¢ > 0. The following is a central but
basic fact concerning the weak™*-topology. Its proof, which we omit, is an application
of Tikhonov’s compactness theorem.
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Theorem 4.1.6 (Alaoglu). Let X be a Banach space, with dual space X*. Then the
dual unit ball By+ is weak*-compact.

Thus, a net (x4) C X converges weakly to x € X, if ¢(xq) — ¢ (x) for each
¢ € X*. Similarly, a net (¢,) C X* converges weak* to ¢ € X*, if ¢y (x) — ¢ (x)
for each x € X. It is also possible to define the concept of lower-semicontinuity for
different topologies. Indeed, given a Hausdorff topology t on X, we say f is t-Isc
at xg if liminfy, f'(xy) > f(x9) Wwhenever x, — x in the topology t; in particular, a
function will be weakly lower-semicontinuous (resp. weak*-lower-semicontinuous)
when 7 is the weak (resp. weak™) topology. Using separation theorems, we will see
shortly that a Isc convex function is automatically weakly Isc.

4.1.1 Separation theorems and subdifferentials

We will begin with the Hahn—Banach theorem, and then derive the max formula and
various separation theorems from it.

Theorem 4.1.7 (Hahn—Banach extension). Let X be a Banach space andletf : X —
R be a continuous sublinear function with domf = X. Suppose that L is a linear
subspace of X and the function h: L — R s linear and dominated by f, thatis, f > h
on L. Then there exists x* € X*, dominated by f, such that

h(x) = {(x*,x), forallx € L.

Proof. We leave it to the reader to check that this can be proved with a maximality
argument using Zorn’s lemma, for example, in conjunction with the proof given for
finite-dimensional spaces (Proposition 2.1.18) where the reader should also check the
domination property ensures the continuity of the linear functionals. [

Given a function /' : X — (—o00,400] and x € domf, the subdifferential of f at
X is defined by

@ ={peX": ¢(x) —¢() =f(x) —f (@), forallx € X};

when X ¢ domf, we define df'(x) := ¥. An element of df (x) is called a subgradient
of f atx. Itis easy to see that the subdifferential of a Isc convex function may be empty
at some points in its domain. For example, let (x) := —+/1 —x2if =1 < x < 1.
Then 9f (x) = ¥ for x = £1. Although the domain of a convex function is always
convex, this is not necessarily the case for dom df as seen in Exercise 4.1.18. The
following easy observation suggests the fundamental significance of subdifferential
in optimization.

Proposition 4.1.8 (Subdifferential at optimality). Let X be a Banach space and let
f: X — (—o0,+400] be a proper convex function. Then the point X € X is a (global)
minimizer of f if and only if the condition 0 € 3f (x) holds.

Proof. Exercise 4.1.38. O
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Alternatively put, minimizers of /' correspond exactly to ‘zeros’ of df. Later we
will see that derivatives of a convex function must be subgradients — as was the case
on finite-dimensional spaces.

Letf: X — (—o00,+0o0],x € domf and d € X. The directional derivative of f at
x in the direction of d is defined by

i L&) — )
m ——

—04 t

[ d) = t

when this limit exists. We use this terminology with the understanding that this is a
one-sided directional derivative.

Proposition 4.1.9. Suppose the function f : X — (—o00,+0o0] is convex. Then for
any point x € core(domy), the directional derivative f'(X; ) is everywhere finite and
sublinear. Moreover, if x € contf, then the directional derivative is Lipschitz.

Proof. The proof for Euclidean spaces (Proposition 2.1.17) establishes everything
except for the moreover part. Suppose x € contf. Then Proposition 4.1.4 implies
there exists § > 0 so thatf has Lipschitz constant K on Bs(x). Then forany # € X'\ {0},
and 0 <t < §/||A||,

lim JfG+th) —fx) < Kt!h”

(e h) = = K|A|.
f/Gm = tim t Il
Because f7(X; -) is convex, this implies f/(x;-) satisfies a Lipschitz condition with

constant K (Exercise 4.1.28). O

Theorem 4.1.10 (Max formula). Let X be a Banach space, d € X and letf: X —
(—00, +00] be a convex function. Suppose that x € contf. Then, 3f (x) # ¥ and

& d) = max{(x*,d) : x* € I @)} 4.1.1)

Proof. Because X € contf, f/(x; h) is a sublinear and Lipschitz functional by Propo-
sition 4.1.9. Now use the Hahn—Banach extension theorem (4.1.7) as in the proof of
the max formula (2.1.19) for Euclidean spaces. O

The condition df'(x) # ¥ can be stated alternatively as there exists a linear func-
tional x* such that f/ — x™ attains its minimum at x. When we study exposed points
in Section 5.2, we will look at when f — x™ attains its minimum in some stronger
senses.

The condition x € contf (or equivalently, x € core dom " when f is Isc) is crucial
in ensuring 9f (x) # ¥. Without this condition the subdifferential may be empty. A
simple example of this is 9 (0) = @ for function f: R — (—o00, +00] defined by
f(x) ;== —/x,x > 0 and 400 otherwise. The following is a systematical scheme for
generating such functions in infinite-dimensional spaces.

Example 4.1.11. Let X be an infinite-dimensional separable Banach space and let
C be a symmetric compact convex set whose core is empty but whose span is dense.
(The Hilbert cube in £; is a typical example of such a set, see Exercise 4.1.15.) Let
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X & span(C). Define f: X — (—00,400] by f(x) := min{A € R: x+ Ax € C},
where we use the convention that min(#) = +oo. It is easy to check that f is a
convex function and for any s € R and ¢ € C, f(c + sx) = —s (Exercise 4.1.16). It
follows that

y —s ify=rc+sxforsomec € Candr,s € R,
S0;y) = .

400 otherwise.
Now we show that 9f(0) = (. Suppose on the contrary that x* € 9f(0). Since
span(C) is dense in X, for any s € R we can find » € R and ¢ € C such that rc + sx
is close to a unit vector so that

—[Ix*l = 1 < (x*,rc + 5%) < f'(0;r¢ + %) = —s,
which is a contradiction.

Corollary 4.1.12 (Basic separation). Let X be a Banach space, and suppose C C E
is a closed nonempty convex set, and suppose xo ¢ C. Then there exists ¢ € E
such that

sup ¢ < (¢, xo).
C

Proof. See the proof of Corollary 2.1.21. [

Corollary 4.1.13 (Weak closures). Let X be a Banach space, and suppose C is a
convex subset of X. Then C is weakly closed if and only if it is norm closed.

Proof. Use Corollary 4.1.12 to express a norm closed convex set as an intersection
of weakly closed half-spaces. [

Corollary 4.1.14. Suppose f : X — (—o00,+00] is a Isc convex function. Then f is
weakly-Isc.

Proof. The epigraph of /" is a closed convex set (Proposition 4.1.1). By the previous
corollary it is weakly closed, then Exercise 4.1.1(b) shows that f is weakly Isc. [

Corollary 4.1.15 (Separation theorem). Let X be a Banach space, and suppose
C C X has nonempty interior and xo ¢ intC. Then there exists ¢ € X* \ {0}
so that

supo < ¢ (xo) and $(x) < ¢ (xp) forallx € intC.
c

Proof. Let x € intC, and yc_z be the gauge functional of C — x. Because C
has a nonempty interior, yc—_z is continuous (Exercise 4.1.30(d)) and so by the
max formula (4.1.10), we let ¢ € dyc—_z(xp). Using the subdifferential inequality,
we have

d(x) — @ (xo) < yc—z(x) — yc—x(x0) <0 forallx € C.

When x € int C, yc_z(x) < yc—z(xo) so strict inequality is obtained in that case. [
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Let X be a Banach space, and suppose C is a convex subset of X. We shall say
¢ € X*\ {0} is a supporting linear functional for C if there exists x € C such that
¢ (x) = supc ¢, and we say ¢ supports C at x; in this case, x is a support point of C
and the set of points {x : ¢ (x) = ¢ (x)} is asupporting hyperplane for C. Observe that
a supporting linear functional of By is norm-attaining, that is, there exists x € By
such that ¢ (x) = supg, ¢ = 9]

The following observations are straighforward consequences of the previous
results.

Remark 4.1.16 (Supporting functionals). Let X be a Banach space.

(a) Suppose C is a convex subset of X with nonempty interior. Each boundary point
x € C is a support point of C.

(b) For each x € Sy, there exists ¢ € Sy such that ¢ (x) = 1.

(c) The duality mapping J : X — X* defined by J := 13 (|| - |*) is nonempty for
each x € X and satisfies

J@) = e X IxlI® = K1 = (x,xf)

Corollary 4.1.17 (Separation theorem). Suppose A and B are convex subsets of a
Banach space such that A has nonempty interior and int AN B = (. Then there exists
¢ € X*\ {0} so that sup, ¢ < infp ¢.

Proof. Let C = A — B, then C is convex, has nonempty interior and 0 ¢ int C.
According to Corollary 4.1.15, there exists ¢ € X™*\ {0} so that sup. ¢ < ¢(0). Thus
¢(a—b) <0forall a € 4 and b € B; this proves the result. [

In contrast to the finite-dimensional setting (Theorem 2.4.7), the condition in the
previous result that one of the sets has nonempty interior cannot be removed; see
Exercise 4.1.9.

Theorem 4.1.18 (Sandwich theorem). Let X and Y be Banach spaces and let T :
X — Y be a bounded linear mapping. Suppose that f : X — R, g: Y — Rare
proper convex functions which together with T satisfy f > —g o T and either

0 € core(domg — T dom f) and both f and g are Isc, (4.1.2)
or the condition
T domf Ncontg # . (4.1.3)
Then there is an affine function « : X — R of the form a(x) = (T*y*,x) +r
satisfying f > o > —g o T. Moreover, for any x satisfying f (x) = (—g o T)(X), we
have —y* € 9g(Tx).

Proof. Define the function / : ¥ — [—00, 4+00] by

h(u) ;= inf{ f(x) + g(Tx + w)}.
xeX



134 Convex functions on Banach spaces

Then one can check /4 is a proper convex function. We next show that 0 is a point of

continuity of 2 under condition (4.1.2). Indeed, in this casedom 4 = dom g— T dom f,

and without loss of generality we assume f'(0) = g(0) = 0. Then define
S:={ue€Y : thereexistsx € By with f(x) + g(Tx +u) < 1}.

Then S is convex, and we next show 0 € core S.

Lety € Y. Then (4.1.2) implies there exists # > 0 such that #y € domg — 7 domf.
Now choose x € domf such that 7x + 7y € dom g, then

f@ +g(Tx+ 1) = k < o0,

Letm > max{|x|, |k|, 1}. Because f and g are convex with / (0) = g(0) = 0, we have

X X ty
() +g(T () + z) =1
Consequently, 7y/m € S, and it follows that 0 € core S. Because S is also convex, the

Baire category theorem ensures that 0 € intS (Exercise 4.1.20). Thus, there exists
r > 0 so that

OErBXc§cS+gBX.

Multiplying the previous inclusions by 1/2/ fori = 1,2, ... we obtain

It then follows that

LBy CAStiSt g

27X =27y 2i T tX

Thus for any u € 5By, there exist 51,52, ...,s; € S such that
1 1 1

MEES1+ZS2+"'+§Si+2iﬁBX.

Letu, = Y &, 27"s; it follows that u, — u. Because f and g are lIsc, convex with
f(0) = 0 = g(0) it follows that u € S. Consequently, 5By C S and so / is bounded
above on 5By, which means / is continuous at 0 as desired (Proposition 4.1.4).

In the event that (4.1.3) is valid, let xy € dom f be such that g is continuous at Txg.
Let » > 0, be such that g is bounded above by K on the neighborhood Txy + rBy.
Then h(u) < f(x0) + g(Txo + u) < f(xo) + K for all u € rBy. As before, & is
continuous at 0.
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In either case, according to the max formula (4.1.10), there is a subgradient —¢ €
0h(0). Hence for all u € Y with u = Tv where v € X, and x € X we have
0 < h(0) < h(u) + (¢, u)
=f®) +g(Tx+v)+(p,Tv)
= [f(x) = (T"¢,x)] = [-g(T(x +v)) — (¢, T (x +v))].

Then a < b where
a=inf[f(x) = (T*¢,x)] and b = sup[—g(T'(v)) — (¢, T (v))].
xeX veX

Consequently for any r € [a, b], we have
f@) =r+(T*¢,x) = —(goT)(x) forallxeX.
This proves the theorem. 0

Even when X = Y = R and T is the identity operator in the sandwich theo-
rem (4.1.18), it is easy to see that the conclusion can fail if one only assumes the
domains of /" and g have nonempty intersection (see Exercise 4.1.37 or Figure 2.15 in
Section 2.3). The Fenchel duality theorem will be presented in Section 4.4 after con-
jugate functions are introduced. For now, we present some other useful consequences
of the sandwich theorem.

Theorem 4.1.19 (Subdifferential sum rule). Let X and Y be Banach spaces, and
letf : X - (—oo,+00]landg : Y — (—00,400] be convex functions and let
T : X — Y be a bounded linear mapping. Then at any point x € X we have the
sum rule

I(f +goT)) DI (x)+ T*(3g(Tx))

with equality if (4.1.2) or (4.1.3) hold.

Proof. The inclusion is straightforward, so we prove the reverse inclusion. Sup-
pose ¢ € I(f + g o T)(x). Because shifting by a constant does not change the
subdifferential, we may assume without loss of generality that

x = f(x) +g(Ix) — o (x)

attains its minimum of 0 at x. According to the sandwich theorem (4.1.18) there exists
an affine function 4 := (T™*y*, -} + r with —y* € dg(Tx) such that

S@) =) = A(x) = —g(4x).

Then equality is attained at x = X. It is now a straightforward exercise to check that
¢+ Ty € of (¥). O
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Corollary 4.1.20 (Compact separation). Let C and K be closed convex subsets of a
Banach space X. If K is compact and C N K = {, then there exists ¢ € X* such that

Sup,ex @ (x) < infrec @ (x).

Proof. See Exercise 4.1.34. |

Sometimes it is useful to separate epigraphs from points with affine functions. In
this case, we do not require a continuity condition as in the sandwich theorem (4.1.18).

Theorem 4.1.21 (Epigraph-point separation). Suppose f : X — (—00,+00] is a
proper convex function that is Isc at some point in its domain.

(a) Then f is bounded below on bounded sets.
(b) Iff is Isc at xg, and o < f(xp) for some xg € X (f (x9) = +00 is allowed), then
there exists ¢ € X* such that ¢(x) — ¢ (xg) < f(x) —a forallx € X.

Proof. First, suppose f is Isc at xp € domf and let « < f(xg). The lower-
semicontinuity of / implies that there exists » > 0 so that f'(x) > « if x € B, (x).
Apply the sandwich theorem (4.1.18) to find ¢ € X* and a € R so that

a—8p,(x) S PX)+a=<f(x).
Then
dx) —d(xo) <fx) —[p(xo) +a]l <f(x) —a forallx e X.

This proves (b) in the case xg € dom f, and (a) also follows easily from this.

Now suppose xg ¢ domf and ¢ < f(xp), and fix some yp € domf. Let r >
lxo — yoll, and by (a) we choose K so that f(x) > K if x € B,(xg). Now choose
8 € (0,r) so that f(x) > « for x € Bs(xp), and choose M so large that o« — M§ < K.

Then let g(x) := —a + M||x — x| if x € B, (xp), and let g(x) := oo otherwise. Since
g is continuous at yp, we can apply the sandwich theorem (4.1.18) as in the preceding
paragraph to complete the proof. [

The following is a weak*-version of the separation theorem.

Theorem 4.1.22 (Weak*-separation). Let X be a Banach space, and suppose C is a
weak*-closed convex subset of X*, and ¢ € X* \ C. Then there exists xy € X such
that supc xo < @ (xp).

Proof. See Exercise 4.1.10. O

As a consequence of this, we have the following weak™-version of Theorem 4.1.21.

Proposition 4.1.23 (Weak*-epi separation). Suppose f : X* — (—o0,+00] is a
proper weak*-Isc convex function. Let o € R and xjj € contf be such that o < f (7)),
then there exists xo € X such that

(x0,x* = x5) <f(x") —
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for all x* € X*.

Proof. Because epif is a weak®-closed convex set and (xj,a) ¢ epif, Theo-
rem 4.1.22 ensures the existence of (xg,a) € X x R so that

((x0, @), (x5, 0)) > sup(xo,a) where ((x,?), (x*,r)) ;= x*(x) + tr.

epif
Since xo € intdom f, it follows that a < 0. By scaling we may assume ¢ = —1. In
this case,
(x0,x5 — ) > (x0,x*) —t forall (x*,#) € epif.
In particular, letting ¢ = f'(x*) provides the desired inequality. |

Given a function f : X — (—o00,4+00] and x9 € domf and ¢ > 0, the &-
subdifferential of f at x¢ is defined by

def (x0) :=={p € X* 1 p(x) —p(xp) <f(x) —f(x0) + &, x € X}. 4.1.4)

When xo ¢ domf, one defines 9./ (xg) := ¥. We next show that the domain of
the e-subdifferential always coincides with the domain of / when f is a proper Isc
convex function. Also, this concept will be very useful in studying differentiability
and exposed points as we will see in later sections.

Proposition 4.1.24. Suppose | is a proper convex function, then d.f (x) # 0 for all
x € domf such that f is Isc at x and all ¢ > 0.

Proof. Apply Theorem 4.1.21(b) with @ = f'(xg) — € for xg € dom . 0

Because subdifferentials are nonempty at points of continuity, we can now prove
the following characterization of convex functions that are bounded on bounded sets.

Proposition 4.1.25. Suppose f : X — (—o00,400] is proper and convex. Then the
following are equivalent:

(a) f is Lipschitz on bounded subsets of X ;

(b) f is bounded on bounded subsets of X ;

(c) f is bounded above on bounded subsets of X,

(d) of maps bounded subsets of X into bounded nonempty subsets of X*.

Proof. Clearly, (a) = (b) = (c); and (c) = (a) follows from Lemma 4.1.3.

(a) = (d): Let D be a bounded subset of X, and let / have Lipschitz constant K
on D + By. Let x € D then the max formula (4.1.10) ensures df (x) # @, and we
and let ¢ € df (x). Then ¢ (h) < f(x + h) — f(x) < K||h| for all A € Bx. Therefore,
l¢ll < K, and so df (D) C KByx.

(d) = (a): Suppose f is not Lipschitz on some bounded set D in X. Then for each
n € N, choose x,,y, € D suchthat f(y,) —f (x4) > nlly, — x4, and let ¢, € 3f (yu).
Then ¢, (xy — yn) < f(xn) —f(¥n) < —nllxy — yull. Thus [|¢,]l > n and so 9f (D) is
not bounded. O
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Perhaps, more importantly, we have the following local version of the previous
result.

Proposition 4.1.26. Letf : X — (—o0,+0o0] be a proper convex function. Then f
is continuous at xq if and only if df is a nonempty on some open neighborhood U of
xo and 3f (U) is a bounded subset of X* (when f is additionally Isc these conditions
occur if and only if xo € core domf). Moreover, df is a nonempty weak*-compact
convex subset of X* at each point of continuity of f .

Proof. Exercise 4.1.40. ]

Exercises and further results
4.1.1 (Closed functions).*

(a) Prove Proposition 4.1.1.

(b) Supposef : X — (—o0,+0oc]is aproper convex function. Show that /" is weakly
Isc on X if and only if its epigraph is weakly closed in X x R if and only if its
epigraph is norm closed in X x R if and only if /" is Isc.

(c¢) Suppose [ : X* — (—o00,400] is a proper convex function. Show that f is
weak™*-lsc on X* if and only if its epigraph is weak*-closed in X* x R if and only
if its lower level sets are weak*-closed.

Hint. For (b), suppose x, — x weakly but lim /' (xq) = ¢ < f(x). Then the epigraph
of f is not weakly closed. Conversely, if (x4, fy) converges weakly to (x, ) where
(xq, ty) € epif, but (x,t) & epif, then

liminf f'(xy) < liminf ¢, = ¢ < f(x).

4.1.2 (Closures of functions).*

(a) Prove Proposition 4.1.2.
(b) In the following three cases determine whether (clf)(x) = sup{a(x) : o < f
and @ : X — R is a continuous affine function}.
(1) f : R — [—o0,+00] is convex.
(i) f : X — (—o0,+0o0] is a proper convex function where X is infinite-
dimensional.
(i) f : X — (—o0,+0oc] is convex and clf is proper.
(c) Provide an example of a proper convex function f' : X — (—o00, +00] such that
clf is not proper. Note that X must be infinite-dimensional (see Exercise 2.4.8).

Hint. (b) For (i), consider ' (0) := —oo and f(¢) := 400 otherwise. Show (ii) is false:
consider f such thatf (x) := 0 for all x in a dense convex subset of By and f (x) = +o00
otherwise. Show (iii) is true by using the epi-point separation theorem (4.1.21).
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(c) Let cgo be the nonclosed linear subspace of all finitely supported sequences in
¢o. Consider, for example, f : ¢ — (—00,+00] for which f'(x) := Y _x; if x € cgo,
and f'(x) := +oo otherwise. Then clf = —o0. |

4.1.3.* Let f be a convex function on a Banach space. Show that for any a € R, the
lower level set £~ (—00, a] is convex.
4.1.4.* Let X be a Banach space and let f: X — (—o00, +00] be an extended-valued
function. Verify that /" is convex if and only if epif is a convex subset of X x R.
4.1.5 (Stability properties).* (a) Show that the intersection of a family of arbitrary
convex sets is convex.

(b) Conclude that f'(x) := sup{ fo(x) : a € A} is convex (and Isc) when { /5 }oe4
is a collection of convex (and Isc) functions.

(c) Suppose (fy) is a net of convex functions on a Banach space X. Show that
lim sup, fo and limf; (if it exists) are convex functions.

(d) Show by example that min{ /', g} need not be convex when f and g are convex
(even linear).

4.1.6 (Midpoint convexity). A function f : X — (—o00, +00] is midpoint convex if
f()%) < %f(x) + %f(y) for all x,y € X. Show that f is convex if it is midpoint
convex and Isc. Provide an example of a measurable function f : R — (—o0, +00]
that is midpoint convex but not convex. (Note that there is nothing very special about
the midpoint.)

Hint. Let f(¢) := 0 if ¢ is rational and f'(¢) := oo otherwise. O

4.1.7 (Midpoint convexity, II). Show that a midpoint convex and measurable real-
valued function is convex.

Hint. If f is measurable then it is bounded above on some interval. 0

4.1.8.* Let C be a convex subset of a Banach space. Show that d¢ and ¢ are convex
functions.

4.1.9.* Show by example that separation may fail in ¢ and £, for 1 < p < oo fora
closed convex cone and a ray.

Hint. For cg let A = car, thatis 4 := {(x;) € co : x; = 0, i € N}. Let B be the ray
{tx —y : t >0} where x = (47%) and y = (27%). Check that A N B = ¥ and suppose
¢ € £1 \ {0} is bounded below on 4, say ¢ = (s;). Verify thats; > 0 foralli € N
and s; > 0 for at least one i and so ¢ (x) > 0. Thus ¢ (tx — b) — coast — 00, S0 ¢
cannot separate 4 and B. Similarly for £,,. O

4.1.10.*
(a) Suppose X is a vector space, and let f, f1, /2, . . . , f be linear functionals on X . If

ﬂ?zlffl (0) € £71(0), then f is a linear combination of 1, /5, . . ., f;..
(b) Prove Theorem 4.1.22.

Hint. (a) See [199, Lemma 3.9].
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(b) Suppose C is weak*-closed in X* and that ¢ € X* \ C. Find a weak*-open
neighborhood U of the form

U={x*eX*: x*(x))| <e fori=1,...,n}

for some x1,...,x, € X and ¢ > 0. Then ¢ ¢ C + U and so by the separation
theorem (4.1.17) there exists F' € X** so that

supF < sup F < F(¢).
C C+U

Using (a) show that F is a linear combination of the x;; see [199, Theorem 3.18] for
full details. |

4.1.11 (Separating family).* Let S C X*. Then S is a separating family for X (or S
separates points of X) provided for any x,y € X with x # y there exists ¢ € S such
that ¢ (x) # ¢(y). We shall say S fotal if for each x € X \ {0}, there exists ¢ € S
such that ¢ (x) # 0.

(a) Suppose S C X*. Show that S is a separating family for X if and only if it is
total.

(b) Suppose X is separable, show that there is a countable subset of X* that separates
points of X. (Hint: take a supporting functional of By at each point of a countable
dense subset of Sy .)

(c) Show there is a countable separating family for £, (N) in its predual £ (N), or
more generally, when X is separable there is a countable S C X that is separating
for X*.

4.1.12 (Krein—Milman theorem). Suppose X is a Banach space. If K C X is convex
and weakly compact, then K is the closed convex hull of'its extreme points. If K C X*
is convex and weak*-compact, then K is the weak*-closed convex hull of its extreme
points.

Hint. Suppose H is a supporting hyperplane for K. Show that H contains an extreme
point of K. Then use a separation theorem to deduce the conclusion. See, for example,
[199, Theorem 3.37] for more details. O

4.1.13 (Goldstine’s theorem).* Show that the weak*-closure of By in X** is By#.

Hint. Alaoglu’s theorem (4.1.6) ensures By++ is weak*-compact. Thus, the weak™*-
closure of By must be contained in it. Should that containment be proper, then a
contradiction would be obtained from the weak*-separation theorem (4.1.22). 0

4.1.14 (Bounded above but non-Lipschitz convex functions). (a) Let ¢ =
(1,1,1,...) € £x and define f : £1 — (—o00, 4+00] by

f(x) == sup{ () + nlx(n)| — n*}

neN

where x € £1 and x(n) denotes the n-th coordinate of x. Show that f is a continuous
convex function. Let C := {x : ¢ (x)+n|x(n)| —n? < —n forall n € N}. Show that
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is bounded above on C + By, , but that /" is not Lipschitz on C (hence the boundedness
assumption on C in Lemma 4.1.3 is necessary). (b) Suppose X is a Banach space and
f X = (—o0,+00] is convex. Suppose C is convex and f is bounded (both above
and below) on C 4 §By for some § > 0. Show that f is Lipschitz on C.

Hint. For (a), f is a supremum of Isc convex functions and is real-valued. Verify
that /* is bounded above by 1 on C + By,. To show that f is not Lipschitz on C,
fix m € N, m > 1, and consider x = —me,, — mzemz. For n € N\ {m,m?},
¢ (X) +nlx(n)| —n* = —m —m?* —n* < —n, while ¢ (%) +m|x(m)| —m* = —m — m?
and ¢ (x) + m?|x(m?)| — m* = —m —m?. Thus X € C and f(}) = —m — m*. Now
consider y := X — e,,, verify that y € C and f(¥) = —1 — m? and hence f is not
Lipschitz on C. Part (b) follows from the proof of Lemma 4.1.3. O

4.1.15. The Hilbert cube in ¢; is defined by
H:={x=(1x,...)0 €l x| <1/2i=12,...}

Show that the Hilbert cube is a symmetric compact convex set of ¢, satisfying
core H = {J and span(H) = £5.

4.1.16.* Prove that the function f defined in Example 4.1.11 is convex and has the
property that forany s € Rand ¢ € C, f(c + sx) = —s.

4.1.17. With some additional work we can also construct a convex function whose
subdifferential is empty on a dense subset of its domain. Let X = ¢, and H be the
Hilbert cube defined in Exercise 4.1.15 and define f : X — (—o0, +00] by

- Y2 V24 x ifxeH,
+o0

otherwise.

f) =

Show that 1" is Isc and f'(x) = ¢ for any x € H such that x; > —27 for infinitely
many i.

Hint. See [349, Example 3.8]. |

4.1.18 (Domain of subdifferential).* Suppose the function f: R? — (—o00, 4+-0c] is
defined by

_Jmax{l — /x1, Ix2]}  ifx; >0,
@) = {+oo otherwise.
Prove that f is convex but that dom df is not convex.
4.1.19 (Recognizing convex functions). Let X be a normed linear space, U C X be
an open convex set, and f : U — R.

(a) Suppose 9f (x) # ¥ for each x € U. Show that f is a convex function.
(b) Is the converse of (a) true when X is a Banach space?

Hint. (a) See the proof of Proposition 2.1.15. (b) The answer is yes when X is finite-
dimensional. However, when X is an infinite-dimensional Banach space, the converse
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is true if f is also Isc. Otherwise the converse may fail; for example, consider a
discontinuous linear functional on X |

4.1.20 (Core versus interior).*

(a) Supply the full details for the proof of Proposition 4.1.5.

(b) A convex set S in a normed linear space is said to be absorbing if | J,. ¢S is the
entire space. Suppose C is a closed convex subset of a Banach spach . Show
that 0 € core C if and only if 0 € int C if and only if [ J72, nC = X. Hence,
0 € core C if and only if C is absorbing.

(c) Let F C R?bedefinedby F := {(x,y): y = Oor|y| > x?}. Show that 0 € core F
but0 & int F.

4.1.21 (Example of a discontinuous linear functional).

() Let A : ¢ — R be the linear functional A(x) := ) x; where x = (x;) € coo.
Verify that A is a discontinuous linear functional on the normed space cqg.

(b) Extend A to a discontinuous linear functional on ¢y, by extending an algebraic
basis of ¢y to cg.

4.1.22 (Discontinuous linear functionals).* Let X be a normed space. Show that the
following are equivalent

(a) X is finite-dimensional.
(b) Every linear function f is continuous on X .
(c) Every absorbing convex set has zero in its interior.

Hint. (¢) = (b): ' (=1, 1) is absorbing and convex and symmetric.

(b) = (a): use the existence of an infinite linearly independent set {e;} to define a
discontinuous everywhere finite linear functional with f'(e; /| e;]|) = i.

(a) = (c) is obvious. |

4.1.23 (Convex series closed sets). A set C C X is called convex series closed if
% € C wheneverx = ) 2, Aix; where 1; > 0, > 2, A; = 1,x; € C.

(a) Show thatopen and closed convex sets in a Banach space are convex series closed
(this remains true for convex Gjs-sets).

(b) Show that every convex set in a Euclidean space is convex series closed.

(c) Let C be convex series closed in a Banach space. Show int C = int C.

(d) (Open mapping theorem) Show that a continuous (or just closed) linear mapping
T between Banach spaces is onto if and only if it is open.

Hint. For (c), see the proofthat 0 € int S in the proof of the sandwich theorem (4.1.18).
For (d), it is easy that an open map is onto, for the converse, use part (c), and show,
for example, that 0 € core T'(By). For more information on convex series closed sets,
see [121, p. 113ff]. O

4.1.24 (Convexity of p-norm). Recall that the space £, := £,(N) is defined to be
the vector space of all sequences (x;)72, for which 21311 |xx|P is finite. Show for
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1 < p < o0, that the p-norm defined on £, (N) by ||x||, := (Z,fil |xx |p)1/p ,is indeed
anorm on the complete space £, .

Hint. Both methods suggested in Exercise 2.3.4 to show the function is a norm are
applicable, and also apply to the Lebesgue integral analog on L, (€2, ) for a positive
measure [ ||x||§ = fQ |x(#)|P n(dt) . Completeness is left to the reader. [

4.1.25 (Reflexive Banach spaces).* Recall that a Banach space is reflexive if the
canonical mapping of X into X** is onto; see [199, p. 74]. Show that a Banach space
X is reflexive if and only if By is weakly compact. Deduce that a Banach space is
reflexive if and only if each closed bounded convex set is weakly compact.

A much deeper and extremely useful characterization of weakly compact sets is
James’ theorem which we state as follows, and refer the reader to [199, Theorem
3.55] and [182] for its proof.

Theorem 4.1.27 (James). Let C be a closed convex subset of a Banach space X.
Then C is weakly compact if and only if every ¢ € X* attains it supremum on C.
Consequently, a Banach space X is reflexive if and only if every ¢ € X* attains its
Ssupremum on By.

Hint. If By = By=«, then By is weak™*-compact in X**, and thus weakly compact in
X. For the other direction, if By is weakly compact, then it is weak*-closed in X**,
Now use Goldstine’s theorem (Exercise 4.1.13). For the remaining parts, recall that
a closed convex set is weakly closed (Corollary 4.1.13). 0

4.1.26 (Superreflexive Banach spaces).* Let X and Y be Banach spaces. We say Y is
finitely representable in X if for every ¢ > 0 and every finite-dimensional subspace
F of Y, there is a linear isomorphism 7 of F onto a subspace Z in X such that
ITINT Y < 1+ &. A Banach space X is said to be superreflexive if every Banach
space finitely representable in X is reflexive. Obviously, a superreflexive Banach
space is reflexive, however, the following are more subtle to show.

(a) Every Banach space is finitely representable in co.

(b) Let X be a Banach space, then X** is finitely representable in X.

(c) (O_e%,) is reflexive but not superreflexive.

(d) Show that the Banach spaces of Exercise 4.1.24 are superreflexive for
1 <p<oo.

Hint. See [199, p. 291-294] for these facts and more; note that part (b) follows
from the stronger property known as the principle of local reflexivity — see [199,
Theorem 9.15]. O

4.1.27 (Hilbert spaces).* An inner product on a real or complex vector space X is a
scalar-valued function (-, -) on X x X such that:

(1) for every y € X, the function x — (x,y) is linear;
(i1) (x,y) = (y,x) where the left-hand side denotes the complex conjugate;
(iii) (x,x) > 0 for each x € X

(iv) (x,x) = 0ifand only ifx = 0.
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A Banach space X is called a Hilbert space if there is an inner product (-, -) on X such

that ||x]| = 4/ {x, x).

(a) Show the parallelogram equality holds on a Hilbert space H, that is
e+ y17 + e = yI? = 20 )1® + 20yl forallx,y € H.

(b) Show that (x,y) = % (||x R —y||2) for all x, y in a Hilbert space over
the real scalars.

Hint. See [199] for these and further properties of Hilbert spaces. [

4.1.28 (Lipschitz convex functions).* Suppose /' : X — R is convex and satisfies
f(x) < K]|x| for all x € X. Show that /" has Lipschitz constant K.
SN =) [ —[@)

Hint. For ||| > 0, < p <
A1l n—>00 n|hll

|
4.1.29. Calculate the gauge function for C := epi(l/x) N R%r and conclude that a
gauge function is not necessarily Isc.

4.1.30.* Let C be a nonempty convex subset of a Banach space X and let y¢ be the
gauge function of C.

(a) Show that y¢ is convex and when 0 € C it is sublinear. Is it necessary to assume
0ecC?

(b) Show that if x € core C then dom yc_y = X.

(c) Suppose A is a discontinuous linear functional on X (Exercise 4.1.22) and let
C = {x: |A()| < 1}. Show 0 € core C and yc is not continuous. Is C C
{x: ye) =117

(d) Suppose 0 € core C and C is closed. Show that C = {x € X : yc(x) < 1},
intC = {x € X : yc(x) < 1} and that y¢ is Lipschitz.

Hint. No, for the last question in (c), otherwise A would be continuous. For (d), show
0 € int C and use Exercise 4.1.28. |

4.1.31. Let C; and C, be closed convex subsets of a Banach space X. Then C; C C;
if and only if, for any x* € X*, o¢,(x*) < oc,(x*). Thus, a closed convex set is
characterized by its support function.

4.1.32. Interpret the sandwich theorem (4.1.18) geometrically in the case when T is
the identity map.

4.1.33 (Normal cones). Let C be a closed convex subset of X. We define the normal
cone of C atx € C by Nc(x) := 35¢c(x). Sometimes we will also use the notation
N(C;Xx). Show that x* € N(C;x) ifand only if (x*,y —x) <O forally € C,
4.1.34.* Prove Corollary 4.1.20.

4.1.35. Let X be a Banach space and let /' : X — (—00, +00] be a convex function.
Suppose that x € core(domf). Show that forany d € X, t — g(d;¢) := (f(x +
td) — f(x))/t is a nondecreasing function.

4.1.36.* Supply any additional details needed to prove Proposition 4.1.23.
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4.1.37. Provide an example of convex functions f : R — (—o0,4+0o0]land g : R —
(=00, +0o¢] such that f > —g, domf N domg # @ but there is no affine function
a:R— Rsuchthat —g <a <f.

Hint. Letf := —/x forx > 0 and g := §(_00,0]- O
4.1.38.* Prove Proposition 4.1.8.

4.1.39.* Prove the subdifferential of a convex function at a given point is a weak™*-
closed convex set.

4.1.40.* Prove Proposition 4.1.26.
4.1.41. Prove the following functions x € R — f(x) are convex and calculate df":

(a) lx;
(b) SR,
(c) —J/x ifx >0,
{ 00 otherwise;
(d) 0 ifx <0,
1 ifx =0,

oo  otherwise.

4.1.42. (Subgradients of norm) Calculate d|| - ||. Generalize your result to an arbitrary
sublinear function.

4.1.43 (Subgradients of maximum eigenvalue). Denote the largest eigenvalue of an
N by N symmetric matrix by A1. Prove that dA1(0) is the set of all N by N symmetric
matrices with trace 1.

4.1.44 (Subdifferential of a max-function). LetX be a Banach space and suppose that
gi: X = (—o00,+00],i € I are Isc convex functions where / is a finite set of integers.
Let gy := max{g; : i € I} and foreachx, let/(x) :={i € [ : g;(x) = gy (x)}. Note
that Exercise 2.2.6 holds in Banach space in the weak*-topology.

(a) Suppose x € dom gjs. Show that

conv | | 0gi(® | € dgn@.
iel(x)

(b) Suppose g; is continuous at x for each i € I, show that

conv | | 0gi® | = dgn .
iel (x)

Can the weak™*-closure be dropped on the left-hand side?

(c) Provide an example showing the inclusion in (a) may be proper if just one of the
functions g; is discontinuous at x.

(d) Suppose

domg; N ﬂ contg; # 0
iel()\{}
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for some index j in /(x). Show the result of (b) actually remains correct if one
uses the convention

00gi(x) := 9(0g)(X) = Ndom g, (X).
which changes things at most for the index ;.

Hint. (a) It is clear that dg;(x) C dgy(x) for each i € I(x), and dgys(x) is
a weak*-closed convex set. For (b), suppose ¢ € dgy(x) \ C where C :=

conv?” (Uiel()-c) ogi ()_C)>. By the weak*-separation theorem (4.1.23), choose & € X

such that ¢ (h) > sup h. According to the max formula (4.1.10) we have g}, (x, h) >
¢ (h) > g/(x; h) foreachi € I(x). Using this and the fact g;(x) < gy (x) fori € I\/(x)
deduce the contradiction: gys (X + §h) > max; g;(x + §h) for some § > 0. In order
to drop the weak*-closure, observe that what remains on the left-hand side is the
convex hull of a finite union of weak*-compact convex sets. For (c), let X = R,
g1(t) =t and g2(¢) := —+/t for t > 0 and g»(f) := 400 otherwise. Observe that
0g1(0) U agz(0) = {1} and 9gps(0) = (—o0, 1]. For (d), in the harder containment,
one may assume 0 belongs to the set on the left and considerinf{¢: g;(x) < ¢,i € I(x)}.

1

4.1.45 (Failure of convex calculus).

(a) Find convex functions f,g: R — (—o00, 0o] with

91 (0) + 9g(0) # 3(f + £)(0).

(b) Find a convex function g: R?> — (—00, 00] and a linear map 4: R — R? with
A*9g(0) #£ d(g o A)(0).

4.1.46 (DC functions). Let X be a Banach space and C be a nonempty convex subset
of X. A function f : C — R is a DC function if it can be written as the difference of
two continuous convex functions.

(a) Prove that a DC function is locally Lipschitz and directionally differentiable at
any x in the interior of its domain.

(b) Show that in a Hilbert space, f(-) = %H B g %d%(-) is convex for any closed
set FF.

(c) For f as in (b), show that *(x) = ||x||?/2 if x € F and f*(x) = +o0 otherwise.

There is a wide array of work on DC functions. In this direction let us also note the
broader paper [424] and then [148, 284] concerning the representation of Lipschitz
functions as differences of convex functions on superreflexive and Hilbert spaces,
see Theorem 5.1.25. The paper [425] shows that the infinite-dimensional version of
Hartman’s theorem (see Exercise 3.2.11 and [250, 422]) fails, but does provide some
positive results in particular cases. In [259] it is shown that on each nonreflexive
space there is a positive continuous convex function f such that 1/f is not DC which
leads to a characterization of such spaces.
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Hint. For (b) and then (c), observe that
_1 2 e o2
Sx) = 7 sup{[lx[|* — [lx —yllI” : y € F}
o2
=supey) = ollm s yeF e,

where the second equality follows easily from the first. O

4.1.47. Show that for x € R, the function x +— f(;c tsin(1/¢),dt is continuously
differentiable, hence locally Lipschitz, but is not locally DC in any neighbourhood
of zero. Construct a similar everywhere twice differentiable example.

Hint. The integrand is not of bounded variation in any neighborhood of zero. 0

4.1.48. Suppose f is a proper Isc convex function on a Banach space X. Show that
Sk = 1lim sup{@(h) : ¢ € 3ef (x)}
e—0F

for any x € domf.
Hint. See [349, Proposition 3.16]. O

4.1.49 (Pshenichnii—Rockafellar conditions). Let X be a Banach space, let C be a
closed convex subset of X andletf : X — (—o00,400] be a convex function. Suppose
that C Ncontf # ¥ or int C N dom f # @ and f is bounded below on C. Show that
there is an affine function o < f with inf¢ f = inf ¢ «. Moreover, ¥ is a solution to

minimize f(x) subjectto x € C C X (4.1.5)

if and only if it satisfies 0 € 9f (x) + Nc(x), where N¢ := 98¢ (+) is the normal cone.

Hint. Use the sandwich theorem (4.1.18) on /" and m — 8¢ where m := infc f. Then
apply the subdifferential sum rule (4.1.19) to f + §¢ at x. O

4.1.50 (Constrained optimality). Let C € X be a convex subset of a Banach space X
andletf: X — (—00,400] be convex. Consider characterizing min{ /' (x) : x € C}.
Although in most settings we can apply the Pshenichnii—Rockafellar conditions for
optimality it is worth recording the following: X minimizes f* over C if and only if
f'G;h) > 0forall i € Ry (C —X).

4.1.51. Apply the Pshenichnii—Rockafellar conditions to the following two cases:

(a) C asingle point (x% c x,
(b) C apolyhedron {x : Ax < b}, where b e RV =Y.

4.1.52 (Hahn—Banach extension theorem for operators [64]).** Let Y be a vector space
and suppose Y is ordered by a convex cone S. We say (Y, S) has the Hahn—Banach
extension property if given any vector spaces M € X and a linearmap 7': M — ¥
and S-sublinear operator p: X — Y such that 7x <g p(x) for all x in M there is
always a dominated linear extension 7: M — Y such thatﬂ y = Tand Tx <g p(x)
for all x in X. Recall that (Y,S) is order-complete if every set in Y with an upper
bound has a supremum. (As discussed briefly in Exercise 2.4.32.)
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(a) Follow the proof for (R, R, ) to show that if (Y, S) is order-complete then it has
the Hahn—Banach extension property.
(b) Show the converse.

Hint. Let A C Y be set with an upper-bound and let B be the set of all upper bounds
in Y for 4. Let I index these sets with repetition as need be: 4 := {a(i) : i € I}
and B := {b(i) : i € I}. Let X be the functions of finite support on / and define
a sublinear map by p(x) := Zielx(i)ﬂ)(i) —x()"a(@). Take M = {x e X: =
> ics X() = 0}. Let T be a p-dominated extension of 0 from the hyperplane M
and let e(i) denote the i-th unit vector. Show that ¢ := T'(e(i)) is independent
of i € I and is the least upper bound of 4 — so the ability to extend just from a
hyperplane already forces order-completeness! O

(c) Suppose that X := C(f2) with the sup norm is order-complete in the usual
ordering induced by S := C(2). Show that for every Banach space ¥ such that
(isomorphically) ¥ D X there is a norm-one linear projection of ¥ onto X (or its
isomorph). Such a Banach space X is called injective [266]. This is certainly the
case for £.

Hint. Let e be the unit function in X . Define an order-sublinear operator Q: ¥ —
X by O(») := |[y|le and let ¢ be injection of X into Y. Then ¢(x) <g O(x) on X.
Any linear dominated extension produces a norm-one projection. O

4.1.53 (A general sup formula).* In [249, Theorem 4] the authors make a very careful
study the subdifferential of the pointwise supremum

S (x) := supfi(x) (4.1.6)

teT

of extended-real-valued convex functions {f; : ¢ € T} for x € X a locally convex
space, and 7 a nonempty index set. For ¢ > 0, denote Tp(x) :={t € T : fi(x) >
f(x)—e}and F; :={F C X : Fislinear,dim F < 00,z € F}. In Banach space the
result is:

Theorem 4.1.28. Let X be a Banach space. Suppose convex functions f and f;,t € T
as above are given such that for all x € X (4.1.6) holds and clf (x) = sup,c7 clf; (x).
Then for any o > 0

@ = () cjconv| |J Buefi® | + Nrndgoms®)

LeF.,e>0 tele (x)
foreveryx € X.

Note that Theorem 4.1.28 makes no additional assumptions on the index set or
the underlying functions. Many simpler special cases arise: if X is Euclidean, if all
functions are Isc, or if interiority conditions are imposed. The results are especially
elegant when each f; is continuous and affine.
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(a) Deduce, in particular, for the support function o4(x) of 4 C X* that

dos= () {conv (4e) + (m (LL UA))OO U {x}J‘]

LeF,,e>0

for every x € X. Here 4, := {x* € 4 : (x,x*) > o4(x) — ¢}, and Cy is the
recession cone of C.

(b) Compare the compact maximum formula of Exercise 2.2.6.

(c) Recover the max-function result of Exercise 4.1.44.

Finally, convex calculus formulae such as (4.1.19) are then rederivable in a very
natural and original fashion.
4.1.54 (Relaxation of sum rule [297]).** Let ¢ > 0 be given. Let f and g be convex
functions on a Banach space and suppose that x € dom /' N dom g. Show that

0:(f + )™ 2 [ J0uf @) + 8p5() - &> 0,8 > 0,0+ <e). (4.1.7)

Determine an interiority condition for equality in (4.1.7).

4.2 Differentiability of convex functions

A function f : X — [—o00, 4-00] is said to be Fréchet differentiable at xo € domf if
there exists ¢ € X™* such that for each ¢ > 0 there exists § > 0 so that

[ (xo + 1) — f(xo) — p(W)] < ellhll if ||A]l < 8.

In this case, we say that ¢ is the Fréchet derivative of f at xy. Notice that /" is Fréchet
differentiable at xo if and only if for some f”(xg) € X* the following limit exists
uniformly for 4 € By

. f(xo + th) — f (x0)
m

li
t—0 t

= (f"(x0), h).

If the above limit exists for each 4 € Sy, but not necessarily uniformly, then 1" is
said to be Gdteaux differentiable at x¢. In other words, /" is Gateaux differentiable at
xo € domf if for each ¢ > 0 and each & € Sy, there exists § > 0 so that

If (xo + th) — f (x0) — ¢ (th)| < et if 0 <t < § and where ¢ € X*

In either of the above cases, we may write ¢ = f”(xg) or ¢ = Vf (xo).

A bornology on X is a family of bounded sets whose union is all of X, which
is closed under reflection through the origin and under multiplication of positive
scalars, and the union of any two members of the bornology is contained in some
member of the bornology. We will denote a general bornology by S, but our attention
will focus mainly on the following three bornologies: F the Gdteaux bornology of
all finite sets; W the weak Hadamard bornology of weakly compact sets; and B
the Fréchet bornology of all bounded sets. Because § contains all points in X, the



150 Convex functions on Banach spaces

topology on X* of uniform convergence on § sets is a Hausdorff topology which we
denote by 5.

Given a bornology 8 on X, we will say a real-valued function is 8-differentiable
atx € X, if there is a ¢ € X* such that for each B-set S, the following limit exists
uniformly for 4 € §

i S+ th) — f(x)
m--—-
t—0 t

= o).
In particular, f is Gdteaux differentiable at x if B is the Gateaux bornology. Similarly
for the weak Hadamard and Fréchet bornologies.

Observe that when £ is Fréchet differentiable, then it is continuous, irrespective of
whether it is convex. If f is Fréchet differentiable, then it is Gateaux differentiable.
Whenf is Gateaux differentiable, then the derivative is unique. Further, as is standard
terminology, we will say a norm on X is Gdteaux (resp Fréchet) differentiable if it is
Gateaux (resp. Fréchet) differentiable at every point of X \ {0}.

Example 4.2.1. There exists a function f/ : R*> — R such that f is Géteaux
differentiable everywhere, but f is not continuous at (0, 0).

Proof. Let f(x,y) = % if (x,y) # (0,0) and let £(0,0) := 0. Then f is C*°-
smooth on R2 \ {(0, 0)}, one can check that the Gateaux derivative of fis0at (0,0),
but /" is not continuous at (0, 0). O

Proposition 4.2.2. Suppose f : X — (—00,+400] is Isc convex and Gdteaux
differentiable at x, then f is continuous at x.

Proof. This follows because x is in the core of the domain of f (see Proposition 4.1.5).
|

Actually, the existence of the limit forces the point to be in the interior of the
domain, the lower-semicontinuity of the function was crucial in that respect. See
Exercise 4.2.3 for a convex function on a Banach space that is Gateaux differentiable
at 0 but 0 is not in the interior of the domain of the function.

Example 4.2.3. On any infinite-dimensional Banach space there is a convex function
that is Gateaux differentiable at 0, Isc at 0, but discontinuous at 0.

Proof. Let ¢ be a discontinuous linear functional on X and let f = ¢2. Then f is
discontinuous, /" is Gateaux differentiable at 0 with /7 (0) = 0. O

Fact 4.2.4. Suppose f : X — (—o0,+0o0] is convex. If f is Gdteaux differentiable
at xo, then f'(xo) € 9f (xo).

o+ f(XO-‘rtht)—f(xo)

Proof. The expression in the limit {f/(xg), &) = lim,_, is nondecreas-

ing as ¢t — 07 by the three slope inequality (2.1.1). Therefore

(f (x0), th) < f(xo +th) — f(xg) forallh e Sy andall ¢ > 0.
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Consequently, (f"(xo),y) < f(xo +y) —f(xo) forally € X. 0

Corollary 4.2.5 (Unique subgradients). Suppose a convex function f is continuous
at xg. Then [ is Gateaux differentiable at x if and only if 3f (xo) is a singleton.

Proof. Supposef is Gateaux differentiable at xo. Then by Fact 4.2.4, /' (xp) € 9f (xo).
Suppose A € 9f (xo) and A # f'(x0), then A(h) > {f'(xo),h) for some h € Sy.
The subdifferential inequality then implies the contradiction /7 (xo; 2) > {f’(x0), h).
For the converse, suppose df (xo) = {A}. Then, the max formula (4.1.10) implies
[ (xosh) = A(h) and f(xo; —h) = —A(h) for all & € Sx. It then follows that
f(x0) = A as a Géteaux derivative. O

The next example shows that the previous corollary may fail if the function is
merely Isc.

Example 4.2.6. Let X be a separable infinite-dimensional Banach space, then there
is a Isc convex function on X such that 9/ (0) is a singleton, but /" is not Gateaux
differentiable at 0.

Proof. Let {x,};°, C Sy be norm dense in X . Let

C = m({lxn}w U {0}) .
n n=1

Now let f be the indicator function of C. Then 0 € 9f(0). Suppose ¢ € 9f(0). Then

¢ (,llx,,) <f (%x,,) —f(0) = 0forall n. Because the collection {x,}52 | is norm dense in

Sy, this means ¢ (x) < 0 for all x € X, i.e., ¢ = 0. Therefore, df (0) = {0}. Because
C has empty interior, f is not continuous at 0, and according to Proposition 4.2.2
cannot be Gateaux differentiable at 0. O

When f is a convex function that is continuous at xp one can describe the differentia-
bility of convex functions without mentioning the derivative. This is because the max
formula (4.1.10) ensures that there are candidates for V/f'(xg) in the subdifferential.

Proposition 4.2.7 (Symmetric Fréchet differentiability). Suppose f : X — (—o0,
+00] is a convex function that is continuous at xq. Then the following are equivalent.

(a) f is Fréchet differentiable at xy.
(b) Foreach e > 0, there exists § > 0 such that

S o+ h)+f(xo—h) —2f(x0) < ellhll whenever ||h| < 3.
(c) Foreach e > 0, there exists § > 0 such that

fxo+h) +f(xo—h) —2f(xg) < &b whenever ||h]| <.
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Proof. (a) = (b): Suppose f is Fréchet differentiable at xo. Given ¢ > 0, choose
8 > 0 such that
e
If (xo + h) — f (x0) — {f" (x0), )| < Ellhll whenever ||4]| < 8.

Using the previous inequality with 4 and —/ we obtain

f o+ h) +f (o —h) = 2f (x0) =1 (x0 + h) — [ (x0) — {f' (x0),h)
+f (xo — h) — f(x0) — (" (x0), —h) < el|h].
(b) = (c) is straightforward, so we prove (c) = (a) by contraposition. Suppose f is
not Fréchet differentiable at xy. According to the max formula (4.1.10), 9f (xp) is not

empty, so we let ¢ € df (xo). Then for some & > 0, there exist u,, € Sy and ¢, — 0%
so that

f(xo + tyuty) _f(XO) — @ (tyuty) > €ty
Let by = tyun; now ¢ (hy) > f(xo) — f(xo — hy) and so

S0 + ) + 1 (x0 — hy) — 2f (x0) > &|lhyl|
for all n. The convexity of /" ensures that no § > 0 exists as needed for (c). 0

We leave it to the reader to check that the following characterization of Gateaux
differentiability can be proved analogously.

Proposition 4.2.8 (Symmetric Gateaux differentiability). Suppose f : X —
(=00, +00] is a convex function that is continuous at xy. Then f is Gateaux dif-
ferentiable at xo if and only if for each ¢ > 0, and each h € Sx there exists § > 0
depending on ¢ and h such that

fxo+th) +f(xo—th) —2f(xg) < et whenever 0 <t <.

A nice application of Proposition 4.2.7 is the following result.

Proposition 4.2.9. Suppose that f is continuous and convex on the nonempty open
convex set V of a Banach space X . Then the set of points of Fréchet differentiability

of f is a possibly empty Gs.
Proof. Let

8
G,:=3{xe€V: 36 >0suchthat sup f(x+h) +f(x—h)—2f(x) < —
al<s n

It follows from Proposition 4.2.7 that G = (), G is the set of points of Fréchet
differentiability of /. One need only check that G, is open for each n € N, and this
is a straightforward consequence of the local Lipschitz property of . O
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The points of Gateaux differentiability of a continuous convex function need not
contain a G, but on many Banach spaces they do; see for example Theorem 4.6.3
and Remark 4.6.4 in Section 4.6. The following is a version of Smulian’s theorem
[404] that is an extremely useful test for differentiability.

Theorem 4.2.10 (Smulian’s theorem). Suppose the convex function f is continuous
at xq. Then, the following are equivalent.

(a) [ is Fréchet differentiable at x.

(b) For each sequence x,, — xo and ¢ € 3f (xg), there exist ng € N and ¢, € f (x;)
for n > ng such that ¢, — ¢.

(c) ¢n — ¢ whenever ¢, € 3f (x,,), ¢ € df (x9) and x, — xo.

(d) (pn — Ny) — 0 whenever ¢, € 0, f (xn), An € 8g,f (yn) and (x,) and (yn)
converge to xo and &, — 0T,

(e) ¢u — ¢ whenever ¢, € 3,f (x0), ¢ € df (xo) and &, — 0.

Proof. (a) = (e): Suppose that (e) does not hold, then there exist &, — 0T, ¢, €
9s,f (x0), ¢ € df (xp) and & > 0 such that

lpn — @l > & forall n.

Now choose 4, € Sx such that (¢, — ¢)(h,) > ¢ and let t,, = 2¢,/¢. Then

1,
= < the — &y < Gu(tnhy) — G (tnhy) — &5

&
2
< f o+ tahy) — f(x0) — ¢ (tahn)

and so (a) does not hold.

(e) = (d): Because f is continuous at xg, we know that /" has Lipschitz constant,
say M, on B, (xo) for some » > 0 (Proposition 4.1.4). In the case ||x,, — xo|| < r, one
can check that ||¢,|| < M + &,/r. Consequently, ¢, (x,) — ¢, (xo) — 0. Thus, for
y € X, one has

On(Y) — Pu(x0) = Pn(¥) — Gn(xu) + Gn(xXn) — dn(x0)
<SS —f ) + en + Gnxn) — Pu(xo)
<f() —f(x0) + &n + If (Gcn) —f (x0)| + ¢pn(x0) — ¢ (x0)|.

Consequently, ¢, € 88;f(x0) where 8;, =& + [ (n) = f(x0)| + |@n(xn) — Pulx0)|
and ¢, — 0. According to (e), ¢, — ¢. Similarly, A, — ¢ and so (d) holds.

(d) = (c): Letting A, = ¢ and y, = x¢, we see that (c) follows directly from (d).

(c) = (b): This follows because the continuity of f at xo implies /" is continuous in
aneighborhood of xo (Proposition 4.1.4), and so by the max formula (4.1.10), af (x;,)
is eventually nonempty whenever x, — xg.

(b) = (a) Let us suppose (a) fails. Then there exist ¢, | 0, 4, € By and ¢ > 0
such that

f(xo + thhy) _f(XO) — ¢ (tyhy) > €t, where ¢ € 8f(xO)
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Let ¢, € of (xo + t,hy,) (for sufficiently large n). Now,
On(tnhy) Ef(xo + tuhy) _f(x0) > ¢ (tyhy) + ety
and so ¢, /4 ¢. Thus (b) fails. O

For Gateaux differentiability, norm convergence of the functionals is replaced with
weak™*-convergence.

Theorem 4.2.11 (Smulian’s theorem). Suppose the convex function f is continuous
at xo. Then, the following are equivalent.

(a) f is Gateaux differentiable at x.

(b) For each sequence x, — x and ¢ € df (xq), there exist nyo € N and ¢,, € of (x,)
for n > ng such that ¢, =+ @.

(c) ¢n —w+ ¢ whenever ¢, € df (x,), ¢ € df (xo) and x, — xo.

(d) (pn — Ap) —w+ 0 whenever ¢, € 3g,f (xp), Ay € O, f (yn) and (x,) and (yu)
converge to xo and &, — 07,

(e) dn —>u+ ¢ whenever ¢, € 3g,f (x0), ¢ € df (xo) and e, — OF.

A more general bornological version of Smulian’s theorem is given in Exer-
cise 4.2.8. The following is an immediate consequence of two versions of Smulian’s
theorem that were just presented. In Section 6.1 we will re-cast Smulian’s theorem in
terms of selections of set-valued mappings.

Corollary 4.2.12 (Continuity of derivative mapping). Suppose the convex function
f : U — Ris continuous. Then f is Fréchet (resp. Gateaux) differentiable on U if
and only if x — [’ (x) is norm-to-norm continuous (resp. norm-to-weak™*-continuous)
onU.

It is often useful to know if the gauge of the lower level set of a differentiable
convex function shares the same differentiability properties as the original function.
This is usually done by applying the implicit function theorem; when the differen-
tiability is merely Géteaux but not C'-smooth, a restriction to finite dimensions
can be used because in finite dimensions, Gateaux differentiability implies C!-
smoothness for convex functions. Below, we give an alternate argument for this type of
situation.

Theorem 4.2.13 (Implicit function theorem for gauges). Suppose f : X —
(—00,+00] is a Isc convex function and that C .= {x : f(x) < a} where f(0) < «
and 0 € int C. Suppose | is B-differentiable at all x € bdry(C). Then yc, the gauge
of C, is B-differentiable at all x where yc(x) > 0.
Proof. First, fix xg € bdry(C) and let ¢ = % Then ¢ (xg) = 1, and so it is the
natural candidate for being the S-derivative y(-(xo). This is precisely, what we will
prove. In what follows, we let H = {h : ¢(h) = 0}.

We now show that ¢ € 9dyc(xg). Observe that if ¢p(u) = 1, then u = xo + &
for some & € H, and so (f"(x¢),h) = 0. Now f(u) > f(x0) + {f'(x0), k) by the
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subgradient inequality. Consequently /() > « and so yc(u) > 1 = ¢(u). Because
yc 1is positively homogeneous, this shows yc(x) > ¢ (x) for all x € X. Therefore,

X)) —p(xo) =0 (x) — 1 <yc(x) =1 =ycx) — yclxo) forallx € X,

which shows that ¢ € 9yc(xg). Moreover, ¢ is the only subgradient of y¢ at xp.
Indeed, suppose ¥ € dyc(xp). Then the subdifferential inequality implies ¥ (xg) = 1.
Also, if h € H, then ¥(h) = ¥ (x0) — ¥(xo —h) < yc(xo) — yclxo —h) < 0
which implies (k) = 0 for all 2~ € H. Consequently, the kernels of ¢ and ¢
are the same, and ¥ (xg) = ¢(xo) = 1, and so ¢ = . Therefore dyc(xg) =
{#}. According to Corollary 4.2.5, y¢ is Gateaux differentiable at xo with Gateaux
derivative ¢.

Because both ¢ and y are positively homogeneous, it follows that ¢ is the Gateaux
derivative of y¢ at Axg for each A > 0. Finally, the derivative mapping x — f”(x)
is norm to 7g-continuous on bdry(C) (Exercise 4.2.8), and because yé (x) = %
for all x in the boundary of C, it follows that x — yé (x) is norm-to-7g continuous
at all x where yc(x) # 0. According to Exercise 4.2.8, y¢ is B-differentiable at all x

where yc(x) # 0. [

The next two results provide a version of Smulian’s theorem for uniformly
continuous derivatives.

Proposition 4.2.14 (Uniform Fréchet differentiability). Suppose f : X — Ris a
continuous convex function. Then the following are equivalent.

(@) x — f'(x) is a uniformly continuous mapping on X, ie. if X,,yn € X and
%2 = yull = 0, then ||f" Cxn) — f" ()| — .

(b) llpn — Ayl — O whenever ¢y € 0g,f (xn), An € Oe,f (Vn), Xn, yn € X, €1 — 0F
and ||xp — ynll — 0.

(c) fis uniformly smooth; that is for each ¢ > 0, there exists § > 0 such that

fx4+h)+f(x—h) —2f(x) <e|hll whenever ||h|| <38 and x € X.
(d) f is uniformly Fréchet differentiable on X. That is,

i S+ th) — f(x)
m--—-
t—0 t

= (f'(x), h)
uniformly for h € Sy and x € X.

Proof. (a) = (d): Suppose that (d) does not hold. Then there exist z, — 0, &, € Sy
and x,, € X and ¢ > 0 such that

[f Cen + tnhn) — f (en) — (f/(xn),tnhnﬂ > ¢lty| foralln € N.
According to the mean value theorem, there exist 0 < A, < 1 such that

|(f/(xn + Antnhn), thhy) — (f/(xn),tnhnn > elty| forn € N.
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Consequently, /7 is not uniformly continuous.
(d) = (c): Suppose (d) is true. Given ¢ > 0, we choose § > 0 so that |/ (x + ty) —
S = (f'(x),ty)| < 5lt| forall [¢{| < 8,x € X,y € Sx. Then,

fx+)+fx—ty) —2f(x) <et forall0 <t <8,xe€ X,y e Sy.

Now, any 4 can be written 4 = ¢ty for some y € Sy with ||4|| = ¢ and so (¢) holds.

(¢c) = (b): Suppose (b) doesn’t hold. Then there exist sequences (x,), (y,) with
Xy —ynll = 0,and e, — 0T with ¢, € 9,/ (xn), Ay € 3¢, f (yn) Where ||y — Ayl >
¢ for all n. Now choose A, such that (¢, — Ay, hy) > e, |Aqll = O, || hnlle > 4de,,
and ||Ax |l = [Ixn — yull. Then

£ Xn — Vn
A
4 nt 2

< gnhnu < ellhnll = 260 < (@ — An) ) — 26,
Sf(xn + hy) +f(J/n — hy) _f(xn) _f(yn)
<SG+ ha) 4 (n— ha) = 2f (%)

_ xn+yn Xn —Vn
()
+f(xn+yn |:h+ 2yn:|> Zf(xn'i'J/n)'

Thus condition (c) doesn’t hold.
(b) = (a): First, f is Fréchet differentiable by Smulian’s theorem (4.2.10). Thus
condition (b) implies the uniform continuity of the derivative. [

From the proof of the previous result, we obtain a relevant bounded set version of
the above.

Proposition 4.2.15 (Uniform smoothness on bounded sets). Suppose f : X — R is
a continuous convex function. Then the following are equivalent.

(a) x — f'(x) is a uniformly continuous mapping on bounded sets.

() Ndn — Anll — 0 whenever ¢y, € 0, f (xu), Au € 3g,f (Vn), where (x,) and (y)
are bounded, &, — 0% and ||x, — y,|| — 0.

(c) f is uniformly smooth on bounded sets, that is, for each K > 0 and ¢ > 0, there
exists 8 > 0 such that f (x + h) + f (x — h) — 2f (x) < ¢||h|| whenever ||x| < K
and ||h|| < 4.

Finally, we state a directional variant of Proposition 4.2.14.

Proposition 4.2.16 (Uniform Gateaux differentiability). Suppose f : X — Risa
continuous convex function. Then the following are equivalent.

(a) Foreach h € Sy, x — {f'(x), h) is a uniformly continuous mapping on X, i.e.
given h € Sy, then |{f'(xy),h) — {f'(yn), h)| — O whenever x,,y, € X and
Iy — yull = O.
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(b) (pn — Ap) — 0 weak® whenever ¢, € 3;,f (x), Ay € 0g,f (Vn) Xn,yn € X,
&n — 0and ||x, — yull = 0.
(c) Foreache > 0andh € Sy, there exists § > 0 such that

fx+th) +f(x—th) —2f(x) < et whenever 0 <t < §andx € X.

(d) f is uniformly Gateaux differentiable on X. That means, for each h € Sy

L4010 _ o,

lim
t—0

uniformly for x € X.

Proof. Ttis left for the reader to check that an appropriate directional modification of
the proof of Proposition 4.2.14 works. 0

Exercises and further results

4.2.1. (@) Let C :={x € ¢p : |xn] <n 2%}, and let / be the indicator function of C.
As in Example 4.2.6, show that 9/ (0) = {0}, but show directly that /" is not Gateaux
differentiable by showing limy_, o (0 + %h) —f(0) = oo where & := (n™!) € ¢p.
(b) Let C be as in (a). Is d¢ Gateaux differentiable at 0?

4.2.2. Use the definition of Gateaux differentiability to show that the function f* in
Example 4.2.3 satisfies /" (0) = 0. Is the function f Isc everywhere?

Hint. Let h € X, Then ¢ (h) = o. Now
im0+ th) —f (0))/¢ = lim (Pe®) /1 = 0.

No, f"is not Isc, otherwise / would be continuous at 0. O

4.2.3. Let X be an infinite-dimensional Banach space. Find an example of a convex
functionf : X — [0, oco] that is Gateaux differentiable at 0, but 0 is not in the interior
of the domain of /.

Hint. Modify Example 4.2.3. Take the function f given therein, and let g(x) := f'(x)
if f(x) <1 and g(x) := oo otherwise. O

4.2.4.* Let C be a closed convex subset of a Banach space X such that 0 € C. Prove
that the following are equivalent.

(a) o2 nC is norm dense in X.
(b) 93¢ (0) = {0}.
(©) 9f(0) = {0} where /" := dc ().

Hint. (a) = (b): Let D C X be dense in X such that D C (J;2, nC. Given h € D,
then %h € C for some n € N. Now

¢ (lh> —¢(0) <éc (lh) —38¢c(0) =0.
n n
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Therefore, ¢ (x) < 0 for all x in some dense subset of X. Therefore ¢ = 0.

(b) = (c): 0 € 9 (0) C 356¢(0) = {0}.

(c) = (a): Proceed by contraposition. Suppose | 7, nC is not dense in X, then
choose 7 € X and § > 0 such that (4 + 8Bx) N (s> nC) = ¥. Then (h+ 8Bx) N
(U2 nC) = ¢ for all k € N, and so dc (3h) > 8 for all k € N. Now conclude
that 9/ (0) # {0}.

See [77, Proposition 2] for a different approach to a related result. |

4.2.5. Generalize Example 4.2.6 by proving that the following are equivalent for a
Banach space X

(a) X admits a closed convex set K with 0 € K \ intK and | J #K is dense in X.
(b) There is a Isc proper convex f : X — (—o00, +00] such that 9f(0) is a singleton,
but /" is not Gateaux differentiable at 0.

Hint. (a) = (b): Let K be as given, and let f(x) = 6k (x), the indicator function of
K. Then f is not continuous at 0 since 0 is not in the interior of the domain of .
However, df (0) = {0} by Exercise 4.2.4
(b) = (a): Let f be a function as given in (b), and let ¢ € 9f(0). By replacing
f with f — ¢, we may assume that df(0) = {0} and f(x) > f(0) = O for all
x € X. Now f is not continuous at 0, because f is not Gateaux differentiable at 0.
Let C .= {x € By : f(x) < 1}. Then0 € C,but0 ¢ intC. Let C; := {x €
Bx : lim,_ g+ f(th)/t < 1}. One can check that C; is convex, and if 2 € Cj, then
th € C for some ¢t > 0. Now let C; = {h € C : lim;_, o+ f(¢th)/t < 1}. Then C; is
convex. Now the desired set is K, the norm closure of C,. Check that f (x) > di (x) if
x € By \ K since lim;_, g+ f(th)/t > 1 for h € By \ K. Therefore, 0 < dx(x) < f(x)
for all x € By. Therefore, when g(x) = dx (x), one has dg(0) = {0} and so UZil nkK
is norm dense in X by Exercise 4.2.4.
Note [77, p. 1126] asks whether every Banach space admits such a set K as in (a).
U

4.2.6.* Suppose C is a closed convex set with empty interior in a Banach space.

(a) Prove that /" := d¢(-) is not Fréchet differentiable at any x € C.
(b) Find an example of f as in (a) where f is Gateaux differentiable at some
point(s) in C.

Hint. (a) Translate C so that 0 € C. Because 0 € 9f(0), it is a candidate for the
derivative. Suppose f* is Fréchet differentiable at 0. Then there exists » € N so that
f(h) < ||h||/4 whenever ||h]|| < 1/n. Now consider the closed convex set nC which
also has empty interior. For each # € Sy, deduce that there exists x € nC so that
llx — Al < 1/3. Because nC has empty interior, we choose yg with ||yo|| < 1/3 so that
yo & nC. Use the basic separation theorem (4.1.12) to show that there exists ¢ € Sx+
so that sup, - ¢ < ¢(yo) < 1/3. This contradicts the property that d,,c(h) < 1/3 for
each 1 € Sy.

(b) See Exercise 4.2.4. [
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4.2.7.* Prove Smulian’s theorem for Gateaux differentiability (Theorem 4.2.11).

Hint. This follows from the following more general exercise. |

4.2.8 (Smulian’s theorem for B-differentiability).* Suppose the proper convex
function f is continuous at xo. Then, the following are equivalent.

(a) f is B-differentiable at xq.

(b) For each sequence x,, — x and ¢ € df (xp), there exist ny € N and ¢, € 9f (x;,)
for n > ng such that ¢, —; ¢.

(©) én —; ¢ whenever ¢, € 3f (xn), ¢ € 9f (x9) and x, — Xo.

(d) (¢n — Ap) 18 0 whenever ¢, € g,/ (x4), An € Oe,f (Yn), Xn — X0, Yn —> Xo
and g, — 0T,

(€) ¢n — 14 ¢ Whenever ¢, € 3,f (x0), ¢ € 3f (xo) and &, — 0F.

(f) Given any B-set W and any ¢ > 0, there exists § > 0 depending on ¢ and W
such that /' (x + th) + f(x — th) — 2f (xo) < te whenever 0 < ¢ < §.

Hint. (a) = (f): Given W and ¢ > 0, by the definition of S-differentiability, choose
8 > 0 so that |/ (xo + th) — f(x0) —f" (x0) (th)| < %|t| forall [¢{| < §and h € W.Now
(e) follows directly from this.

(f) = (e): Suppose that (¢) does not hold, then there exist e, — 0%, ¢, € 8¢,/ (x0),
¢ € df (xg) and & > 0 such that

sup |¢, — ¢| > ¢ for all n and some B-set W.
/4

Now choose 4, € W such that (¢, — ¢)(h,) > ¢ and let t, = 2¢,/e. Then

tn; < twe — &y < Pultnhn) — ¢ (tahy) — &n
< f o + tyhy) — f(x0) + f (xo — tyhy) — f (x0)
and so (f) does not hold.

(e) = (d): As in the proof of Theorem 4.2.10 (¢) = (d) we have ¢, Ay € 9/ (x0)
where g, — 0. Thus ¢, — 14 ¢ and A, — ¢, ¢ and so (d) follows.

(d) = (¢) and (¢) = (b) are straightforward. To prove (b) = (a) we suppose f is
not B-differentiable at xo. Then there exist#, | 0 and 4, € W where W is a S-set and
& > 0 such that

f(xO + t,hy) _f(XO) - ¢(tnhn) > &t, where ¢ € 3f()€0)
For sufficiently large n, there exist ¢, € 9f (xo + t,/,). Now,
¢n(tnhn) zf(x() + tyhy) _f(xO) > ¢(tnhn) + ety

and so ¢, /1, ¢. O
4.2.9.*

(a) Suppose /' : X* — R is convex and weak*-Isc (hence continuous as a finite
valued convex function). Is it true that 9f (x*) N X # ¢ for each x* € X*?
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(b) Suppose f : X* — (—o00, +00] is convex and weak*-Isc. Is it true that 9./ (x*) N
X # @ for each ¢ > 0, and each x* € dom(f)?

Hint. (a) No, for f := || - ||; the usual norm on £, consider x* := (277).
(b) Yes, use the weak™ epi-separation theorem (4.1.23). O

4.2.10 (Smulian’s theorem A-differentiability weak*-Isc functions).* Suppose the
weak*-Isc convex function f* : X* — (—o00,+00] is continuous at ¢9. Then, the
following are equivalent.

(a) f is B-differentiable at ¢y.

®) p—yn) —>1 0 whenever x,, € 0.,/ () N X, Yy € 0, f (Ay) N X, ¢ — o,
Ap — ¢pand e, — 0T,

(¢) x4 =, ® whenever x, € 9,/ (¢0), P € f (¢o) and &, — 07,

Hint. The point of this exercise is that one need only consider e-subgradients from
X. Clearly (a) = (c) follows from Smulian’s theorem as in Exercise 4.2.8, and (c) =
(b) is proved as in the Exercise 4.2.8.

Now suppose f is not S-differentiable at ¢pg. Then there is a B-set W C X* with
wy, € Wandt, — 01 and ¢ > 0 such that

S (@0 + tawy) + 1 (Po — tywy) — 2f (do) > ety

Choose x, € 9;,f (o + tywy,) and y, € 3;.f (9o — thyw,) where &, = t,6/4. Then
(n — yn) tnwy) = &ty /2

and so (x, — y»)» does not converge 1 to 0. [

4.2.11.* (a) Suppose f : X* — R is weak*-Isc and convex, and that f is Fréchet
differentiable at xj € X*. Show that f'(x§) € X. What if /" is only Gateaux or weak
Hadamard differentiable?

(b) Suppose X is weakly sequentially complete and f : X* — (—o0, +00] is weak™*-
Iscand convex. Suppose f*is Gateaux differentiable atx; € X*. Show thatf’(xj) € X.

Hint. (a) Let ® = f"(x§). Choose x, € 31/, (xj) NX. By Smulian’s theorem (4.2.10),
Xp, — @ in norm, and so ® € X. This need not be true if f* is weak Hadamard
differentiable, see hint for Exercise 4.2.9(a).

(b) Let @ and x, be as in the proof of (a). Then by Smulian’s theorem (4.2.11)
Xp =+ ®P. Thus (x,) is weakly Cauchy. Thus x,, —,, x for somex € X. Necessarily,
x=®. [

4.2.12 (Monotone gradients and convexity).* Suppose f : U — R is Gateaux differ-
entiable and U is an open convex subset of a Banach space. Show that f* is convex
if and only if (Vf(x) — Vf(y),x —y) > 0 for all x,y € U. Moreover, f is strictly
convex if and only if the preceding inequality is strict.

Hint. See the proof of Theorem 2.2.6. [
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4.2.13 (Gateaux differentiability spaces). Suppose X is a Banach space such that
each continuous convex function on X has a point of Gateaux differentiability. Prove
that By is weak™*-sequentially compact.

*

Hint. We follow [199, Theorem 10.10]. Let (¢,)s>1 C Bx*, and let 4, = (¢l-),~znw
and let 4 = Ny>14,. Definep : X — R by p(x) = sup{¢(x) : ¢ € A}. Thenpisa
continuous convex function, and therefore, is Gateaux differentiable at some xy € X.
Now xq attains its supremum on A, and so ¢g(xp) = p(xg) for some ¢y € 4. Now, it
is easy to verify that ¢9 € dp(xg). Now ¢ € A, for each n, and so for eachj € N,
there is a ¢, with n; > n such that |¢y; (x0) — do(x0)| < ]l., now one can easily verify

&n; € Bpllﬁ (x0). Thus by Smulian’s theorem (4.2.11), Gn; = w* Po. O

4.3 Variational principles

We begin with Ekeland’s variational principle.

Theorem 4.3.1 (Ekeland’s variational principle). Let (X,d) be a complete metric
space and let f : X — (—00,+00] be a Isc function bounded from below. Suppose
that ¢ > 0 and z € X satisfy

f(z) <inff +e.
X
Suppose A > 0 is given, then there exists y € X such that

(@) d(z,y) <A,
(1) f(¥) + (e/M)d(z,y) <f(2), and
(¢) f(x) + (e/M)d(x,y) > f(y), for all x € X \ {y}.

Proof. We prove this in the case A = 1, and note the general case follows by replacing

d(-,-) with A~1d(-,-). Define a sequence (z;) by induction starting with zy = z.
Suppose that we have defined z;. Set

Sit={xreX : f(x)+edxz) <f(z)}

and consider two possible cases: (i) infg, / = f(z;). Then we define z;; = z.
(ii) infs, f < f(z;). We choose z;11 € S; such that

fars) < inff + 507G = inf 1= 507G +inf /1 < /G @3

We show that (z;) is a Cauchy sequence. In fact, if (i) ever occurs, then z; is stationary
for 7 large. Otherwise,

ed(zi,ziy1) < f () — f(ziv1)- 4.3.2)

Adding (4.3.2) up from i toj — 1 > i we have

ed(zi,zj) < f(zi) — f(z)). (4.3.3)
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Observe that the sequence (f(z;)) is decreasing and bounded from below by infy f,
and therefore convergent. We conclude from (4.3.3) that (z;) is Cauchy. Let y :=
lim;_, » z;. We show that y satisfies the conclusions of the theorem. Setting i = 0 in
(4.3.3) we have

ed(z,z) + f(z) < f(2). (4.3.4)

Taking limits as j — oo yields (b). Since f(z) — f(y) < f(z) —infxf < ¢, (a)
follows from (b). It remains to show that y satisfies (c). Fixing i in (4.3.3) and taking
limits as j — oo yields y € ;. That is to say

o0
y e ﬂSi~
i=1
On the other hand, if x € ﬂ;’il S; then, foralli=1,2,...,
ed(x,zit1) < fzit1) —f(X) < f(zip1) — ilsl_ff- (4.3.5)

It follows from (4.3.1) that f(z;+1) — infs, f < f(zi) — f(zi+1), and therefore
lim;[ f (zi+1) —infs, /] = 0. Taking limits in (4.3.5) as i — oo we have ed (x,y) = 0.
It follows that

(S = (). (4.3.6)
i=1

Notice that the sequence of sets (S;) is nested, i.e. for any 7, S;y1 C §;. In fact, for
any x € Siy1, f(x) + ed(x,ziy1) < f(zi+1) and z;11 € S; yields

fx) +ed(x,z) < f(x) +ed(x,zir1) + ed(zi,zi11)
< fGiy1) +ed(zi,ziv1) < f(z), (4.3.7)
which implies that x € §;. Now, for any x # y, it follows from (4.3.6) that when i
sufficiently large x & S;. Thus, f'(x) 4+ ed(x,z;) > f(z;). Taking limits as i — oo we

conclude f'(x) + ed(x,y) > f(»); now observe the inequality can be made strict for
all x # y because the argument works for any ¢ > 0 such that f'(z) < infy f+¢e. [

Theorem 4.3.2 (Brondsted—Rockafellar). Suppose f is a proper Isc convex function
on the Banach space X . Then given any xo € domf, ¢ > 0, A > 0 and xjj € 9¢f (xo),
there exist x € domf and x* € X* such that

X" € (), lIx —xoll < &/A and ||Ix* — x5l < A.
In particular, the domain of df is dense in the domain of f .

Proof. First, (x3,x —xp) < f(x) —f (xo) forall x € X. Now define the function g by
g(x) :=f(x) — (x5, x) forx € X. Then g is proper and Isc and has the same domain
as /. Observe that g(xg) < infx g + ¢, and so Ekeland’s variational principle (4.3.1)
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implies that there exists y € dom f suchthatA|ly—xo| < &, Allx—y|+g(x) > g(y) for
all x € X. Now define the function 2 by A(x) := A|lx—y|| —g(y). Then g(x) > —h(x)
for all x and g(y) = —Ah(y). According to the sandwich theorem (4.1.18) there is an
affine separator « + ¢ where ¢ € X™* and o € R such that

—h(x) <a+¢(x) <gkx) forallx e X,

and moreover ¢ € dg(y) and ¢ € dh(y). Letx := y and x* := ¢+x3.Then ol < A
and x* € 9f (x) as desired. O

Corollary 4.3.3. Suppose f is a proper Isc convex function on the Banach space X .
Givenanyxy € dom f ande > 0thenthereisanx € dom df so that |f (x)—f (xo)| < &
and ||x — xo| < &.

Proof. Let e > 0 and xo € domf. Fix xj € 9¢/2f (xo) and let K := max{||xgll, 1}.
According to the Brondsted-Rockafellar theorem (4.3.2) there exist x € domf and
x* € X* such that

X" € 0f @), ¥ = x0l] < 3 and " —xj| < K.
Because x;j € g2/ (x0), we have
f) —f(x0) = x5(x —x0) —&/2 > —K(¢/2K) — /2 = —e.
Also, ||x*|| < 2K, and the subdifferential inequality implies
S (x0) —f(¥) = x*(x0 —x) = =2K||xo — x[| = —e.
Together, the previous two inequalities imply [/ (x) — f (x0)| < € as desired. O

We now present the Bishop-Phelps theorem in the classical setting of norm-
attaining functionals. An important more general version is given in Exercise 4.3.6.

Theorem 4.3.4 (Bishop—Phelps). Suppose X is a Banach space, then the set of
functionals that attain their norms on By is dense in X*.

Proof. Given ¢pg € X*, and ¢ € (0, 1), choose xp € Sy such that ¢o(xg) > |l — &.
Consider the function f defined by f(x) := ||¢o|l||x||. Then ¢9 € 9.f. According to
the Brendsted—Rockafellar theorem (4.3.2) with A = /e there is an x; € X with
lx1 — xoll < /€ and ||¢ — ¢o|l < /€ such that ¢ € 3f (x;). Then ¢ attains its norm
at xi/[lxy||- O

The following lemma provides a unified approach to several important classes of
variational principles including smooth variational principles. Exercise 4.3.4 outlines
how Lemma 4.3.5 can be used to obtain versions of Ekeland’s variational principle
and the Brendsted—Rockafellar theorem. For this, we shall say a function f : X —
(—o00, +00] attains its strong minimum at xo if f(x) > f(xp) for all x # x¢ and
X, — xo whenever f(x,) — f(xo).
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Lemma 4.3.5. Let X be a Banach space, and let f : X — (—o00,+0o0] be Isc,
bounded below with domf # (. Let (Y,| - |ly) be a Banach space of bounded
continuous real valued functions on X such that:

(a) foreveryg €Y, lglly = lIglloos

(b) foreveryg €Y and everyu € X, ||t.glly = |lglly where t,g(x) = g(x + u) for
eachx € X;

(c) for every g € Y and every a > 0, the function h : X — R defined by h(x) :=
g(ax) belongs to Y,

(d) there exists b € Y such that b has bounded nonempty support in X.

Then the set of all g € Y such that f + g attains its strong minimum on X is a dense
Gs-subset of Y.

Proof. Consider the sets

U, ={g €Y : there exists xop € X such that
(f + @) (x0) < inf {(f +)(x) : x € X \ Bxo, 1/m)}}.

First, because || - ||y > || - lloo, it follows that U, is an open set in Y. Next we will
show that U,, is dense in Y.
Letg e Yande > 0. We will find 4 € Y and x9o € X such that |||y < € and

(f +g+hx) <inf{(f +g+ M) : x€X\Bx,1/n)}
Conditions (b) and (d) ensure that there is a bump function » € Y such that 5(0) # 0.
Replacing b(x) with a1 b(apx) using appropriately chosen a1,y € R we assume that

b(0) > 0, ||b]ly < € and b(x) = 0 whenever ||x|| > 1/n. Because /' + g is bounded
below, we select xo € X such that

(f +@xo) < inf{(f +g)(x) : x € X} + b(0).
Let h(x) = —b(x — x0). According to (b), & € ¥ and ||k]ly < &. Additionally,
(f +g+hxo) = (f +8)xo) — b(0) < i}f(f +2).
Ifx € X \ B(xo, 1/n), then
(f+eg+hex) =+ = i§f(f + ).

Therefore, g + & € U, which in turn implies U, is dense in Y. Consequently, G =
U2, Uy is a dense Gs-subset of Y.

We show for g € G that f + g attains its strong minimum on X . Indeed, for each
n > 1, letx, € X be such that

(f + &) () <inf{(f +&)(x) : x € X\ B(xy,1/n)}.
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Nowx, € B(x,,1/n) forp > n. Otherwise, by the choice of x,, we have (f +g)(x,) >
(f + g)(x,). Then since ||x, — x|l = 1/n > 1/p, by the choice of x, we have
(f +8)(xn) > (f + g)(xp) which is a contradiction.

Thus (x,) is a Cauchy sequence in X, and so it must converge to some xo, € X.
The lower-semicontinuity of / then implies

(f + 8)(xo0) < liminf(f + g)(xy)
< liminf[inf{(f + g)(x) : x € X \ B(x,, 1/n)}]
<inf{(f +8)® : x €X\ {xx}}.

Therefore, / + g attains its minimum at xo,, and we now show that this is a strong
minimum. To this end, suppose (f + g)(vn) = (f + 2)(xs0) but that (y,) does not
converge to x,. By passing to a subsequence if necessary, we assume that ||y, —xs || >
¢ forallnandsome & > 0. It follows that there is an integer p such that ||x, —y, || > 1/p
for all n. Consequently,

(f+2) () < (f+8)(xp) <inf{(f +2)(x) : lIx —x,|l > 1/p}
< (f+g)(y,) foralln.

This contradiction shows that ( f + g) attains its strong minimum at xg

To conclude that the set of g € Y such that / 4 g attains its strong minimum on X
is a dense Gs-set (rather than residual as has just been shown), one need only observe
that if (f + g) attains its strong minimum at some xo € X, then g € U, for each n
where U, is as defined above. O

Theorem 4.3.6 (Smooth variational principle). Let X be a Banach space that admits
a Lipschitz function with bounded nonempty support that is Fréchet differentiable
(resp. Gateaux differentiable). Then for every proper Isc bounded below function f
defined on X and every ¢ > 0, there exists a function g which is Lipschitz and Fréchet
differentiable (resp. Gdteaux differentiable) on X such that ||gllco < &, 1€ llcc < &
and f + g attains its strong minimum on X.

Proof. Consider the space Y of functions that are bounded, Lipschitz and Fréchet
differentiable (resp. Gateaux differentiable) on X, where || - ||y is defined by ||g|ly =
llglloo +11€’llco- Then Y is a Banach spaces satisfying the conditions of Lemma 4.3.5.

|

Definition 4.3.7 (Fréchet subdifferential [121]). Letf: X — (—o00, +00]beaproper
Isc function on a Banach space X. We say f is Fréchet-subdifferentiable and x* is a
Fréchet-subderivative of f at x if x € domf" and

liming C TR =S =R (4.3.8)
2] —0 A1l

The set of all Fréchet-subderivatives of / at x is denoted by drf (x). This object is the
Fréchet subdifferential of f at x. We set dpf (x) = ¥ if x & domf".
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Figure 4.1 An e-subdifferential at 0 and a Fréchet subdifferential at 3/2 for (1 — |x|)2.

Recall, that the lower directional derivative from above is defined by

eSO th) —f )

e
s =it

(4.3.9)
Fréchet subdifferentials are enormously useful and while much can be done with
their Gateaux analogs we shall not do so herein, see [122, 121]. We do record that
Opf(x) C dgf (x) :={x : (x*,h) <f (x;h) forall h € X}.

We say a Banach space is Fréchet smooth provided that it has an equivalent norm
that is differentiable, indeed C'-smooth, for all x # 0. The following ‘approximate
mean value theorem’ encodes a great deal of variational information in terms of
Fréchet subdifferentials. It will be used to good effect several times later in the book.

Theorem 4.3.8 (Limiting approximate mean value theorem [121]). Let f: X —
(=00, +00] be a Isc function on a Fréchet smooth Banach space X . Suppose a # b €
X with f(a) < 0o and that —oco < r < oo satisfies r < f(b) — f (a). Then there exist
¢ € [a,b) and a sequence (x;) with (x;,f(x;)) — (c,f(c)) and x} € Orf (x;) such
that (i) liminf;_, oo (x}, c — x;) = 0; (ii) lim inf;_, oo (x}, b — a) > r; and (iii) f(c) <

S (@) +Ir|.

Exercises and further results

4.3.1. Show that Ekeland’s variational principle holds if and only if the metric space

(X, d) is complete.

Hint. The ‘if” part was done; for the converse consider the function f(x) :=

lim;_, oo d(x;,x) where (x;) is a Cauchy sequence in X. For ¢ € (0, 1), choose y € X

suchthatf (y) < eandf(y) < f(x)+ed(x,y) forallx € X.Showthaty = lim;_, o x;.
|
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4.3.2 (Banach’s fixed point theorem). Let (X, d) be a complete metric space and let
¢ : X — X. Suppose there exists 0 < k < 1 such that d(¢ (x),d(y)) < kd(x,y) for
all x,y € X. The there is a unique fixed point y € X such that ¢(y) = y.

Hint. Letf (x) := d(x, ¢ (x)). Apply Theorem4.3.1tof withA = 1 and0 < ¢ < 1 —k.
Show that the y € X such that f(x) + ed(x,y) > f(y) for all x € X is the desired
fixed point. 0

Banach’s theorem holds on any incomplete space with the fixed point property for
continuous self-maps such as the set consisting of the diameters of the closed unit
disk in the plane with rational slope. Thus, Ekeland’s principle is in many ways a
more refined tool.

4.3.3.** (Diametral sets, approximate fixed points and nonexpansive mappings [400])
One of the most longstanding questions in geometric fixed point theory is whether a
nonexpansive self-map 7" of a closed bounded convex subset C of a reflexive space
X must have a fixed point. Here we sketch the convex geometry underlying much
current research. We will have use for the radius function, also called the farthest
point function defined by
re(x) :==sup [|x — yl|.
yeC

Note that ¢ = reeawe 1s convex and continuous if C is bounded.

(a) (Approximate fixed points) A sequence (x,) in C is an approximate fixed point
sequence for T if ||x, — T'(x,)|| =, 0. Apply the Banach fixed point theorem
(Exercise 4.3.2) to show that approximate fixed points exist for nonexpansive
mappings when C is closed, bounded and convex in a Banach space. Deduce in
Euclidean space that T has fixed point.

Hint. Consider T, := (1 — 1/n) T + 1/n ¢ for some ¢ € C. O

(b) (Diametral sets) A general strategy is to appeal to weak-compactness and Zorn’s
lemma to show that 7 must have a minimal invariant weakly-compact convex
subset Cy and to look for conditions to force it to be singleton. (Note that Cy =
convT (Cyp) is forced by minimality.) Prove the following useful result:

Lemma 4.3.9 (Convex invariance). Let C be a minimal invariant weakly com-
pact convex set for a nonexpansive mapping mapping T on a Banach space.
Suppose (i) ¥ : C — R is Isc and convex; and (ii) satisfies ¥ (T (x)) < ¥ (x) for
x € C. Then  is constant on C.

(c) Apply Lemma 4.3.9 to ¢ := rc¢ to prove:

Theorem 4.3.10 (Brodskii—-Milman). Let C be a minimal invariant weakly
compact convex set for a nonexpansive T. Then for every x € C one has
rc(x) = diam(C).

Such a set is called diametral. Show that the set C := conv,cn{e,} in co(N) is
weakly-compact convex and diametral (since e, — 4,0).

(d) Let C be minimal with (a,) be an approximate fixed point sequence. Let (x;) be
an arbitrary subsequence of (a,,). Apply Lemma 4.3.9 to ¢ := lim supy, [|x — x|
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to prove a result of Goebel and Karlovitz, namely that lim,, ||x — a,|| = diam(C)
for all x € C. So nontrivial minimal sets are quite peculiar geometrically.

(e) (Normal structure) A space has normal structure if all diametral weakly compact
convex sets are singleton. Show that every uniformly convex Banach space has
normal structure (see Section 5.1 for some basic properties of uniformly convex
spaces). Hence in a uniformly convex Banach space every nonexpansive self-map
of a closed bounded convex subset has a fixed point. We thus recover classical
results of Browder — the UC case — and of Kirk. Much more can be followed
up in [400].

4.3.4. This exercise provides an alternate approach to Ekeland’s variational principle
and some of its consequences using Lemma 4.3.5.

(a) Use Lemma 4.3.5 to prove the following version of Ekeland’s variational
principle:

Theorem 4.3.11 (Ekeland’s variational principle). Let X be a Banach space and
let f : X — (—00,+00] be Isc, bounded below with dom f # (. Given ¢ > 0,
there exists xo € dom f such that for all x € X one has

f@x) = f(xo) —ellx —xolland f(xo) <inff +e.

(b) Use Theorem 4.3.11 to prove Theorem 4.3.1 when X is assumed to be a Banach
space, and the starting assumption on z is that f (z) < infy f + ¢/4.

(c) Use (b) do derive the conclusion of the Brendsted—Rockafellar theorem under
the stronger assumption xjj € 9¢/4f (xo).

(d) Use (c) to derive the Bishop—Phelps theorem and Corollary 4.3.3.

Hint. (a) The Banach space of all bounded Lipschitzian functions on X equipped with
the norm

lg(x) — gl : x#y}

lglly == lIglloo + sup {
lx =yl

satisfies the conditions required in Lemma 4.3.5. Accordingly, there exist g € Y and
xo € X such that ||g||ly < &/2 and f + g attains its minimum at xo. Consequently,

S ) = f(x0) + glxo) — g(x) > f(x0) — ellx —xoll forallx € X.
Additionally, because ||g|ly < /2, one has
S(x) = f(x0) + g(x0) — g(x) = f(x0) — e.

Thus we conclude that f'(xg) < infy f + ¢.
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(b)Letg(x) =f(x)+ % lx —z||; then f and g have the same domain, and according
to Theorem 4.3.11 there exists y € dom g such that

A
g =g = Slx—yl and g(y) <infg+ 7.

(c) and (d) follow from straightforward modifications of the given proofs. O

4.3.5. Let X beaBanach space, xo € Sy, ¢ > 0and ¢ € Sy with ¢ (xg) > 1 —&2/2.
Use the Brendsted—Rockafellar theorem (4.3.2) to show there exist x € Sy and
¢ € Sy= such that ||xo — X|| < &, |¢o — ¢|| < € and ¢ (%) = 1.

Hint. Note ¢ € 9,2 5]|x0l, after applying the Brondsted—Rockafellar theorem, find
an appropriate x € Sy. A proof that does not use the Brondsted—Rockafellar theorem
may be found in [60]. O

4.3.6 (Another Bishop—Phelps theorem).* Suppose C is a nonempty closed convex
subset of a Banach space X. Show that

(a) The support points of C are dense in its boundary.
(b) The support functionals of C are dense in the cone of all those functionals that
are bounded above on C.

Hint. Letf := 8¢. For (a),let 0 < ¢ < 1 andx; € X \ C be such that ||xg — x| < &.
By the basic separation theorem (4.1.12) find xij € Sy+ such that oc(xj) < (xj,x1).
Apply the Brendsted—Rockafellar theorem (4.3.2) to f with A = /¢ . For (b), suppose
oc(xy) < o0o. Choose xo € C with (x§,x0) > oc(xj) —e where 0 < & < ||x5‘||2.
Apply the Brendsted—Rockafellar theorem (4.3.2) as in (a). See [350, Theorem 3.18]

for further details. O

4.3.7. Note that for a convex function f one has df = drf = dgf. Show that for
a concave function g one has rather {Vrg} = drg and {Vgg} = dgg. (VFf (x) and
Vgf (x) denote Fréchet and Gateaux derivatives respectively).

4.3.8.** Use Ekeland’s variational principle (4.3.1) to show that a Banach space with
a Fréchet differentiable bump function is an Asplund space.

Hint. See the paper [194]. ]

4.3.9.* Show that if a Banach space has a Fréchet differentiable (resp. Gateaux
differentiable) norm, then it has a Lipschitz C!-smooth (resp. Lipschitz Gateaux
differentiable) bump function.

Hint. Construct a smooth Lipschitz bump function from the norm by composing it
with an appropriate real-valued function. 0

4.3.10.* Show that if a Banach space has a Fréchet differentiable (resp. Gateaux
differentiable) bump function thatis Lipschitz, then every continuous convex function
on X is Fréchet (resp. Gateaux) differentiable on a dense subset of its domain. Deduce
the same respective conclusions when X has an equivalent Fréchet (resp. Gateaux)
differentiable norm.

Hint. For the first part use the smooth variational principle (4.3.6), deduce the second
part from Exercise 4.3.9. O
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4.3.11. Suppose f is a proper Isc convex function on X. Show that

f@) =sup{lp(x —») +f(») : ¢ €3 (y), y € dom(3f)}

for any x € domf.

Hint. One proof is similar to the proof of Corollary 4.3.3. O

4.3.12.** (a) (Supporting hyperplane lemma). Let X be a Banach space, and let
f : X — (—00,400] be a proper Isc convex function. Suppose that C is a closed
bounded convex set so that the distance between epif and C is positive. Show that
there exist xo € dom df and ¢g € 9f (xp) so that C lies below the graph of

x = f(x0) + polx —xp) — &.

(b) Let 1 be a proper Isc convex function defined on a Banach space X. For each
y € X* with f*(y) < oo, show that there exists a sequence (y,) in range(df)
strongly convergent to y with f*(y) = lim,— 0 /™ (n).

Hint. Part (a) was shown in [44, Lemma 4.10] using the comprehensive variational
principle stated below in Theorem 4.3.12. Warning: we do not know of a simple
direct proof using the separation techniques and variational principles proved from
this chapter. Use the supporting hyperplane lemma of part (a) to deduce (b); see [20,
Proposition 4.3] for further details. Note also the conjugate function f* is introduced
with basic properties in Section 4.4 below. |

The following comprehensive result from [63] is useful for showing many results
on convex functions, of which Exercise 4.3.12 is just one such example.

Theorem 4.3.12 (Borwein’s variational principle). Suppose that f is a proper Isc
convex function on a Banach space X, that ¢ > 0, B > 0 and that xo € domf.
Suppose, further, that x; € df;(xo). Then there exist points x, € domf and x} € X*
such that

(@) xi € 0f (xe) and ||xe — xo| < NG

(D) |f (xe) —f(x0)| < e(e + 1/B) where by convention 1/0 = +00;
© lixi —xgll < Ve + BlxgID;

@ (x%,y) — (x50 < Vel + Blxg, ) forally € X, and

(e) x; € daef (x0).

The key results needed in the proof of Theorem 4.3.12 are Ekeland’s variational
principle, and the sum rule for subdifferentials (4.1.19); see [349, Chapter 3] for a
proof and several applications illustrating the utility of this result. Indeed, a vigorous
reader can provide the proof given those hints and the advice to apply Ekeland’s
variational principle to the function g := f —xg intherenorm ||x||g := [lx[|+8]{xj, x)|.

For now, we are content to mention a powerful subdifferential formula whose
proof as given in [35] relies on careful application of Borwein’s variational
principle (4.3.12).
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Theorem 4.3.13 (Subdifferential formula [35]). Let E be a Banach space. Suppose
int dom f # @ and x € E. Define a set S(x) in E* by requiring x* € S(x) if and only
if there exist bounded nets (xy) in intdomyf and (x}) in X* such that for every a,
xy € 0f (%a), X — X, X —>w+ X*, and f (xg) — f(x). Let N(x) = Ngom s (x). Then
letting cly« represent the weak™-closure:

3f (x) = clyx (N (x) 4 clys conv S(x)).

Furthermore, if dom Vf is dense in dom df, then define G(x) by y* € G(x) precisely
when there exists a bounded net (yy) in dom Vf such that (Vf(yy)) is bounded,

Ya = X%, Vi (Vo) = w* y*’f(J’a) — f(x). In this case,
3f (¥) = clyx (N (x) + clyx conv G(x)).

Note that the assumption on denseness in the ‘Furthermore’ part is always satisfied
in a Gateaux differentiability space (GDS) and thus in all separable and all Euclidean
spaces. Moreover, when £ is a GDS this construction can be performed with sequences
because the dual ball is weak*-sequentially compact, see Exercise 4.2.13.

4.4 Conjugate functions and Fenchel duality

We begin this section by developing basic properties of the Fenchel conjugate of
a functions. The section concludes with a sketch Fenchel duality theory which
can be covered any time after the definition of conjugate functions and the basic
Proposition 4.4.1.

4.4.1 Properties of conjugate functions

Let X be a Banach space. The Fenchel conjugate of a function f : X — [—00, 4+00]
is the function /*: X* — [—o00, +00] defined by

SHF) = sup{(x™, x) — £ (x)}.
xeX

The function /™ is convex and if the domain of f is nonempty then /™ never takes
the value —oo. We can consider the conjugate of /™ called the biconjugate of f and
denoted by f**. This is a function on X**.
We refer the reader to Table 2.1 on p. 45 for some basic examples of Fenchel
conjugates, and to Table 2.2 on p. 46 for some properties on transformed conjugates.
The following is an elementary but important result concerning conjugate func-
tions; part (a) is the famous Fenchel-Young inequality.

Proposition 4.4.1. Letf : X — [—00,+00], x € X, x* € X* and ¢ > 0. Then

(@ fx)+f*x*) > (x*,x), and equality holds if and only if x* € 9f (x).
(b) x* € 3:f(x) ifand only if f (x) + f*(x*) < (x,x*) + ¢.

() Iff <g theng* = f™.

@) [*lx <f.
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Proof. To prove (b), observe that x* € d.f (x) if and only if x*(y) — x*(x) < f(y) —
f(x)+eforally € X, ifand only if x*(y) — f(y) < x*(x) —f(x) + ¢ forally € X,
if and only if f*(x*) < x*(x) — f(x) + ¢, if and only if /' (x) + f*(x*) < x*(x) + &.
This proves (b).

Now the definition of /™ implies /*(x*) > x*(x) —f(x) forall x € X and x* € X*.
Consequently, /' (x) +/*(x*) > x*(x) forallx € X, x* € X. Applying the proof of (b)
with ¢ = 0 implies f (x) + f*(x*) < x*(x) if and only if x* € 9f(x). Thus (a) is true.

The definition of the conjugate immediately implies (c), while using the definition
and then (a) we obtain /**(x) = sup{{x,x*) — f*(x*) : x* € X*} < f(x). O

We next explore how properties such as boundedness and continuity are related
with a convex function and its conjugate. We begin by addressing when the second
conjugate of a function is equal to the original function.

Proposition 4.4.2. (a) Suppose f : X — (—00,400] is convex and proper. Then
[ (x) =f(x) atx € X ifand only if f is Isc at x. In particular, f is Isc if and only if
Il =f

(b) Suppose [ : X* — (—o00,+00] is convex, proper and Isc. Then (f*|x)* = f if
and only if f is weak™*-Isc.

Proof. (a) First, if f**(xg) = f (x9), then /" is Isc at x( because f™** is Isc and f/** < f°
[Proposition 4.4.1(d)]. For the converse, let xo be a point where 1" is Isc. By Propo-
sition 4.4.1(d), f**(xg) < f(xo) and so it suffices to show /**(x9) > « whenever
f(x0) > a. So suppose f (xg) > «. Using the epi-separation theorem (4.1.21), choose
¢ € X suchthatep(x) —¢(xo) <f(x)—aforallx € X. Thus ¢ (x) —f (x) < ¢(x9) —«
for all x € X, and so f*(¢) < ¢ (x9) — . Thus f**(xg) > ¢ (x0) — [¢(x0) — @] = «.

(b) Is left as an exercise which can be similarly derived using the weak*-epi

separation theorem (4.1.23). O

Proposition 4.4.2(a) remains valid when f = 400 or f = —oco. However, some
improper examples may fail. For example, let f : X — [—o00, +00] be defined by
f(0) :== —o0, f(x) := 400 if x # 0. Then f* = +00 so f** = —oo. Examples

such as this provide a compelling reason why some sources define the closure of a
function that takes the value of —oo at some point, as the function identically equal
to —oo; see for example [369, p. 52].

Notationally, we let clf or / denote the closure of /, and we let conv/ be the
function whose epigraph is the closed convex hull of the epigraph of /.

Proposition 4.4.3. Suppose f : X — [—00,+00]. Then

(a) f*= (clf)* = (convf)*.
(b) f**|x = convf if convf is proper.

Proof. (a) First f* < (clf)* < (convf)* by Proposition 4.4.1(c). It remains to prove
f* = (convf)*. For this, let ¢ € X*. If f*(¢) = +oo there is nothing to do, so
we suppose f*(¢) < « for some @ € R. Then ¢p(x) — f(x) < « for all x € X. Let
g := ¢ — a. Then g < convf, consequently (convf)* < g* (Proposition 4.4.1(c)).
Clearly, g*(¢) = « and so (convf)*(¢) < « as desired.
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(b) Suppose convf is proper. Then (convf)**|y = convf according to Proposi-
tion 4.4.2(a). By (a) of this proposition, we know ((convf)*)* = (f™*)* from which
the conclusion now follows. 0

Fact4.4.4. Letf : X — (—o00,400] be a proper Isc convex function. Then

(a) f is bounded on bounded sets if and only if f** is bounded on bounded sets
in X**,

(b) f is continuous at xo € X if and only if f** is continuous at xo.

(¢) f is Fréchet differentiable at xo € X if and only if f** is Fréchet differentiable
at xg.

Proof. (a) =: Suppose f < K on aBy. Then f** < f < K on aBy. Because
f** is weak*-Isc, {u € X™* . f**(x) < k} is a weak*-closed subset of X**, and it
contains By . According to Goldstine’s theorem (Exercise 4.1.13), it contains o By .
Therefore, f** < K on aBy».

& f**|x = f is bounded on bounded sets.

The details of (b) and (c) are outlined in Exercise 4.4.22. O

The next result gives some useful information about the connection between the
subdifferential of a function and its conjugate.

Proposition 4.4.5. Letf : X — (—00,+00] be a function, and xy € domf.

(@) Ifp € 3f (x0), thenxg € 3f*(¢p). Conversely, if additionally f is a convex function
that is Isc at xo and xo € 3f *(¢), then ¢ € If (xp).

(b) Suppose ¢ € 0:f (x0). Then xo € d.f*(p). Conversely, if additionally f is a
convex function that is Isc at xg and xo € def *(P), then ¢ € 9.f (xp).

Proof. We first prove (b). Suppose ¢ € 9.f (xo). Then f*(¢) < ¢d(x9) —f(x0) + ¢
[by Proposition 4.4.1(b)], now for x* € X*, f*(x*) > x*(x9) — f (xo), therefore

FEOT) = (@) = [x" (x0) — f(x0)] — [¢(x0) — f (x0) + &] = x"(x0) — P (x0) — e.

Consequently, xo € 9.f™*(¢). This proves the first part of (b). Now suppose that 1’
is a convex function that is Isc at xo. By Propositions 4.4.2(a) and 4.4.1(d), f (xo) =
[**(x0) and f**|y < f which together with ¢ € 9./ **(x¢) imply ¢, € 3./ (xo). This
proves (b); we notice that (a) follows by letting ¢ = 0 in the preceding. O

The following give useful criteria relating certain boundedness or Lipschitz
properties of a function to its conjugate.

Proposition 4.4.6. Suppose f : X — (—00,+00] is a proper Isc convex function.
Then f is Lipschitz with Lipschitz constant k > 0 if and only if dom f* C kBy=.

Proof. =: Suppose A € X*, and || A| > k, then sup, .y A(x) —f(x) = 400, and so
A & domf™*.

<: Suppose f does not satisfy a Lipschitz condition with constant k. Then there
existx,y € X such that f'(x) —f(y) > I||x — y|| where / > k (we allow f'(x) = +00).
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Then f(x) > f(y) + [|lx — y|| and so the epi-separation theorem (4.1.21) ensures that
there is a ¢ € X* such that ¢ (h) — p(x) < f(h) — [f(y) +I||x — y||] forall h € X.
In particular, ¢ € dom f*, and ||¢| > [ because ¢ () — ¢ (x) < —I|lx — y|. 0

Remark 4.4.7. Observe that lower-semicontinuity is needed in Proposition 4.4.6
when X is infinite-dimensional. Indeed, consider f : X — (—o00,+00] such that
f(x) := 0 for all x in a dense subspace of X, and f(x) := 400 otherwise. Then
dom( f*) = {0}, but that f is not even Isc. However, in finite-dimensional spaces,
Proposition 4.4.6 is valid for proper convex functions on R” (see Exercise 2.3.13).

A functionf : X — (—o00, 4+-00] is said to be coercive if lim x| o0 f (x) = +o00; if
lim ) = 00 % = +oo then f is said to be supercoercive; whereas f is called cofinite
if its conjugate is defined everywhere on X*. Some relations among these notions
are developed in Exercise 4.4.23. An extremely useful fact is that supercoercive
convex functions are related in a dual fashion to convex functions that are bounded
on bounded sets.

Fact 4.4.8. Suppose f is a proper convex function that is Isc at some point in its
domain. Then the following are equivalent.

(a) f is coercive.

(b) There existx > 0 and B € R such thatf > «| - || + B.
(¢) Himinf o0 f (0)/ ]| > 0.

(d) f has bounded lower level sets.

Proof. (a) = (b): Suppose f is coercive. Assume first that 0 € dom ', and f'(0) = 0.
Then choose r > 0 such that £ (x) > 1 if ||x|| > ». Now for ||x|| > » we have

fGLQ§WPg@+14m

llx] [l [lx]]

Therefore, HT’”f(x) > 1 and so f(x) > ”f—” if ||x|]| > 7. Because f is Isc at some
point in its domain, there is an M > 0 such that f(x) > —M on rBy. Therefore,
f >al ||+ B wherex = 1/r and 8 = —M. Consequently (b) holds for a trans-
late of f, and it is easy to check that then holds for f/ as well with an appropriate
adjustment to .

Now (b) = (c) = (d) = (a) follow directly from the definitions. |

The following fact thus relates the coercivity of f to a bound on its conjugate
function in a neighborhood of the origin.

Fact 4.4.9. Leta > O0and B € R. Thenf > «a| - | + B if and only if f* < —8
on aBy+.

Proof. Observe that f > «|| - || + B if and only if /* < («| - || + B)* if and only if
S* < 8aBys — B. O
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Because a convex function is continuous at a point if and only if it is bounded above
on a neighborhood of that point (Proposition 4.1.4), the previous two facts immediate
provide:

Theorem 4.4.10 (Moreau—Rockafellar). Let f : X — (—o00,400] be proper, con-
vex and Isc at some point in its domain. Then f is coercive if and only if f* is
continuous at 0.

In fact, more generally, one has the following result.

Corollary 4.4.11 (Moreau—Rockafellar). Let f : X — (—o0,+00] be convex,
proper and Isc, and let ¢ € X*. Then f — ¢ is coercive if and only if f* is continuous

at ¢.

Proof. According to Theorem 4.4.10, f — ¢ is coercive if and only if (f — ¢)* is
continuous at 0. Now (f — ¢)*(x*) = f*(x* 4+ ¢) for x* € X*, thus (f — ¢)* is
continuous at 0 if and only if /™ is continuous at ¢. ]

Theorem 4.4.12 (Moreau—Rockafellar dual [325]). Letf : X — (—o0,+400] bealsc
convex proper function. Then f is continuous at 0 if and only if f* has weak*-compact
lower level sets.

Proof. Observe that f is continuous at 0 if and only if f** is continuous at 0
(Fact 4.4.4(b)) if and only if f* is coercive (Theorem 4.4.10) if and only if /* has
bounded lower level sets (Fact 4.4.8) if and only if /* has weak™-compact lower level
sets (by Alaoglu’s theorem 4.1.6 and Exercise 4.1.1(c) which implies the lower level
sets of f* are weak*-closed). O

Theorem 4.4.13 (Conjugates of supercoercive functions). Suppose [ : X —
(—o00, +00] is a Isc proper convex function. Then

(a) f is supercoercive if and only if f* is bounded on bounded sets.
(b) f is bounded on bounded sets if and only if f* is supercoercive.

Proof. (a) =: Given any o > 0, there exists M such that ' (x) > «a|x|| if ||x]| > M.
Now there exists 8 > 0 suchthatf (x) > —gif||x|| < M. Thereforef > | -||+(—8).
Thus, Fact 4.4.9 implies f/* < B on aBy+.

<: Leta > 0. Now there exists K such thatf* < K onaBy+. Thenf > «| - || - K
and so lim inf”x“_)oo-% > .

(b) According to (a), f™* is supercoercive if and only if f** is bounded on
bounded sets which according to Fact 4.4.4(b) occurs if and only if f is bounded

on bounded sets. O

Next we introduce infimal convolutions. Some of their many applications include
smoothing techniques and approximation.

Definition 4.4.14. Letf and g be proper extended real-valued functions on a normed
linear space X . The infimal convolution of f and g is defined by

(fog)x) = yirel)f(f(y) +gx—y).
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Geometrically, the infimal convolution of / and g is the largest extended real-valued
function whose epigraph contains the sum of epigraphs of / and g, consequently itis a
convex function; see Exercise 2.3.14 for some further facts about infimal convolutions
that are also valid in Banach spaces. The following is a useful result concerning the
conjugate of the infimal convolution.

Lemma 4.4.15. Let X be a normed linear space and let f and g be proper functions
on X. Then (fog)* =f*+ g*.

Proof. Let ¢ € X*. Using the definitions and then properties of infima’s and
suprema’s one obtains

(fog)"(9) = SU)I;¢>(X) — (feg)()

=supp(x) — yirel)f([f(y) +gx—y)]

xeX

=supsupd(y) —f(y) +d(x —y) —glx —y)
xeX yeY

=supop(y) —f () + sup ¢ (v) — g(v)
yeX veX

=/*(®) + g"(¢).

The following are basic approximation facts.

Lemma 4.4.16. Supposef : X — R is a convex function bounded on bounded sets.
Iffy < f foreach n, and f;] — f* uniformly on bounded subsets of the domain of f*,
then f, — f uniformly on bounded subsets of X.

Proof. Let D C X be bounded and let ¢ > 0. Then df (D) is bounded because f is
bounded on bounded sets (Proposition 4.1.25). Choose N € N such that f,*(¢) <
f*(¢) + ¢ for each ¢ € 3f (D), and n > N. Now letx € D, and let ¢ € 9f (x). Then
for each n > N, one has

S @) =) —f(x) 21,7 (P) —e = p(x) — fulx) —&.
Therefore, f'(x) — e < f,(x) <f(x) forallx € D,and alln > N. O

Corollary 4.4.17 (Yosida approximation). Let f : X — R be convex and bounded
on bounded sets. Then both fon|| - ||> and faon| - || converge uniformly to f on
bounded sets.

Proof. This follows from Lemmas 4.4.15 and 4.4.16. Indeed,
1
Sonll- I =/"+3-I- I3 and (fonll- )" ="+,

where || - ||, denotes the dual norm and %} (¢) := 0 if ||¢|| < n, and A} (¢) := oo
otherwise. ]
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4.4.2 Fenchel duality theory

Conjugate functions are ubiquitous in optimization. Our next result is phrased in
terms of convex programming problems. The formulation is in many aspects similar
to the duality theory in linear programming.

The Fenchel duality theorem can be viewed as a dual representation of the sandwich
theorem (4.1.18).

Theorem 4.4.18 (Fenchel duality). Let X and Y be Banach spaces, let f: X —
(—o0,+o0]and g: Y — (—00,400] be convex functions and let T: X — Y be a
bounded linear map. Define the primal and dual values p,d € [—o00,+00] by the
Fenchel problems

p = inf{f(x) +g(Tx)}

d = sup {—f*(T*x*) — g*(—x™)}. (4.4.1)

x*elY*

Then these values satisfy the weak duality inequality p > d. Suppose further that f,
g and Tsatisfy either

0 € core(domg — T domf) 4.4.2)
and both f and g are Isc, or the condition
T domf Ncontg # . (4.4.3)
Then p = d, and the supremum in the dual problem (4.4.1) is attained if finite.

Proof. The weak duality is left as Exercise 4.4.14. For the strong duality, follow the
proof given in finite-dimensional spaces (Theorem 2.3.4), noting that the continuity
of & given therein on infinite-dimensional spaces is established in the proof of the
sandwich theorem (4.1.18). |

To relate Fenchel duality and convex programming with linear constraints, we let
g be the indicator function of a point, which gives the following particularly elegant
and useful corollary.

Corollary 4.4.19. (Fenchel duality for linear constraints) Given any functionf : X —
(=00, +00], any bounded linear map T: X — Y, and any element b of Y, the weak
duality inequality

inf{f(x): Tx=>0}2 sup {(b,x™) — f*(T*x™)}

x*eY

holds. If f is Isc and convex and b belongs to core(T dom f) then equality holds, and
the supremum is attained when finite.

Proof. Exercise 4.4.16. O
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Fenchel duality can be used to conveniently calculate polar cones. Recall that for
a set K in a Banach space X, the (negative) polar cone of K is the convex cone

K ={x*eX*: (x,x) <0, forallx € K}.

Analogously, K+ = {x* € X* : (x*,x) > 0, forallx € K} is the (positive)
polar cone. The cone K™~ is called the bipolar — sometimes in the second dual
and sometimes in the predual, X. Here, we take it in X. An important example of
the polar cone is the normal cone to a convex set C C X at a point x € C, since
Nc(x) = (C —x)~ (see Exercise 4.1.33).

The following calculus for polar cones is a direct consequence of the Fenchel
duality theorem (4.4.18).

Corollary 4.4.20. Let X and Y be Banach spaces, let K C X and H C Y be cones
and let T: X — Y be a bounded linear map. Then

K +T*H Cc (KNT 'H)".
Equality holds if H and K are closed and convex and satisfy H — TK =Y.

Proof. Observe that for any cone K, we have K~ = 038x(0). The result follows
directly from Theorem 4.4.18. [

Exercises and further results

4.4.1. Many important convex functions / on a reflexive Banach space equal their
biconjugate f**. Such functions thus occur as natural pairs, / and /™. Table 2.1 on
p. 45 shows some elegant examples on R, and Table 2.2 on p. 46 describes some
simple transformations of these examples. Check the calculation of f* and check
f = f** for functions in Table 2.1. Verify the formulas in Table 2.2.

4.4.2.* Suppose f : X — R is a proper Isc function. Suppose /™ is Fréchet differen-
tiable at 9 € X*. Suppose xog = V(™) (¢o). Show that xg € X, f**(xo) = f (x9) and
consequently ¢ € 3f (xp).

Hint. That xg € X is from Exercise 4.2.11. For notational purposes, let f = f*|x.
Since f(xo) < f(xo), we will show f(xg) > f(x9). Now xo € 9f*(¢). Also, f* is
Fréchet differentiable at ¢» and so /™ is continuous at ¢p. Now choose x,, € X such that

d(xn) — f(xn) = f*(p) — &, wheree, — 0T

Then ¢ (x,) —f(xn) > f*(¢p) — &, and so x, € 3, f*(¢) for all n. According to
Smulian’s theorem (4.2.10) x,, — xo. In particular, ¢ (x,) — ¢ (xo). Therefore,

f) =@ —1*(9)
Tim () — [§ () —f ()]

= lgrolof(xn) .
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Moreover liminf,_, o f (x,) > f(xo) because f is Isc. Therefore, f (x0) > f(xp) as
desired. It now follows immediately that ¢g € 9f (xp). O

4.4.3.* Suppose f : X — (—o0, +00] is such that f** is proper. Show that f is convex
if /* is Fréchet differentiable at all x € dom(af™).

Hint. Use Exercise 4.4.2 and the dense graph consequence of the Brendsted-
Rockafellar theorem (Corollary 4.3.3); see the proof of Theorem 4.5.1. 0

4.4.4. Calculate the conjugate and biconjugate of the function

2
x .
L “+ X2 10gx2 —xp ifxp >0,
X2
X1,X2) 1= .
S (x1,x2) 0 ifx) = x5 = 0,
00 otherwise.

4.4.5. Let X be a Hilbert space, and /' : X — [—o00, 400] be proper. Show that
f =f*orf(x) > f*(x) for all x if and only if f = || - |>/2 where || - | is the inner
product norm.

4.4.6 (Maximum entropy example). (a) Leta®,a',...,a" € X. Prove the function

N N N
N * . _ n_
g(2) = xeﬁg}&} [ Eoexp (xn) : onn =1, onna _z}
n=| n= n=|

is convex.
(b) For any point y in RN+, prove

N N
") = sup { 3 Gala"y) — exp @) - Y xy = 1}.
xeRVHL g n=0
(c) Deduce the conjugacy formula
N
g ) =1+log (Y expa’.»)).
n=0
(d) Compute the conjugate of the function of x € RV *1,

{Z’Jzo exp* () if YN ox, =1,

o0 otherwise.

4.4.7 (Conjugate of indicator function). Let X be a reflexive Banach space and let C
be a closed convex subset of X'. Show that §;. = o¢ and 65 = éc.
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4.4.8 (Kernel average of convex functions [39]).** Letf1, /> and g be proper Isc convex
functions on X. Define P(A1,f1,A2,/2,2) : X — [—00,+00] atx € X by

P(A1,f1,42,/2,8) i= Alylirifyzzx{klﬁ D) + X2f2(y2) + Airag(y1 —y2)}

. Z1 22 Z1 )
= f A — A = MA — - = .
x=lzr11+zz { i <)»1> +hf <)\2) A8 <)\.] )\2)}

This is called the g-average of f] and f5.

With appropriate choices of g, f1, and f>, show how to recover the: (a) arithmetic
average; (b) epigraphical average; and (c¢) infimal convolution operation from the g-
average. See [39] for this, and for the development of conjugacy, subdifferentiability
and several other properties of these averaging operations.

4.4.9. Let K C X be a closed convex cone. Show that both dx and 8g are convex
functions and, for any x € X,

ddg (x) C 38g(0) N By,
and
98k (x) C 38k (0).

4.4.10.T We consider an objective function py involved in the coupon collection
problem given by

N N
9o (i 1
o= 3 (522 ) (L s —)
ooy el 2jmido()” Mol 2jmi 4o
summed over a/l N! permutations; so a typical term is
(l—[ qi )(Z 1 )
N n A
o1 2= i 2 =i )

For example, with N = 3 this is

1 1 1 1 1 1
4919293 — + —|——).
<611+q2+q3)<6I2+q3><q3) (q1+qz+q3 9 +q3 g3

Show that py is convex on the positive orthant. Furthermore show that 1/py is
concave. This is the base case of Example 1.3.9.

Hint.

(a) Establish

! al de
PN(X1, .., XN) = /0 (l —}:[1(1 — t""))T. (4.4.4)
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(b) Use

t
1 —e ™ = xn/ e 7 dy,,
0
to establish

N

1 - r!j(l ety = (Hx»(ﬁ;w e gy — /;N o) dy),

n=1 !
where
Sﬁv:{yeRﬁ: O<y,<tforn=1,...,N}.

(c) Derive

/000(1 = }Jj(l — ™) di = (ﬁx,,) /OOO dt.égﬁ\sgv ) gy

n=1

N o
= (Hxn)/o dt/RN e "y (y) dy,
+

n=1

where
1 ifmax(yi,...,yn) > ¢,
x(y) =

0 otherwise.

(d) Show that the integral in (c) can be expressed as the joint expectation of Poisson

distributions. Explicitly, if x = (x1,...,xy) is a point in the positive orthant
RY, then

o N N
/ 1— 1_[(1 —e Py ) dt = Hx,- / e~ max(y1,...,yn) dy.
0 n=1 R]-X

n=1

(e) Deduce that

PNXL, .. XN) = / e~ ittn) max(Ji, .. ,y—N> dy,
RY X1 XN

and hence that py is positive, decreasing and convex, as is the integrand.
(f) To derive the stronger result that 1/py is concave, let

2ab

h(a,b) := pye

Then 4 is concave and show that the concavity of 1/py is equivalent to

X +x
o

(g) Recover the full case of Example 1.3.9.

/

) < h(pn(),py(x)) forall x,x’ € RY. (4.4.5)
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The history of this problem and additional details can be found in Borwein, Bailey
and Girgensohn [74, p. 36]. This book and its sister volume by Borwein and Bailey
[73] also discuss how to use methods of experimental mathematics to gain insights
on this and other related problems. [

4.4.11. As in the proof of the sandwich theorem (4.1.18), define
h(u) := inf { f(x) + g(Tx + u)}.
xeX

Prove that
dom/ =domg — 7 domf.

4.4.12 (Normals to an intersection). Let C; and C, be two convex subsets of X and
let x € C; N C,. Suppose that C; and C, are closed and 0 € core(C; — C3) or
Cy Nint C; # @. Show that

NC]QCz(x) = NC] (X) +NC2(X).

4.4.13. Let K(x*,e) := {x € X : e|x*|||lx|| < (x*,x)} be a Bishop—Phelps cone.
Show that
N(K(x*,);0) = 08k (x+,)(0) C | rBejer (—x).
>0

4.4.14.” Prove the weak Fenchel duality in Theorem 4.4.18.

Hint. This follows immediately from the Fenchel-Young inequality (Proposition
4.4.1(a)). |

4.4.15. Let X be a reflexive Banach space. Suppose that 4: X — X™* is a bounded
linear operator, C a convex subset of X and D a nonempty closed bounded convex
subset of X*. Show that

inf s ,Ax) = max inf (y, Ax).
xecygg(y x) yeDXxeC(y %)

Hint: Apply the Fenchel duality theorem (4.4.18) to f = 8¢ and g = §7,.
4.4.16 (Fenchel duality for linear constraints).” Prove Corollary 4.4.19. Deduce
duality theorems for the following separable problems.

N

inf { Zp(xn) D Ax = b},

n=1

where the map 4: RY — RM is linear, » € RY, and the function p: R —
(—00, +00] is convex, defined as follows:

(a) (Nearest points in polyhedra) p(f) = #?/2 with domain R
(b) (Analytic center) p(f) = — log ¢ with domain int R, .
(c) (Maximum entropy) p = exp*. What happens if the objective function is replaced

by Zizvzl DPn(xu)?
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4.4.17 (Symmetric Fenchel duality). Let X be a Banach space. For functions
f,g: X — [—00,400], define the concave conjugate g,: X — [—00,+00] by

(") = inf{(x",x) —g()}.
Prove
inf(f —g) > sup(g« —f™),
with equality if / is Isc and convex, g is usc and concave, and
0 € core(domf — dom(—g)),
or f is convex, g is concave and
domf Ncontg # .

4.4.18. Let X be a Banach space and let K C X be a cone. Show that §x- = 8§, and
therefore §x—- = 6.
4.4.19 (Sum of closed cones). Let X be a Banach space (see Exercise 2.4.25).

(a) Prove that any cones H,K C X satisfy (H +K)" =H NK™.
(b) Deduce that if H and K are closed convex cones then they satisfy (H N K)~™ =
cl (H™ + K7). InR?, define sets

H:={x: x} +x5 <x3,x3 <0}and

K:={x: x=—x3}.

(¢) Prove H and K are closed convex cones.

(d) Calculate the polar cones H~, K~ and (H NK)™.

(e) Prove (1,1,1) € (HNK)"\(H~ 4+ K7), and deduce that the sum of two closed
convex cones is not necessarily closed.

4.4.20 (Coercivity and minimization).* Let X be a Banach space.

(a) Show that every proper coercive Isc convex function attains its minimum on X
if and only if X is reflexive. In particular, when /' : X — (—00,400] is Isc
coercive and convex on a reflexive space X, conclude that 0 € range df".

(b) Suppose X isreflexiveandf : X — (—00, +00] is proper, supercoercive Isc and
convex. Show that range 9f = X*.

(c) Is (b) true if X is not reflexive?

Hint. (a) Suppose X is reflexive, then the properness and coercivity of f implies that
{x : f(x) < M} is nonempty and bounded for some M > 0. This a weakly compact
set hence f attains its minimum on this set. Outside of the set /' (x) > M, and so that
minimum is an absolute minimum for f".
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Conversely, suppose X is not reflexive. According to James’ theorem (4.1.27) there
is a functional ¢ € Sy that does not attain its norm on By. Then f := ¢ + 8, does
not attain its minimum on X

(b) For each ¢ € X*, f — ¢ is supercoercive. Now f — ¢ attains its minimum at x
for some x € X. Then ¢ € 9f (x).

(c) No: for example let / be defined by f(x) = (sup,cy x(m) — 1% +
Zzil %|x(n) — 1]2 where x = (x(n)) € co. Then f is a continuous and super-
coercive convex function that does not attain its minimum (observe that x, =
1,1,...,1,0,...) is a minimizing sequence) and so 0 ¢ range df. More gener-
ally, in any nonreflexive space, consider f := || - ||>. Using James’ theorem (4.1.27),
one can show that the subdifferential map is not onto. O

4.4.21 (Infimal convolutions and approximation). Suppose that f is convex, and
fo <fforalln e N.

(a) If f is Lipschitz convex on X, show that f,, — f uniformly on X provided that
* — f* uniformly on bounded subsets of the domain of /™.
(b) Suppose f : X — (—o0,+00] is a proper Isc convex function. If ¥ — f*
pointwise on the domain of /™, show that f,(x) — f(x) for eachx € X.
(c) Conclude that f on| - ||? converges uniformly (resp. pointwise) to f provided that
f is Lipschitz (resp. Isc proper) and convex.

Hint. (a) Repeat the proof of Lemma 4.4.16 noting the domain of /* is bounded.

(b) Let xg € X. Given ¢ > 0, and any number « < f'(xg) it suffices to show that
there exists N such that f,,(xg) > o — & for all » > N. Now choose ¢ € X* such that
d(x) —d(x9) <f(x) —aforallx € X. Then f*(¢p) < ¢(xp) —« and so ¢ € domf™.
Now choose N € N so that f*(¢) < f*(¢) — e forn > N. Now, foralln > N,

P(x0) —a = f7(P) = £,/ ($) — & = ¢(x0) — fulxo) — &.

Therefore, f,,(x0) > o — €. O

4.4.22.* Prove Fact 4.4.4 (b), (¢).

Hint. (b) Suppose f is continuous at xg, then there exist § > 0 and M > 0 so
that f(x) < M for x € xo9 + 8By (Proposition 4.1.4). Now suppose x** € X**
and ||x** — xg|| < 8. According to Goldstine’s theorem (Exercise 4.1.13) there is a
net (xo) C 8By with x4 — o+ (™ — x¢). The weak*-lower-semicontinuity of f™**
implies that

F ) < liminf f** (xg + x¢) = liminf f (xg + x4) < M.
o o

Thus /** is bounded above on a neighborhood of x**, and thus it is continuous at x**
(Proposition 4.1.4).

Conversely, if /** is continuous at xo € X, then so is f because f**|x = f
(Proposition 4.4.2(a)).
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(c) Suppose f is Fréchet differentiable at xo. Let ¢ > 0, the according to
Proposition 4.2.7 there exists § > 0 so that

S &o+h)+f(xo—h) —2f(xo0) < ellhll if [|A]l <.

Now suppose & € X** and ||h|| < 8. Then there exist i, € X with ||Ay|| = ||A] < §
and hy, —+ h by Goldstine’s theorem (Exercise 4.1.13). Using the weak*-lower-
semicontinuity of /** and the fact f**|y = f* (Proposition 4.4.2(a)) we have

S (0 4+ h) + £ (o — h) — 2" (x0)
< lim inf /** (xo + o) + ™ (x0 — ha) — 2™ (x0)

= liminf £ (xo + ha) +f (0 — ha) — 2f (x0) < ellAll.

Applying Proposition 4.2.7 we conclude that f** is Fréchet differentiable at x.
The converse, as in (b), follows from Proposition 4.4.2(a). O

4.4.23 (Coercive versus cofinite functions).*

(a) Let f be a Isc proper convex function. Consider the following conditions:

(i) f is supercoercive;
(ii) f — y* is coercive for every y* € X*;
(iii) domf™* = X*.
Show that (i) = (ii) < (iii). If X is finite-dimensional, show that (ii) = (i).
(b) Provide an example showing that (ii) need not imply (i) when X = £5.
(c) Given any normed linear space X, find a continuous function f such that
lim x| o0 f (x¥)/lIx]l = 0 but /" has bounded lower level sets.

Hint. For (a), see [35, Theorem 3.4]. For (b), define the conjugate function /* by

*(x) = ||Ix||* + Yooy (x;))?", f* is a continuous convex function and supercoercive.
However, f* is not bounded on 2By,, since f'(2e,) = 22" Therefore, f = f** cannot
be supercoercive. For (¢), consider f := /|| - || O

4.4.24 (Risk function duality).? Let X be a linear space of measurable functions on
2, containing the constants, in the a.e. pointwise ordering. Following Artzner et al.
[385], an extended real-valued function p is a coherent risk function if it satisfies:

Al. pisconvex.

A2. p is monotone nondecreasing.

A3. p is translation equivariant: p(x 4+ a) = p(x) + a for all real a.
A4. p is positively homogeneous.

Denote A := dom p*. Show that (A2) holds if and only if A consists only of non-
negative measures while (A3) holds if and only if A consists only for measures
with ©«(2) = 1. Finally, it is obvious that (A4) coincides with being able to write

p(x) = supye 4 Jox do.
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Let ¢ > 0, p > 1 and a probability measure u be given. Determine under what
conditions on u, ¢ and p the following are coherent risk functions.

(a) (Mean-deviation) p(x) := [qx du + cllx — [ox dullp.

(b) (Mean-semideviation) p(x) := [ox du + cllx — [oxt dull,.

(c) (Conditional value at risk, Rockafellar—Uryasev). Fix p = 1,e1,62 > 0. Set
T :=&2/(e1 4+ &2). Let G be the cumulative distribution function with respect to
1, and define p(x) := (1 — &1) fo du + £1CVaR; (x) where

o0
CVaR; (x) := inf {z +f x—2)" dG} )
zeR —00

In each case sublinearity and continuity of p are clear, but only the third is
always a coherent risk function.

4.4.25 (von Neumann minimax theorem). Show that the minimax theorem of Exer-
cise 2.4.21 remains valid with the same proof if in (b)(i) ‘bounded’ is replaced by
‘compact’ — which is equivalent in the Euclidean case.

4.4.26 (The Krein—-Smulian theorem [379]).** The normed space case of the Krein—
Smulian or Banach-Dieudonné theorem asserts that a convex set C in a dual Banach
space X* is weak™*-closed as soon as its intersection with all closed balls is. We sketch
a proof. Let C,, := C N (n)Bx~.

(a) It suffices to show that if 0 ¢ C then 0 can be separated from C.
(b) Inductively, there exist sequences (x,)7 |, (V4)5c | in X such that

Wl < 1/, %11 € convionya) and  min (1,0 > 1.
c€Cpt1

Hint. The inductive step for n — 1, implies that minccc,,, {xs,c) > 1. Let D, :=

conv{x,,{y : |lvll < 1/n}}. Consider any ¢ € Cy,41. If ||c|| < n set x := x,;
otherwise there is a point y with ||y|| < 1/n, (y,c¢) > 1. In any event

sup min (x,c) = min sup (x,c) > 1
xeDy, CECHl CGC,,Jrl xeDy,

where the equality follows from the convex minimax theorem of Exercise 4.4.25
since C,, is weak*-compact. Thus the inductive step holds for n. [

(c) Observe that for all n > 0 we have x,, € conv{0,y1,y2,...,Vn,...} which is a
norm-compact convex set. Any norm cluster point of (x,);°, separates C from
0 in the weak™*-topology.

4.5 Cebysev sets and proximality
4.5.1 A sufficient condition for convexity of functions

This subsection develops a nice result for checking the convexity of a function using
the smoothness of its conjugate which is of independent interest, and which is useful
in the study of Cebysev sets in Hilbert spaces. Given a bornology B on X*, we use
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7 to denote the topology on X** of uniform convergence on f-sets. We will say
[ 1 X — (—o0,+00] is sequentially Tg-Isc if for every sequence (x,) C X C X**,
and x € X, liminf f(x,) > f(x) whenever x, —¢, x. Notice, that the tg-topology
restricted to X is at least as strong as the weak topology on X

Theorem 4.5.1. Suppose f : X — (—o00,400] is such that f** is proper. If f* is
B-differentiable at all x* € dom(9f™) and f is sequentially tg-Isc, then f is convex.

Proof. First, f** < f, so it suffices to show that f (x) < f**(x) for all x € X. For
notational purposes, let f f**x. If x ¢ dom f then f (x) = 00, SO f x) = f(x).
So let x € dom f We first handle the case x € dom(af ). Indeed, for such x, let
¢ € Bf (x). Then x € 9f*(¢). Also, f* is Isc everywhere and B-differentiable at ¢
and so /™ is continuous at ¢p. Now choose x,, € X such that

d(xn) —f(xn) = f*(p) — &, wheree, — 0T,

Then ¢ (x;) —f(xn) > f*(¢) — &, and so x, € 0, f*(¢) for all n. According
to Smulian’s theorem (Exercise 4.2.10) x, — 1, x. In particular, ¢ (x,) — ¢(x).
Therefore,

F@) = @) —f*(¢)
= lim ¢(v) — [¢ () —/ ()]

= 1_1>H;Of (xn)-

Now 1" is sequentially tg-Isc, and so liminf, . f (x,) = f(x). Therefore, f x) >
f(x) whenx € dom(af”).

Now suppose x € dom_/} \ dom(af ). The dense graph consequence of the
Brondsted—Rockafellar theorem (Corollary 4.3.3) now asserts that there exists a
sequence x,, — x such that x, € dom(af ) and If (xn) —‘/} (x)] = 0. Consequently,

f(x) < liminf f(x,) = liminf /' (x,) = f (x).
Thus, for any x € X, f(x) Sf(x), and so f'(x) is convex. [

The important special cases of this are recorded as follows.
Corollary 4.5.2. Suppose f : X — (—o00,+00] is such that f** is proper.

(a) Suppose f* is Fréchet differentiable at all x* € dom(3f™) and f is Isc. Then f is
convex.

(b) Suppose f* is Gateaux differentiable at all x* € dom(3f™) and f is sequentially
weakly Isc. Then [ is convex.

Figure 4.2 neatly illustrates the ‘failure’ of Corollary 4.5.2 in one dimension.
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10 20

Figure4.2 (1 — 2x2)2 with second conjugate (L) and conjugate (R).

4.5.2 Cebysev sets and proximality

Let C be a nonempty subset of a normed space. We define the nearest point
mapping by
Pc(x):={veC: |lv—x|l=dc)}

AsetCissaidtobea C‘eby§ev setif Pc(x) is a singleton foreveryx € X. If Pc(x) £ 0
for every x € X, then C is said to be proximal; the term proximinal is also used. A
norm || - || is said to be strictly convex if ||x 4+ y|| < 2 whenever ||x|| = |ly|| = 1 and

X F#y.
Fact 4.5.3. Let C be a nonempty closed convex subset of a Banach space X .

(a) If X is reflexive, then Pc(x) # @ for each x € X.
(b) If X is strictly convex, then Pc(x) is either empty or a singleton for each x € X.

In particular, every closed convex set in a strictly convex reflexive Banach space is
Cebysev.

Proof. See Exercise 4.5.2. [

The following is deeper because of its connection to James’ theorem (4.1.27).

Theorem 4.5.4. A Banach space X is reflexive if and only if every closed convex
nonempty subset of X is proximal if and only if for every nonempty closed convex
subset C of X, Pc(x) # @ for at least one x & C.

Proof. (Outline) Let X be reflexive and let C be a closed convex subset of X. For
X € X, define f(-) := || - —X|| + ¢. Then f is coercive and convex, and therefore
attains its minimum on C (Exercise 4.4.20). Thus C is proximal.

Suppose X is not reflexive, then James’ theorem (4.1.27) ensures the existence of
¢ € Sy= suchthat ¢(x) < 1 forallx € By. Let C :={x € X : ¢(x) = 0}; itis left
as Exercise 4.5.3 to show that Pc(x) = @ forall x &€ C. O
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A norm is said to have the Kadec—Klee property if the weak and norm topologies
agree on its unit sphere (this is also known as the Kadec property). Before focusing
our attention on Cebysev sets in Hilbert spaces, let us mention the following theorem.

Theorem 4.5.5 (Lau—Konjagin). Every closed set A in a Banach space densely
(equivalently generically) admits nearest points if and only if the norm has the
Kadec—Klee property and the space is reflexive.

A proof of the preceding theorem is outlined in [72] and the full proof can be found
in [80]. Theorem 4.5.5 implies in particular that every norm-closed set in a Hilbert
space has ‘a lot of” nearest points — but not necessarily for a sufficiently odd set
in a sufficiently perverse renorm as discussed further in Exercise 8.4.6. Somewhat
relatedly, in Exercise 4.5.8 we describe a remarkable result of Odell and Schlumprecht
on distortion of the norm on a Hilbert space which shows how perverse an equivalent
renorm can be at least from some vantage points.

This leads us to mention a fundamental question of Klee’s [277] in 1961: Is every
Cebysev set in a Hilbert space convex? At this stage, it is known that every weakly
closed Cebysev set in a Hilbert space is convex; we will present a proof of this in
what follows. To begin, we establish a nice duality formula.

Fact4.5.6. Let C bea closed nonempty subset of a Hilbert space. Letf 1= % I-11>+8c.
Thend? = | - | — 2f™.

Proof. Given f as defined, we compute
* 1 2
ST () =sup y{x,p) — Sll™: x € c

=supq(x,y) — %(x,x) I XE C}

1 1 1
= sup E()&J/)‘i‘(x’y)_z()/sy}_z(x’x) . XEC}
_ ! )+ 1( )+ (x,p) : yixeC
= 2(y,y sup 5 X, X X,y 2(y,y T X
1 1.
:50@”_Elnf{(%ﬂ_z(xay)'i‘()’ay) . XEC}
1 1,
= E(V,y> - Edc(y)-
Therefore,
dg = - I> —2r* 4.5.1)
as desired. 0

We next characterize closed convex sets via the differentiability of the distance
function in Hilbert spaces.
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Theorem 4.5.7. Let X be a Hilbert space and let C be a nonempty closed subset
of X. Then the following are equivalent.

(a) C is convex.
(b) d2 is Fréchet differentiable.
(c) dé is Gateaux differentiable.

Proof. (a) = (c): If C is convex, then dé is Fréchet differentiable by Exercise 4.5.6.

(¢) = (b): Let f := %I - |> + 8c. Then f* = (|| - ||> — d2)/2 and so f* is
Gateaux differentiable. Thus the derivatives of /* and || - ||? are both norm-to-weak
continuous. Consequently the derivative of dé is norm-to-weak continuous. By the
Kadec—Klee property of the Hilbert norm, the derivative of dé is norm-to-norm
continuous (see Exercise 4.5.4). Consequently, so is the derivative of f*, and so /™ is
Fréchet differentiable according to Smulian’s theorem (4.2.10). Therefore, d% is also
Fréchet differentiable.

(b) = (a): Suppose dé is Fréchet differentiable. With f as in the previous part,
we conclude that /™ is Fréchet differentiable. By Corollary 4.5.2(a), we know f is
convex. Therefore, C = domf is convex. O

Proposition 4.5.8. Suppose X is a reflexive Banach space, and let C be a weakly
closed Cebysev subset of X. Then x — Pc¢(x) is norm-to-weak continuous. If, more-
over, the norm on X has the Kadec—Klee property, then x — Pc(x) is norm-to-norm
continuous.

Proof. Letx € X and suppose x,, — x. Then ||x, — Pc(x,) || = ||lx—Pc(x)]|. Accord-
ing to the Eberlein-Smulian theorem (see e.g. [199, p. 85]), there is a subsequence
(Pc(xn;))ken that converges weakly to some x € X. Thenx € C because C is weakly
closed. Now

lx = Pc@)| = klgr;o xn, — Pc ()l = llx —x].

Because x € C, we conclude that x = Pc(x). Thus Pc(x,,) —w Pc(x). Standard
arguments now imply x — P¢(x) is norm-to-weak continuous.

Now suppose the norm on X has the Kadec—Klee property. Then in the previous
paragraph, we have x,, — Pc(xp,) —w X — Pc(x), and hence x,, — Pc(x5,) —
x — Pc(x) which implies Pc (x,) — Pc(x) from which we deduce the norm-to-norm
continuity. O

Theorem 4.5.9. Let X be a Hilbert space and suppose C is a nonempty weakly closed
subset of X. Then the following are equivalent.

(a) C is convex.

(b) C is a Cebysev set.

(c) dé is Fréchet differentiable.
() dé is Gateaux differentiable.
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Proof. The implication (a) = (b) follows from Proposition 4.5.3. We next prove (b)
= (¢). For this, again consider [ := %H - |I> + 8¢. We first show that

Af*(x) = {Pc(x)}, forallx e X. 4.5.2)

Indeed, for x € X, (4.5.1) implies

1 1 1
frx) = 5||x||2 =5l - Pc@)|? = (x,Pc(x)) — §||Pc(x)||2
= (x, Pc(x)) —f (Pc(x)).

Consequently, Pc(x) € 9f*(x) for x € X. Now suppose y € 9f *(x), and define x, =
X+ %(y — Pc(x)). Then x,, — x, and hence P¢(x,) — Pc(x) by Proposition 4.5.8.
Using the subdifferential inequality, we have

1
0 < (xp—x,Pcxn) —y) = — = Pc(), Pc(xn) —y).
This now implies:
0= lim (v — Pe(), Pelxn) =) = =y = Pe@)|%.

Consequently, y = Pc(x) and so (4.5.2) is established. Now f™ is continuous, and
Proposition 4.5.8 the ensures that the mapping x +— Pc(x) is norm-to-norm contin-
uous. Consequently, Smulian’s theorem (4.2.10) implies that £* and dé are Fréchet
differentiable.

The implication (¢) = (d) is trivial. Finally, (d) = (a) follows from Corol-
lary 4.5.2(b) because f is weakly Isc (use the fact that C is weakly closed). 0

Exercises and further results

4.5.1.* Suppose f : X — (—o0, +00] is such that f** is proper. Suppose /* is Fréchet
differentiable at x* € X*, and f is Isc and proper. Show that f'(x) = f**(x) where
x = Vf* ().

Hint. First, show that x € X (see Exercise 4.2.11). Then examine the proof of
Theorem 4.5.1. Another proof is given in [205, Lemma 3]. ]

4.5.2.* Prove Fact 4.5.3.

4.5.3.* Let X be a nonreflexive Banach space, and let ¢ € Sy+ be a functional that
does not attain its norm on By whose existence is ensured by James’ theorem (4.1.27).
Let C:={x € X : ¢(x) = 0}. Show that if ¢ (x) # 0, then Pc(x) = 0.

4.5.4.* Let A be a nonempty closed subset of a Banach space X whose dual norm is
weak*-Kadec (i.e. the weak™ and norm topologies agree on its sphere). Suppose di is
Gateaux differentiable with derivative that is norm-to-weak*-continuous. Show that
the derivative is norm-to-norm continuous.

Hint. Let x € X, and let / := d4. Show that ||/’ (x,)|| = |/’ (x)|| whenever x,, — x,
and then use the weak*-Kadec property. O
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4.5.5.* Let X be a reflexive Banach space. Show that an equivalent norm on X is
Gateaux differentiable if and only if its dual norm is strictly convex.

Hint. When the dual norm is strictly convex show for each x # 0 that d||x|| is a

singleton. Conversely, suppose x,y € Sy+ are such that |x 4 y|| = 2. Because of
reflexivity, we can choose ¢ € Sy so that ¢(x + y) = 2. Thus x,y € 9| ¢|. By
Gateaux differentiability, x = y. O

4.5.6. Let H beaHilbert space with inner product norm ||-||. Suppose C C H is closed
and convex. Without using Theorem 4.5.9, show that d¢ is Fréchet differentiable at
each x ¢ C; conclude that dé is Fréchet differentiable everywhere.

Hint. Letx ¢ C.Because H is reflexive, there exists y € C such that ||y —x|| = dc(x).
Choose ¢, € 9;,dc(x) where &, — 07", and let ¢ € ddc(x). Verify that ||¢,| — 1
and ||¢|| = 1 and ||¢, + @] — 2. By the parallelogram law, ||¢, —¢| — 0. Therefore
dc is Fréchet differentiable at x by Smulian’s theorem (4.2.10). See Exercise 5.3.11
for stronger more general results. O

4.5.7 (Making a hole in the space [230]).** Let £ be a nonreflexive Banach space
and let x* € Sy= be a non-norm-attaining functional on the space whose existence is
ensured by James’ theorem (4.1.27). Define

D (x) ;= 1 +x*(x) + max{2(|x|| — 1),0}.

(a) Show that @ is convex, continuous and coercive, but that 0 = inf,cp, P(x) is
not attained. Moreover, ® (By) = ®(Sx) = (0,2).

(b) Fix @ > 0. We now construct an interesting mapping 7,. Select a sequence
(xn);2 on the unit sphere with x*(x,,) = 27" and form a curve y by connecting
the points by segments with xo connected to co by a radial ray. For x € X and
vy = y(®(x)/2) there is a unique point z := T,(x) on the ray extending [x, y]
with ®(z) = & (x) + a.

(c) Show that 7, maps X onto {x : ®(x) > a}, is invertible and that T, and T, Lare
locally Lipschitz.

(d) Fixa = 2 and let pp(x) := inf{t > 0 : d(&x) > 2} be the Minkowski gauge.

Define Tyo)
5 (x

T = T; —_— .

B(x) 1= pa( 2(X))”T2(x)”

Show that T removes the unit ball B = By from the range.
(e) Show that

T(x) := (1 ) Tp(x),

Tl

maps X onto X \ {0}.

(f) Finally, show that Ty is a fixed-point free locally Lipschitz involution (7| 02 =1).
It is an open question as to whether a fixed-point free uniformly continuous
involution exists.

4.5.8 (The distortion of Hilbert space [334, 335]).** A Banach space (X, ||||) is said
to be distortable if there exist an equivalent norm |-| on X and a A > 1 such that,
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for all infinite-dimensional subspaces ¥ C X, sup{|y|/|x| : x,y € Y, |lx|| = |y|l =
1} > A. If this holds for all & > 1 then the space is arbitrarily distortable. Odell and
Schlumprecht prove that a separable infinite-dimensional Hilbert space is arbitrarily
distortable. Adding an earlier result of V. Milman, they prove that any space not
containing an isomorphic copy of £; or ¢y is distortable. (R. C. James proved ¢; and
co are not distortable.)

Distortability of the Hilbert space £ is equivalent to the existence of two separated
sets in the sphere of ¢,, each of which intersect every infinite-dimensional closed
subspace of £; [334]. Indeed [335] yields a sequence of (asymptotically orthogonal)
subsets (C;)7°, of the unit sphere of £, such that (a) each set C; intersects each infinite-
dimensional closed subspace of £3, and (b) sup{|(x,y)| : x € C;,y € C;} — 0 as
min{i,j} — oo.

The next exercise examines in greater generality the Euclidean argument given in
Section 3.5 as part of our discussion of the Cebysev problem.

4.5.9. Let X be a normed space. As in Section 3.5, a subset C C X is said to be
approximately convex if for any norm ball D C X, there is a norm ball D’ > D
disjoint from C with arbitrarily large radius.

(a) Show that every convex set is approximately convex.

(b) Show that every approximately convex set in a Banach space is convex if and
only if the dual norm is strictly convex.

(c) Suppose C is a Cebysev set in X and suppose x +— Pc(x) is norm-to-norm
continuous. If the norm on X is such that its dual is strictly convex, show that C
is convex.

(d) Conclude that every weakly closed Cebysev set is convex in a reflexive Banach
space whose norm is Gateaux differentiable and has the Kadec—Klee property.

Hint. (a) follows from the separation theorem (4.1.15).

(b) is a result of Vlasov’s [428, p. 776] discussed in [229, Theorem 4, p. 244]. The
direction used in (c) is proved as in Exercise 3.5.2.

(c) First show forx ¢ C,

i dc(y) —dc(x)
imsup ————= =
y—x ly — x|

This will require a mean value theorem, and the continuity of the metric projection.
Now for @ > dc(x), choose real numbers o € (0, 1) and p satisfying

Now apply Ekeland’s variational principle (Theorem 4.3.1) to the function —d¢ +
Ox4pBy to show there is a point v € X that satisfies both:

dc(x) +ollx —v| <dc(v)
dc(z) —ollz—v| <dc(w) forallz € x + pBy.
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Conclude that ||x — v|| = p, and then show that C is approximately convex, and then
use (b).

(d) Use Proposition 4.5.8 for the continuity property of Pc. Because the norm on
X is Gateaux differentiable, the dual norm on X* is strictly convex, and therefore we
may apply (c). O

4.5.10 (Cebysev suns). Another concept of interest in the study of Cebysev sets is
that of a sun. A Cebysev set S of a Hilbert space is called a sun if for x € S every
point on the ray Pg(x) + ¢(x — Ps(x)) where ¢ > 0 has nearest point Pg(x). Show that
every Cebysev sun is approximately convex.

4.5.11 (Convexity of Cebysev suns [175]).** For a Cebysev set C of a Hilbert space
X, show that the following are equivalent.

(a) C isconvex.
(b) C is a sun (as defined in Exercise 4.5.10).
(¢) x — Pc(x) is a nonexpansive mapping.

Hint. A proofbased on the Brouwer fixed point theorem is given in [175] and sketched
in [72, Proposition 5]. Note that Exercises 4.5.10 and 4.5.9 show the equivalence of
(a) and (b). The equivalent of (a) and (c) is from [346], see also [229, Theorem 6,
p. 247]. |

4.5.12 (Bregman—Cebysev sets). ** In [41] the authors provide an analysis in Euclidean
space that simultaneously recovers Theorem 4.5.9 for the Euclidean norm and the
Kullback—Leibler divergence. More precisely, let / be convex and let C C int dom f
be a closed set. Try to apply the ideas of Section 7.6 on zone consistency and of this
Section 4.5 to prove that:

A Bregman—Cebysev set C — the associated Bregman projection is everywhere single-
ton — is convex provided the function f inducing the Bregman distance is Legendre and
supercoercive.

4.6 Small sets and differentiability

We have already seen several results that deal with the size of the set of points of (non)
differentiability of continuous convex functions on finite-dimensional spaces. In this
section, we will give an overview of some types of small sets in Banach spaces, then
we will discuss first-order differentiability of convex functions and locally Lipschitz
functions in relation to these notions. The section concludes with some observations
on second-order differentiability of convex functions.

4.6.1 Small sets

This section outlines five basic types of small sets. These classes of sets will be closed
under translation, countable unions and inclusion.

A. Countable sets. This is a familiar notion of smallness, and we have already seen
that when the domain of a convex function is an open interval in R, there are at most
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countably many points of nondifferentiability (Theorem 2.1.2(d)). However, by con-
sidering the function f'(x, y) = |x|, this result is no longer valid in R?. Therefore, the
notion of countability is too small for differentiability results concerning continuous
convex function beyond R.

B. First category sets. This is a very powerful and widely used notion of smallness.
Let X be metric space. A subset S of X is nowhere dense if S has empty interior. A
subset F' of X is of first category if it is a union of countably many nowhere dense
sets. A set is said to be of the second category if it is not of the first category. The
space X is called a Baire space if for any set F of first category, the complement
T \ F is everywhere dense. The complement of a set of first category is said to be
residual or fat. A first-category set is sometimes also said to be meager or thin. A set
containing a dense G is said to be generic.

On finite-dimensional spaces, the set of points of differentiability of a convex
function is a dense Gs (Corollary 2.5.2), and in infinite dimensions the set of points
of Fréchet differentiability of a continuous convex function is a possibly empty Gg-
set (Proposition 4.2.9). Moreover, there are infinite-dimensional spaces where even
a norm can be nowhere Fréchet or indeed Gateaux differentiable (Exercise 4.6.7).
Nevertheless, there are wide classes of spaces where the points of nondifferentiability
of a continuous convex function are of the first category.

In addition to its usefulness in questions of Fréchet differentiability of convex
functions, another attractive aspect of the notion of category is that the dimension
of the Banach space is not an issue in its definition. However, on the negative side,
recall that Remark 2.5.5 shows the points of a nondifferentiability of a Lipschitz
function on R may be of the second category and as a consequence Exercise 2.6.13
shows the points where a continuous convex function on the real line fails to be twice
differentiable can be a set of the second category. Hence another notion of smallness
is needed in this venue.

C. Null sets. We have already seen the almost everywhere differentiability of
continuous convex functions on R” (Theorem 2.5.1) and its more difficult exten-
sion of Rademacher’s theorem (2.5.4) for locally Lipschitz functions; additionally,
Alexandrov’s theorem (2.6.4) asserts the continuous convex functions on R” have
second-order Taylor expansions almost everywhere. In infinite-dimensional spaces,
care must be exercised in defining classes of null sets because there is no analog of
the Lebesgue measure on an infinite-dimensional Banach space. However, classes of
null sets can be defined to possess the following properties:

(N1) They are closed under inclusion, translation and countable unions.
(N2) No nonempty open set is null.
(N3) They coincide with the class of Lebesgue null sets in finite-dimensional spaces.

By a Borel measure on atopological space X we mean any measure defined on 5(X)
the Borel subsets of X, which is the o -algebra generated by the open sets. By a Radon
measure 1 on X we mean any Borel measure on X which satisfies: (i) u(K) < oo
for each compact K C X; (ii) u(4) = sup{u(K) : K C 4,K compact} for each
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A € B(X). We will say that a Borel subset N of a Banach space X is Haar null if
there exists a (not necessarily unique) Radon probability measure p on X such that

px+N)=0 foreach x € X.

In such a case, we shall call the measure p a test-measure for N. More generally
we say that an arbitrary subset N C X is Haar-null if it is contained in a Haar-null
Borel set.

The following lists some of the basic properties of Haar-null sets.

Proposition 4.6.1. Let X be a Banach space. Then the following are true.

(a) Every subset of a Haar-null set in X is Haar-null.

(b) If A is Haar-null, so is x + A for every x € X.

(c) If A is Haar-null, then there exists a test-measure for A with compact support.
(d) If A is Haar-null, then X \ A is dense in X.

(e) If {An}tnen are Haar-null sets, then so is | - Ap.

Proof. The proofs (a), (b) and (¢) are left as an exercise. To prove (d) it is sufficient to
show that there are no nonempty open Haar-null sets. For this, let U be a nonempty
open subset of X and suppose by way of contradiction that there exists a test measure
p for U on X. Let 4 denote the support of p. As 4 is separable, for some xyp € X,
(xo+U)NA # 0. Thus, p(xo + U) > p((xo + U) N 4) > 0 which contradicts the
fact that p is a test measure for U.

(e) First observe that without loss of generality we may assume that each set 4; is
Borel. Foreachj € N, let p; be a test measure for 4; on G. Let H be the smallest closed
subspace of X that contains the support of each p;. Since the support of each p; is
separable (see [105, Theorem 2.1(a)]), it is not too difficult to see that H is separable.
Next let p;.‘ denote the restriction of p; to /. It follows from [152, Theorem 1] that
there exists a Radon probability measure p* on H that is a test measure for each set
of the form | J{B; : j € N}, provided that B; € B(H) andpj’.“ is a test measure for B;.
Let p be the extension of p* to X. We claim that p is a test measure for [ J{4, : j € N}.
To prove this, we must show that for each x € X, p(x + (J{4; : j € N}) = 0. Now
fix x € X. Then

[e¢) o0 [e¢)
p x—i—UAj =p* x—i—UAj NH | =p* U(x—l—Aj)ﬂH
j=1 j=1 =1

However, each pj’?‘ is a test measure for (x+4;) NH since p; is a test measure for 4; and
h+((x+A4)NH) = ((h+x)+4;))NH C (h+x)+A4; foreach h € H. Therefore, p*
is a test measure for (J{(x+4,)NH : j € N}, and sop*((J{(x+4,)NH : j € N}) =0,
which implies that p(x 4+ ({4, : j € N}) =0. [

Proposition 4.6.2. Suppose C is a closed convex set and d € X \ {0} are such that
C contains no line segment in the direction d. Then C is Haar null.
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Proof. Indeed, u(S) := A{t € [0,1] : td € S} where A is the Lebesgue measure on
R defines a Borel probability measure o such that u(x + C) =0 forallx e X. [

From this, it follows that compact sets in infinite-dimensional Banach spaces are
Haar null.

Another important class of negligible sets (the term is used in various contexts) is
defined follows. For each y € X \ {0}, let A(y) denote the family of all Borel sets
A in X which intersect each line parallel to y in a set of one-dimensional Lebesgue
measure 0. If {x,} is an at most countable collection in Z \ {0}, we let A({x,}) denote
the collection of all Borel sets A4 that can be written as 4 = |_J 4,,, where 4,, € A(x,)
for every n. A set is Aronszajn null if for each nonzero sequence {x,} whose linear
span is dense in X, 4 can be decomposed into a union of Borel sets {4,} such that
A, € A(xy) for every n.

It is known that an Aronszajn null set is Haar null, but there are Haar null sets that
are not Aronszajn null. In fact, there is another well known class, the Gaussian null
sets, which we will not define here, and moreover, they are known to coincide with
the Aronszajn null sets; see [52] for further information.

D. Porosity. A subset S of a Banach space X is called porous if there is a number
A € (0, 1) such that for every x € S and every § > 0 there is a y € X such that
0 < |ly—x| <éand SN B,(y) = @ where r = A|ly — x||. If S is a countable union
of porous sets, then we will say that S is o-porous. The complement of a o -porous
set is said to be a staunch set.

E. Angle small sets. Let X be a Banach space, for x* € X* and @ € (0, 1) consider
the cone

K" a) = {x e X ¢ allx|[|lx*] < &*,x)}.

For a fixed @ € (0, 1), a subset S of X is said to be «-cone meager if for every x € S
and € > 0 there exists z € B¢ (x) and x* € X* \ {0} such that

SNz+intKEx* o) =40.

The set S is said to be angle small if for every o € (0, 1) it can be expressed as a
countable union of @-cone meager sets.

It is easy to see from the definition that both o-porous and angle small sets are of
the first category.

4.6.2 First-order differentiability

A large amount of study has been directed at determining the extent to which The-
orem 2.5.1 on the almost everywhere differentiability of convex functions on R”,
Rademacher’s theorem (2.5.4) and Alexandrov’s theorem (2.6.4) extend to more gen-
eral Banach spaces. Because these concepts may involve mappings between Banach
spaces, we include the following definitions. Let X and Y be Banach spaces, and let
U be an open subset of X. A functionf : U — Y issaid to be Fréchet differentiable at
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x € Uifgivene > 0, there exists § > 0 and a continuous linear mapping 7 : X — Y
so that

\fx+h) —f &) — Th|| <el|lh| whenever |A| < 3.

If the limit exists directionally, that is for each ¢ > 0 and 4 € Sy, there exists § > 0
(depending on & and /) so that

Wfx+th) —f(x) — T(th)|| < et whenever0 <t <4,

then /" is said to be Gateaux differentiable at x. In both cases, we will write T as [ (x).
We begin with a classical result of Mazur.

Theorem 4.6.3 (Mazur [311]). Suppose X is a separable Banach space and f is a
continuous convex function defined on an open convex subset U of X. Then the set
of points at which f is Gateaux differentiable is a dense Gs-subset of U.

Proof. We provide a sketch of the proof, which like Theorem 2.5.1 reduces to a
one-dimensional argument. First, let {x,},cn be dense in Sy. For each n,m € N, let

Apm = {x € U : there exist x*,y* € 9f (x) with (x* — y*,x) > 1/m}.

Because [ is Gateaux differentiable at x if and only if 9f (x) is a singleton (Corol-
lary 4.2.5), it follows that f* fails to be Gateaux differentiable at x if and only if
x & Uy Anm. Because X it separable, it follows that bounded subsets of X* are
metrizable in the weak™*-topology, this along with Alaoglu’s theorem (4.1.6) can be
used to show 4,, ,, is closed. One can then use Theorem 2.1.2(d) to show that U \ 4, ,
is dense in U. |

Remark 4.6.4 (Extensions of Mazur’s theorem). (a) Mazur’s theorem has numer-
ous extensions. A Banach space X is called a weak Asplund space if every
continuous convex function defined on a nonempty convex open subset of X
is Gateaux differentiable on a dense Gs-subset of its domain. It was shown in
[355] a Banach space with a Gateaux differentiable norm is a weak Asplund space
(a weaker result is given in Exercise 4.6.6); in particular, weakly compactly gen-
erated (WCG) Banach spaces are weak Asplund spaces; see [180] for renorming
of WCG spaces.

(b) Using a smooth variational principle, it is easy to check that a Banach space
with a Gateaux differentiable norm is a Gdteaux differentiability space, that is,
every continuous convex function defined on a nonempty convex open subset of
is Gateaux differentiable on a dense subset of its domain. However, the process
of obtaining a dense Gs-subset as in (a) is nontrivial and often uses a topological
result called a Banach—Mazur game; see [355] and [350, p. 691f]. Further, Moors
and Somasundaram [322] show that a Gateaux differentiability space need not
be a weak Asplund space, thus solving a long-standing open question. However,
it had been known earlier that in contrast to the Fréchet differentiability case, a
continuous convex function could be Gateaux differentiable on a dense set that
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is not residual [158]; further information on examples like this is provided in
Exercise 6.1.10.

(c) The classical example that the usual norm on £ is nowhere Fréchet differentiable
(see Exercise 4.6.7(a)) shows that the Fréchet analog of Mazur’s theorem is not
valid.

(d) Mazur’s theorem does not extend to £..; see Exercise 4.6.7(b).

Next, we state a Gateaux differentiability version of Rademacher’s theorem (2.5.4)
for separable Banach spaces. This result uses the concept of a Banach space with the
Radon—Nikodym property (we will study some properties of this class of spaces in
Section 6.6); for now, let us mention that this class includes reflexive Banach spaces
and separable dual spaces.

Theorem 4.6.5. Let X be a separable Banach space and let Y be a space with the
Radon—Nikodym property. Let  be a Lipschitz function from an open subset U of
X into Y. Then the set of points in U at which f is not Gdateaux differentiable is
Aronszajn null.

A Banach space X is said to be an Asplund space if the points of differentiability of
every continuous convex function f : X — R are a dense (automatically Gs) subset
of X; see Exercise 4.6.11 for a common alternate formulation of the definition of
Asplund spaces. As noted in Remark 4.6.4(d), not every separable Banach space is
an Asplund space, however, those spaces with separable duals are Asplund spaces:

Theorem 4.6.6. Suppose that the Banach space X has a separable dual and f is
a continuous convex function on X. Then the points at which f fails to be Fréchet
differentiable on X is an angle small set.

Proof. According to Smulian’s theorem (4.2.10), it suffices to show that the set

A = {x € dom(9f) : (Slir{)lJr diam of [B(x, 8)] > 0}

is angle small. First, we write 4 = | J,,.ny 4n Where

Ay = {x € dom(9f) : 81ir(r)1+ diam of [B(x,8)] > 1/n}.

Let {x}};2, be a dense subset in X™* and suppose 0 < o < 1. Now let
Apg = 1{x € Ay ¢ dist(x, 3f (x)) < a/4n}.

To complete the proof, it suffices to show that each 4, 4 is «-cone meager. For this,
suppose that x € A4, and ¢ > 0. Because x € A,, there exist 0 < § < ¢ and
21,22 € B(x,8) and z} € 9f(z;) so that ||z — z5|| > 1/n. Consequently, for any
x* € 9f (x), one of ||z} — x*|| > 1/2n. Because dist(x}, df (x)) < a/4n, we can
choose x* € 9f (x) such that ||x; — x*|| < o«/4n. From this, one sees that there are
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points z € B(x, ¢) and z* € 9f (z) such that

Iz —xpll = 2 —x*|| — llxg — x| > 1/2n — a/4n > 1/4n.
Next we show that 4,4 N (z + int K (z* — x}, ) = @. That is,

App Ny e X 0 (2" — x5,y —2) > allz" —x{llly —zlI} = ¢.

Now, if y € dom(df) and (z* — x},y — z) > allz* — x{[l|ly — z|| and if y* € 3f (),
then

OV =xfy—z)=0 -z y—2)+ " —x},y—2)

> (2" = x5,y —2) > alZ = x; |y — 2|l
> 2y —z|
—_— — Z||.
~ 4n Y
Consequently, [|y* — x|l > a/4nand soy & Ay . [

It will be shown in Corollary 6.6.10 that a Banach space X is an Asplund space
if and only if each of its separable subspaces has a separable dual. The case of
Fréchet differentiability of locally Lipschitz functions is highly nontrivial, we state
the following result of Preiss.

Theorem 4.6.7 (Preiss [354]). Each locally Lipschitz real-valued function on an
Asplund space is Fréchet differentiable at the points of a dense set.

However, there is no guarantee that the set of points where the function is not
differentiable is small in any of the senses we have discussed. Indeed, a Lipschitz
function may fail to be differentiable at a set of second category (Remark 2.5.5).
Next, we mention examples on various Asplund spaces showing that the points of
nondifferentiability need not be a null set in the various notions introduced here. The
following is from [107].

Example 4.6.8. Let C = c(J{, ie.C ={(x;) €co: x; >0foralli € N}. Then C is
not Haar null. Moreover, C has empty interior, so d¢ is a Lipschitz convex function
that fails to be Fréchet differentiable at any x € C.

Proof. This is outlined in Exercise 4.6.10. O

Using the following theorem from [309] whose proof we omit, one can create
examples of the previous sort on any nonreflexive (Asplund) space.

Theorem 4.6.9. A separable Banach space is not reflexive if and only if there is
a closed convex set C with empty interior in X which contains a translate of any
compact set in E. In particular, C is not Haar null.

The next example sharpens the previous observations by showing that the points of
nondifferentiability may fail to lie in the more restrictive class of Aronszajn null sets.
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Example 4.6.10. On any separable space there is a Lipschitz convex function whose
points of nondifferentiability is not Aronszajn null.

Proof. (Outline) Let X be a separable Banach space and let i« be a finite Borel measure
on X . Because u is regular, there exists an increasing sequence of compact convex sets
(Cy) such that u(X \ Uye | Cy) = 0. Now let f, :=dc,, and let f := ) 72, 27"f,.
Then f is a Lipschitz convex function and fails to be Fréchet differentiable at the
points of | ;2 Cy, by Exercise 4.6.8. See [107, p. 53] for a proof that this set is not
Aronszajn null. 0

Finally, we state without proof a more striking example showing the points of
differentiability of a convex function can be small, even on a separable Hilbert space.
The reader is referred to [52, Example 6.46] for the construction and proof of this
example in the ¢, case.

Example 4.6.11. There is a continuous convex function f : £, — R such that set in
which £ is Fréchet differentiable is an Aronszajn null set. In fact, there is such a norm
on any separable superreflexive space.

We mention one final result concerning sets where a continuous convex function
on a separable Banach space can fail to be differentiable. For this, a subset S of X is
said to be a hypersurface if it is the graph of a function defined on a hyperplane of X
which is the difference of two Lipschitz convex functions. The following theorem is
from Zajicek’s work [442]; see also [52, Theorem 4.20].

Theorem 4.6.12. Let D be a subset of a separable Banach space X. Then there exists
a continuous convex function on X which is nowhere differentiable on D if and only
if D is contained in a countable union of hypersurfaces.

4.6.3 Second-order differentiability on Banach spaces

We will say a real-valued function /' : U — R is twice Gateaux differentiable (resp.
twice Fréchet differentiable) at x € U if there is an open neighborhood 7 of x such
that /" is Gateaux differentiable (resp. Fréchet differentiable) on V7, and the mapping
f'x) : V — X* is Gateaux differentiable (resp. Fréchet differentiable). As in the
Euclidean space case, we denote the second derivative of f at X by f”(x) or V3 (%),
and it is a continuous linear mapping from X to X*, that is V2f (X) € L(X; L(X;R)).
The definitions above for both the Fréchet and Gateaux cases, imply the following
limit exists in the norm sense for each 7 € X

Vf (% + th) — V(%)
t .

V£ (®)(h) = lim
t—0

If the above limit is only known to exist in the weak*-sense, we will say that f
has a weak*-second-order Gdteaux (or Fréchet) derivative at x. In any of the above
cases, we may let 1 (X)(h, k) := (h, V*f(X)(k)). Thus, /" (%) identifies with a con-
tinuous bilinear mapping from X x X — R, that is /”(¥) € L2(X;R); see [144,
Chapter 1, §1.9] for a formal development of the natural isometry of £, (X; R) with
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LX; L(X;R)) and more generally. With this notation, and the definitions just given,
one can check that

@) (k) = lim (Vf(x +tk), h) — (Vf(i),h)’
t—0 t
when 1"/ (x) exists in any four senses above.
We leave it as Exercise 4.6.13 for the reader to verify that V£ (¥) is symmetric in
each of the above cases. As in the finite-dimensional case, the second derivative can
be used to check convexity.

Theorem 4.6.13 (Second-order derivatives and convex functions). Let U be an open
convex subset of a Banach space X, and suppose that f : U — R has a weak*-
second-order Gdteaux derivative at each x € U. Then f is convex if and only if
V2f(X)(h,h) = O forallx € U, andh € X. IfV*f(X)(h,h) > 0 forallx € U, h € X,
then f is strictly convex.

Proof. Ttisleft for the reader to modify the finite-dimensional version (Theorem 2.2.8)
to the Banach space setting. [

We now turn our attention to the generalized second derivatives and Taylor
expansions in Banach spaces.

Let X be a Banach space, U a nonempty open convex set and f : U — R be
a continuous convex function. Then f is said to have a weak second-order Taylor
expansion at x € U if there exists y* € 9f(x) and a continuous linear operator
A : X — X* such that f has a representation of the form

2

fx+th) =fx)+ty*,h) + %(Ah,h) + o(tz) (t — 0), 4.6.1)
for each 4 € X; if more arduously,
1
Sa+h) =fx)+ 0% h + §<Ah,h> +o(lhI*) (Il — 0) (4.6.2)

for h € X, we say that f has a strong second-order Taylor expansion at x.

As in the finite-dimensional case, Taylor expansions will be related to generalized
second derivatives. However, the notions of strong and weak Taylor expansions are
different in the infinite-dimensional setting:

Example 4.6.14. Strong and weak second-order Taylor expansion are distinct
concepts in infinite-dimensional spaces.

Proof. See [107, Example 1, p. 50]. [

Let X be a Banach space, U a nonempty open convex setand f : U — R be a
continuous convex function. Then 9f is said to have:
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(a) a generalized weak*-Gdteaux derivative (resp. weak*-Fréchet derivative) at x €
U if there exists a bounded linear operator 7 : X — X* such that

* _ *
lim 2L =
t—0 t

=Th

in the weak*-sense for any fixed 4 € X and all y} € df (x+ th), y* € 9f (x) (resp.
uniformly for all # € By, y; € df (x + th) and y* € 9f (x);

(b) a generalized Gdteaux derivative (resp. Fréchet derivative) at x if (a) holds with
the respectively limits in the sense of the dual norm.

Given these notions, [107, Theorem 3.1] establishes the following result.

Theorem 4.6.15. Let X be a Banach space, U a nonempty open convex set, f : U —
R be a continuous convex function and x € U. Then:

(a) [ has aweak second-order Taylor expansion at x if and only if Of has a generalized
weak*-Gdteaux derivative at x.

(b) f has a strong second-order Taylor expansion at x if and only if df has a
generalized Fréchet derivative at x.

In both cases the linear mapping T : X — X* is the same.

Next we examine whether there are infinite-dimensional spaces on which contin-
uous convex functions have generalized second-order derivatives, except at possibly
a small set; we already saw in Exercise 2.6.13 that even on R a continuous con-
vex function may have second-order derivatives at only a set of first category. In
other words, does Alexandrov’s theorem (2.6.4) work in infinite-dimensional Banach
spaces for any of the notions of null sets introduced here? The following obser-
vation, along with examples for first-order Fréchet differentiability show that it
does not.

Proposition 4.6.16. Let U be a nonempty open convex subset of a Banach space X,

f : U — Rbea continuous convex function, andx € U. Iff has a weak second-order
Taylor expansion at x, then [ is Fréchet differentiable at x.

Proof. For each h € Sy, there exists C, > 0, §, > 0 so that

S @+ th) —f(x) = (¢, th) < Cu?, 0 <1 <8
Now let Fy,y := {h € By : f(x +th) —f(x) — (¢,x) < nt?>,0 <t < 1/m}. Then
\J Fm = Bx. According to the Baire category theorem, there exists an open U C By,

and ng, mp € N so that

fOx+th) —fx) — (¢, th) < not?, whenever 0 < ¢ < 1/mg, h € U.
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Now use the convexity of f to show there exists § > 0, and K > 0 so that
F G+ th) — f(x) — (¢, th) < Ki*>, whenever 0 < <3, h € By. (4.6.3)
In particular, this shows 1 is Fréchet differentiable at x. O

In fact, (4.6.3) is a property stronger than the Fréchet differentiability of / at xg.
Indeed, it is a condition that is equivalent to f being what is called Lipschitz smooth
at xo (see Exercise 4.6.14), that is there exist § > 0 and C > 0 so that

ll¢x — Vf (xo)|l = Clix — xoll whenever ||x — xoll < 4, and ¢, € 9/ (x). (4.6.4)

Lipschitz smoothness and related notions will be discussed in more detail in
Section 5.5. For now, our main interest in the previous proposition is that a point
where a continuous convex function has a generalized second-order derivative,
is automatically a point of Fréchet differentiability. Consequently, we have the
following:

Remark 4.6.17 (Failure of Alexandrov’s theorem in infinite dimensions). (a) Let
C :={f € Ly[0,1] : |f] < 1 ae.}. According to [216, Section 5], the near-
est point mapping Pc : H — C is nowhere Fréchet differentiable. Moreover, Pc
is the Fréchet derivative of the convex function

1 1
fx) = Euxn2 -5l Pexl?; (4.6.5)

see [216] for details. Consequently, the function f* : L5[0,1] — R is nowhere
twice Fréchet differentiable.

(b) Let C be the positive cone in £5(I") where |I'| > Ny. Then the nearest point
mapping Pc is nowhere Gateaux differentiable, therefore, f : £,(I') — R as in
(4.6.5) is nowhere twice Gateaux differentiable.

(c) LetC = c(‘)Ir , then d¢ fails to have a weak second-order Taylor expansion at each
point of the set C which is not Haar null; see Example 4.6.8.

(d) In any separable nonreflexive Banach space, there is a closed convex set C that
is not Haar null. Thus d¢ fails to have a weak second-order Taylor expansion at
each x € C; see Theorem 4.6.9.

(e) On any separable Banach space, there is a Lipschitz convex function that fails to
have a second-order Taylor expansion at each point of a set that is not Aronszajn
null set; see Example 4.6.10.

(f) Thereisa continuous convex functionf : £ — R such that the points where f has
a weak second-order Taylor expansion is Aronszajn null; see Example 4.6.11. In
fact, such an example exists on any separable superreflexive space. In particular,
the set of points where f* fails to have a weak second-order Taylor expansion is
not Haar null.

Exercises and further results

4.6.1. Give an example of a set in [0, 1] that is first category but has measure one.



4.6 Small sets and differentiability 205

Hint. Find open sets O, containing the rationals with measure less than 1/n. Then
look at the complement of G := () O,. O

4.6.2.* Prove Proposition 4.6.1 (a), (b) and (c).
4.6.3 (Angle small sets). (a) Show that any angle small set is of first category. (b)
Show that a subset of R is angle small if and only if it is countable.

Hint. For (b) show that an a-cone meager subset of R can contain at most two
points. 0

4.6.4 (Porosity). (a) Show that the Cantor set is porous, and conclude that there
are porous sets that are not angle small. (b) Is an angle small set always o -porous.
(c) Show that a o -porous set in Euclidean space has outer measure zero.

Hint. See [443] for more information on porous and o -porous sets. |
4.6.5.* Fill in the details to the proof of Mazur’s theorem.
Hint. See [350, p. 12] for the full details. |

4.6.6 (Generalizing Mazur). Show that if a Banach space X has a norm whose dual
norm is strictly convex, then every continuous convex function on X is generically

Gateaux differentiable. Note: a norm is strictly convex if ||)%|| < %||x|| + %||y||
whenever ||x|| = ||y]l > 0, and it is easy to renorm a separable Banach space so its

dual norm is strictly convex (Proposition 5.1.11).

Hint. Suppose f is a continuous convex function, and define ¥ (x) := inf{||x*| : x* €
af (x)} where || - || is a strictly convex dual norm. Show that v is Isc and then conclude
that i is continuous at each point of a residual subset, say G. Use the strict convexity
ofthe dual norm to show that at any x there is at most one x* € ¢ (x) with ||x*|| = ¥ (x).
Now suppose x € G and 9f (x) is not a singleton, then there exists y* € 9f (x) with
IV*|l > ¥ (x). Choose i with ||4]| = 1sothaty*(h) > v (x). Nowletx, := x+%y. Use
the subdifferential inequality to show that ¥ (x,) > y*(k) for all n. This contradicts
the continuity of i at x. O

4.6.7.* (a) Show the usual norm || - ||; is nowhere Fréchet differentiable on £;.
Conclude that ¢; has no equivalent Fréchet differentiable norm.

(b) Show that f'(x) := limsup,,_, o, |x»| is nowhere Gateaux differentiable on .
Conclude that there is a norm on £ that is nowhere Gateaux differentiable.

Hint. (a) Letx := (x,) € £;. Let §, — 0" where §,, > |x,|. Choose points 4" € £;
where A" = 38,¢e,. Then |A"|| — 0, but

Ix + A"l + llx = A% = 21l = 48, > (1l

and so || - ||1 is not Fréchet differentiable at x. Use a smooth variational principle to
conclude there is no equivalent Fréchet differentiable norm on ¢;. O

4.6.8.* Show that the function f in the proof of Example 4.6.10 fails to be Fréchet
differentiable at each point of | JC,. Can the same be said about the Gateaux
differentiability of f?

Hint. First dc, is not Fréchet differentiable at any point of C,; see Exercise 4.2.6.
Then the same is true of the sum of kdc, for any £ > 0 with any convex function. For
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the Gateaux question, see Exercise 4.2.4 for an example of how d¢ could be Gateaux
differentiable at certain points of the boundary of C. [

4.6.9. Let C be the positive cone in c¢o. For any compact set K C ¢, show that a
translate of K is contained in C. Hence this is a concrete case of Theorem 4.6.9. (See
also Exercise 4.6.16.)

4.6.10.* Verify Example 4.6.8.

Hint. We follow [107, Example 2, p. 53]. Use the regularity of Borel measures to
deduce that c(‘)|r is not Haar null because Exercise 4.6.9 shows it contains a translate of
each compact subset of cp. It is easy to show that caL has empty interior. Then apply
Exercise 4.2.6 to deduce the distance function d, s is not Fréchet differentiable at any

points of c(‘)|r . O

4.6.11.* Show that X is an Asplund space if and only if for every open convex set
U C X, and every continuous convex functionf : U — R, f is Fréchet differentiable
on a dense Gs-subset of U.

Hint. Use local Lipschitz property of £, i.e. given x € U, there exists V' C U such
that x € V, and |y is Lipschitz. Now extend f to a Lipschitz convex function f on
X that agrees with f on V. Use fact that X is Asplund to deduce that f is Fréchet
differentiable at some point in V. Then note that points of Fréchet differentiability
are always Gs. ]

4.6.12 (Locally residual implies residual). Recall that a subset R is residual if it
contains as a subset the intersection of countably many dense open sets. Show that
a subset R of X is residual if, and only if, it is locally residual (i.e. for eachx € X
there exists an open neighbourhood U of x such that RN U is residual in U). Actually
something less than this is sufficient: it suffices to be be locally residual at the points
of a dense subset of X.

Hint. See, for example [201, Proposition 1.3.2, p. 16]. O

4.6.13.* Let X be a Banach space, U an open convex subsetof X and f : U — R
convex. Suppose f has a weak* second-order Gateaux derivative atx € U. Show that
1" (x) is symmetric.

Hint. For any h,k € X, let g(s,t) = f (X 4+ sh + tk). By the symmetry result in finite
dimensions (Theorem 2.6.1), deduce gy, (0) = g;5(0), and conclude that /" (x) (h, k) =
S @k, h). |
4.6.14 (Lipschitz smooth points). Show that the condition in (4.6.3) is equivalent to
the defining condition (4.6.4) for a point of Lipschitz smoothness.

Hint. See Theorem 5.5.3 and its hint for a more general result. ]

4.6.15.** Prove Theorem 4.6.15.

Hint. Full details can be found in [107, Theorem 3.1]. Can the equivalence in finite
dimensions be used to produce another proof, at least for some parts of the theorem?
U

4.6.16 (Further results on boundaries of closed convex sets).* We collect some
striking results relating to Theorem 4.6.9.
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(a) It is shown in [309] that a separable Banach space X is nonreflexive if and only
if there is a convex closed subset Q of X with empty interior which contains
translates of all compact sets K C X (Q may also be required to be bounded and
K a compact subset of the unit ball).

(b) Consider the space C(K) of continuous functions on a compact set K containing
a nonisolated point p in K. Then Q can be the subset of K whose members attain
their minima at p. In particular the nonnegative cone in ¢g is not Haar null but
has empty interior.

(c) Determine the differentiability properties of dp for such a convex Q.

(d) In [308] the following is shown. Let X be a reflexive Banach space, and let
C C X be aclosed, convex and bounded set with empty interior. Then, for every
8 > 0, there is a nonempty finite set ' C X with an arbitrarily small diameter,
such that C contains at most é-|F'| points of any translation of F.

(e) Deduce that the boundary of a closed convex subset of a separable reflexive
Banach space is Haar null if and only if it has empty interior.

Hint. All Borel measures on a separable space are tight:

w(C) =sup{u(XK) : K C C,K compact}.
|

(f) Deduce that this property characterizes reflexive spaces amongst separable
spaces.

4.6.17.™ Suppose that X is a separable Banach space that admits a differentiable
norm whose derivative is (locally) Lipschitz on the unit sphere. Show that X admits
a twice Gateaux differentiable norm whose first derivative is (locally) Lipschitz on
the unit sphere.

Hint. This requires significant computations which we omit. Let fy(x) := x||%, and
then let

fi’H—l(x) = /];%”Jrlﬁ) <x - Ztihi) ¢0(t0)¢1(t1) s Pu(ty) deg dty -+ - dt,
i=0

forn = 0,1,2,..., where ¢9 : R — R is a C*®°-function, ¢y > 0, ¢¢ is even,
¢o(t) = 0if || > 1/2and [T g = 15 ¢u(t) = 2"¢p(2"1) for t € R and {£;}22, is
dense in the unit sphere of X. Then each f;, is a continuous convex function, and the
crucial step is that ( f;,) converges uniformly on bounded sets to a continuous convex
function f that is twice Gateaux differentiable with locally Lipschitz first derivative,
in fact

) ) = lim/ fo (x — Z t,-h,) (h) - I_o¢pi(t)dto - - - dt, forx,h € X.
n Rn+l i—0
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and then show
J" @) (B, hi) = lim /R o (x - th-h,-) (o (t0) - - d;(ti) - -~ u(ty) dto dty - - dt,
i=0

Use the density of {#;}?°, in Sy and the local Lipschitz property of f” to obtain
1" (x)(h, k) is abounded symmetric bilinear map. Finally, an implicit function theorem
is used on an appropriate lower level set of /' to obtain the equivalent norm. See [203]
for the full details.

Note: an analog of this exercise for bump functions, that is, functions with bounded
nonempty support is given in [206, Theorem 6]. O

We conclude this section by stating some interesting related results.

Remark 4.6.18 (A staunch Rademacher theorem). Recall that the complement of a
o -porous set is said to be staunch. In [55] Bessis and Clarke recover Rademacher’s
theorem (2.5.4) as abyproduct of a study of the staunchness of sets on which the partial
Dini-subdifferentials exist in R” and produce the Dini-subdifferential of a Lipschitz
function — and much more. In particular, they show that if the gradient exists on a
staunch set then the points of Fréchet differentiability are staunch.

Remark 4.6.19 (Convex functions on small sets [84]). Let X be a Banach space, C
a Gs-subset of X, and /' : C — R a locally Lipschitz convex function. One may
show that if X is a space of class (S) as defined in [84, 201] (respectively, an Asplund
space), then f is Gateaux (respectively, Fréchet) differentiable on a dense Gs-subset
of C. The results unify earlier ones which assume that C has nonsupport points or
that C is not contained in a closed hyperplane. Indeed the nonsupport points N (C)
are a Gs-subset of X when X is separable. Class (S) spaces include all WCG spaces
and much more.

By contrast, in [306] it is shown that there is a convex locally Lipschitz function
on a closed subset C of £, which is Fréchet differentiable on a dense subset D of the
nonsupport points N (C) but every selection for df is discontinuous at each point on D.

Remark 4.6.20 (Frechet points of Lipschitz functions). In stark distinction to the
behavior of convex functions, a very recent result Kurka [281] shows that the sets
of Fréchet subdifferentiability of Lipschitz functions on a Banach space are always
Borel sets if and only if the space is reflexive.
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Duality between smoothness and
strict convexity

[Banach] would spend most of his days in cafés, not only in the company of others but also
by himself. He liked the noise and the music. They did not prevent him from concentrating
and thinking. There were cases when, after the cafés closed for the night, he would walk
over to the railway station where the cafeteria was open around the clock. There, over a
glass of beer, he would think about his problems. (Andrzej Turowicz)!

5.1 Renorming: an overview

This section presents some classical results concerning norms on Banach spaces. We
focus on some constructions on separable spaces as well as basic duality results for
smoothness and convexity. Material in later sections concerning the duality between
exposed points and smooth points, and between convexity and smoothness for convex
functions is motivated by the corresponding duality in the classical case of norms.
A familiarity with the more concrete case of norms can make the general convex
function case much more transparent.
For a subset A C X, the polar of A denoted by A4° is the subset of X* defined by

A° ={x" € X" : (a,x*) <1 foralla € 4}.
Given a subset B C X*, the prepolar of B denoted by B, is the subset of X defined by
Bo:={xeX: {(x,b*) <1 forall b € B}.

The following is a basic fundamental result concerning polars of sets in Banach
spaces.

Theorem 5.1.1 (Bipolar theorem). Let X be a Banach space, and let A C X and
B C X*. Then

(a) (A°), is the closed balanced convex hull of A.
(b) (B,)° is the weak*-closed balanced convex hull of B.

Proof. See Exercise 5.1.1. 0
The bipolar theorem can be used to recognize dual norms.

I Turowicz, another Lvov mathematician, quoted in R. Kaluza, The Life of Stefan Banach, Boston, 1996.
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Fact5.1.2. Let| || be a norm on X* that is equivalent to the dual norm of the original
norm on X. Then the following are equivalent:

(@) | - | is a dual norm on X*,;
®) | - || is weak*-Isc;
(c) the unit ball B of || - || is weak*-closed.

Proof. (a) = (b): Suppose | - || is a dual norm. Then [|x*|| = sup{(x,x*) : |x| < 1}.
As a supremum of weak*-Isc functions, || - || is weak™*-Isc.

(b) = (c) is immediate since B = {x* € X™* : |x*| < 1} is the lower level set of a
weak™*-lsc function.

(c) = (a): According to the bipolar theorem (5.1.1), B = (B,)° and so | - | is the
dual norm of the norm that is the gauge, y3,. [

Recall that Gateaux and Fréchet differentiability for convex functions were intro-
duced in Section 4.2. A norm || - || is said to be Gateaux differentiable (resp. Fréchet
differentiable) if || - || is Gateaux differentiable (resp. Fréchet differentiable) as a func-
tion on X \ {0}. Because of the positive homogeneity of norms, this is equivalent to
I - || being Gateaux differentiable (resp. Fréchet differentiable) on Sx. Also, because
derivatives of convex functions are subgradients, one can readily verify when a norm
| - || is differentiable at x € X \ {0}, its derivative will be the unique linear functional
¢ € Sy satisfying ¢ (x) = ||x]|.

Proposition 5.1.3 (Symmetric differentiability of norms). Let (X, || - ||) be a Banach
space.

(a) The norm || - || is Fréchet differentiable at x € X \ {0} if and only if for each
& > 0, there exists § > 0 so that

lx + Al + llx — Al = 2llx|| < ellhll whenever ||h|| < 4.

(b) The norm || - || is Gdteaux differentiable at x € X \ {0} if and only if for each
& > 0and h € Sy, there exists § > 0 so that

lx + th| + |Ix — th|| — 2||x|| < e|t| whenever |t| < 4.

Proof. Part (a) is a restatement of Proposition 4.2.7, whilst part (b) is a restatement
of Proposition 4.2.8. [

Proposition 5.1.4 (Smulian). Let (X, || - ||) be a normed space, and x € Sy. Then the
following are equivalent.

(a) || - || is Fréchet differentiable at x.

(b) (¢n — Ay) — 0 whenever ¢, (x,) = 1, Ay(vy) = 1 and x, — x, y, — x and
‘Pm An € BX*~

(c) (¢n — ¢) — 0 whenever ¢, ¢ € By+ and ¢p,(x) — ¢(x) = 1.
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Proof. (Thisissimilarto convex function case in Theorem4.2.10.) (a) = (c¢): Suppose
(c) is not true. Let ¢ € Sy+ be a supporting linear functional of x. Then there exist
¢n € By such that ¢,,(x) — 1, and ¢ > 0 and &, € By= such that (¢ — ¢,)(h,) > &.
Now choose 7, — 07 such that 1 — ¢,,(x) < 4°. Then

Ix + tnhnll + lx — taltnll = 20xll = Pn(x + tnhn) + & (x — tphn) — 2]Ix]|
Z Gn(x) + @) + t(dn — P)(hy) — 2

tne
> the+dpx) — 1> 7

Consequently, || - || is not Fréchet differentiable at x by Proposition 5.1.3(a).

(c) = (b): Let Ay, ¢, xn, vy be as in (b). Choose a supporting functional ¢ € Sy~
with ¢(x) = 1. Now ¢,(x) — 1 and A,(x) — 1 since x, — x and y, — x.
According to (¢) ¢, = ¢ and A, — ¢ and so (¢, — A,;) — 0 as desired.

(b) = (a): Suppose || - || is not Fréchet differentiable at x. Then for ¢ € Sy+ with
¢ (x) = 1, there exist £, — 0%, h, € Sy and & > 0 such that

Ix + tuhnll = x|l — @ (tnhyn) > ety

for all n. Choose ¢,, € Sx+ so that ¢, (x +t,h,) = ||x+ t,4,]|. The previous inequality
implies ¢, (t,h,) — ¢ (t,hy,) > €t, and so ¢, /> ¢ which shows (b) is not true. O

The analogous version for Gateaux differentiability is listed as follows.

Proposition 5.1.5 (Smulian). Let (X, || - ||) be a normed space, and x € Sx. Then the
following are equivalent.

(a) || - || is Gdateaux differentiable at x.

(b) (dn — Ay) —w+ 0 whenever ¢, (x,) — 1, Ay(yy) — landx, — x, yy — x
and ¢,, A, € Byx.

(c) (pn — @) —w 0 whenever ¢, ¢ € Byx, ¢p(x) = ¢(x) = 1.

Proof. See Exercise 5.1.2. ]

Let C be a closed convex subset of a Banach space X. A point x € C is an extreme
point of C, if C \ {x} is convex. We say that x € C is an exposed point of C if there
isa ¢ € X* such that ¢ (x) = sup,cc ¢ (u) and ¢(x) > ¢(u) forallu € C\ {x};
alternatively, we say ¢ exposes x € C. We say x € C is a strongly exposed point of
C, if there is a ¢ € X* such that ¢ (x) = sup,cc ¢ (u) and x, — x wheneverx, € C
and ¢ (x,) — ¢ (x); alternatively, we say ¢ strongly exposes x € C.

Proposition 5.1.6. Let (X, || - ||) be a Banach space, xo € Sx and ¢y € Sx+. Then
X0 exposes (resp. strongly exposes) ¢o € Bx+ if and only if || - || is Gdteaux (resp.
Fréchet) differentiable at xo with V||xo|| = ¢o.

Proof. We prove only the Gateaux case; the other case is similar. (=) Suppose
(¢n) C By satisfies ¢,(x) — 1. Suppose that ¢, /> * ¢o. According to Alaoglu’s
theorem (4.1.6), there is a subnet ¢, —> 4 ¢ € By~ where ¢ # ¢o. Now ¢(xo) < 1
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since xo exposes By« at ¢g. This contradiction shows ¢, — 4+ ¢¢. According to

Proposition 5.1.5, || - || is differentiable at xg.
The converse follows immediately from Proposition 5.1.5. [
Corollary 5.1.7. The norm | - || on X is Gdteaux differentiable at xy € Sy if and

only if there exists a unique support functional ¢ € Sx=.

Proof. Suppose ||-|| is Gateaux differentiable atxg € Sy. Then by Proposition 5.1.6, xq
exposes ¢ € By« where ¢ = V|xgl||. Hence ¢ must be the unique support functional of
xo. Conversely, suppose ¢ € Sy+ is a unique support functional for xy € Sy, it follows
that xo exposes ¢ € By=, and so | - || is differentiable at xo with ¢ = V||xo]|. O

A norm | - || on X is said to be strictly convex (or rotund) if x = y whenever
lx +y|l = 2, and ||x|| = |ly|| = 1. The usual norm on a Hilbert space is the classic
example of a strictly convex norm.

Fact 5.1.8. Suppose (X, | - ||) is a normed space. Then:

(@ 20x11> + 2IylI* = llx + 1> = 0 for all x,y € X.
®) I 20pxall* + 21yall® = 10 + yall® — 0, then (|xull = llyull) — 0.

Proof. Both (a) and (b) follow from the inequality

20x1% 4 21p1% = lIx +p1% = 20x1% + 2112 = Axll + IyI)?
= (x|l — IlyID?

which is a consequence of the parallelogram law in R. [

The next fact provides some basic reformulations of strictly convex norms.
Fact 5.1.9. Let (X, | - ||) be a normed space. Then the following are equivalent.

(a) || - || is strictly convex.

(b) Every x € Sx is an extreme point of By.

(© Ifx,y € X satisfy 2||x||* + 2||y|* — llx + y|I> = 0, thenx = y.

(d) Ifx,y € X \ {0} satisfy ||x + y|| = x|l + |y, then x = Ly for some A > 0.

Proof. The equivalence of (a) and (b) is a straightforward consequence of the
definitions.
(a) = (d): Suppose ||x +y|| = |Ix]| + ||l¥|l for some x,y € X \ {0}. We may assume
0 < |lx]l < |I¥ll. Then using the triangle inequality
- b2

X
‘ Il M‘_ Ixll Iyl
= (1/lxID x4+ Il = I/l = 1/1v1D
= (1/ I (el + D — Il CL/ el = 1/l = 2.

Y Y

x
— + =
el Myl ” ‘

Therefore,

x/ 1l + /Il =2 and so.x/ el = y/ Il
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(d) = (c): Suppose that 2||x||Z + 2|[y||*> — IIx + v||*> = 0. If x = 0, it is clear that
y = 0 and vice versa. So we may now assume x,y € X \ {0}. Thus,

0 = 2|lx|1” + 21yl = lIx + 11> = 2012 + 211> = ()l + Iy1)?
= (x|l — llylD* = o.

Therefore, ||x+y| = |lx|| + |ly|l and ||x|| = ||¥|l, and so with the help of (d) we obtain
that x = y.
(c) = (a) is easy to verify. |

Proposition 5.1.10. Suppose T : X — Y is a one-to-one continuous linear operator.
If|| - lly is a strictly convex norm on Y, then:

(@) | - Il defined by |Ix||1 := ||x|| + || Tx||y is a strictly convex norm on X.
(b) | - 2 defined by |||x|||§ = x)* + ||Tx||%, is a strictly convex norm on X .

Proof. We prove only (b), and leave (a) as Exercise 5.1.4. Suppose |||u|||% + |||v|||% —
lu+vl3 = 0, then || Tull3 + | Tv||3 — | Tu+ Tv||3 = 0 and so Tu = Tv by the strict
convexity of || - ||y (Fact 5.1.9). Because T is one-to-one, u = v and so || - || is strictly
convex by Fact 5.1.9. O

Proposition 5.1.11. Suppose X is separable, then X admits an equivalent norm
whose dual is strictly convex.

Proof. Let {x,}7°, be dense in Sx. Consider the linear operator 7' : X* — {3
defined by 7f := {27"f(x,)} for f € X*. Then T is one-to-one. Now define | - |
by IF12 = IIf 1> + ||Tf||§. Using Fact 5.1.2 one can check this is an equivalent dual
norm on X*, The strict convexity of || - || follows from Proposition 5.1.10(b). 0

Let (X, || - ||) be a normed space. The norm || - || is said to be locally uniformly
convex (LUC) if ||x, — x|| — 0 whenever x,,x € Bx are such that |x,, + x|| — 2.
Such norms are also called locally uniformly rotund.

Fact 5.1.12. Let (X, || - ||) be a normed space. Then the following are equivalent.

(a) || - |l is locally uniformly convex.
(b) ||x,—x|| — Owheneverx,,x € X are such that2||x||>+2x,||> — |lx, +x||> = 0.

Proof. (a) = (b): Suppose 2||x[|? 4 21x, [|* — [lx, +x[|* — 0, then (|lx, || — [lx[) — 0
(Fact 5.1.8). In the event x = 0, the conclusion is trivial. So we may suppose x,,x €
X \ {0}. Now let u = x/||x|| and u, = x,,/||xx|l. Then u, u, € Sx and ||u;, + u|| — 2.
Therefore, ||u, — u|| — 0. Consequently, ||x, — x|| — 0. The implication (b) = (a)
is easy to check. O

Proposition 5.1.13. Suppose (X, | - ||) is a normed space.

(a) If the dual norm is strictly convex, then || - || is Gateaux differentiable.
(b) If the dual norm is locally uniformly convex, then || - || is Fréchet differentiable.
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Figure 5.1 Smooth and rotund balls.

Proof. (a) Let x € Sy and choose a supporting functional f € Sx+ so that f(x) = 1
(Remark 4.1.16). Suppose g € Sy= satisfies g(x) = 1. Then, ||f +gI| > (f+2)(x) =

2. Because || - || is strictly convex, then g = f. According to Corollary 5.1.7, || - || is
Gateaux differentiable at x.
(b) This part is left as Exercise 5.1.6. |

Theorem 5.1.14 (Kadec). (a) Suppose X is separable. Then X admits an equivalent
locally uniformly convex norm.

(b) Suppose X* is separable. Then X admits an equivalent norm whose dual is locally
uniformly convex.

[e¢]

Proof. (a) Let X be a separable Banach space. Let {x,};2; C Sx be dense in Sx, and
let { f,}°2, C Sy« be a separating family for X (see Exercise 4.1.11). For n € N, put
F, = span{xy,...,x,} and note that dr, (x) — 0 for each x € X as n — oo where
the distance is measured in the original norm. Define another norm || - || on X by

o0 o
Iel? = Ixll® + D 27" dp, ()7 + Y 27" (),

n=1 n=1

where || - || is the original norm on X. Because dr;(-) is a positive homogeneous
subadditive function for each i, || - || is an equivalent norm on X .

We now show that | - || is locally uniformly convex. Indeed, assume that x;,x € X
are such that

Jim Clxl? + 20 1% — Ix + x¢ %) = 0. (5.1.1)

Each of the expressions in the following are nonnegative (use parallelogram inequality
as in Fact 5.1.8), thus it follows from the above equation that

lim [20|x]|* + 2l N2 = [Ix + x¢ 011 = 0,
k—o00

Jim [2dF, () +2df, () = d, (x + xi)] = 0 for every n,
—00

Jim 1212 (x) + 212 (xx) — f2(x + xx)] = O for every n.
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As a consequence of the previous limits (reason as in Fact 5.1.8) we obtain

lim |lxe |l = [lxIl, (5.1.2)
k—o00
klim dr,(x;) = dr,(x) for every n, (5.1.3)
—00
klim Jn(xx) = fu(x) for every n. (5.1.4)
—00

Now, {x;}72, U {x} is norm compact (see Exercise 5.1.9). Therefore, the topology
of pointwise convergence induced by { f,}7 | is equivalent to the norm topology on
(X2, U {x} (because two Hausdorff topologies agree on a set that is compact in
the stronger topology). Thus by (5.1.4) we have ||x; — x|| = 0 which completes the
proof.

(b) Follow the argument as above, choosing {x,}>° ; norm dense in Sy« and { f,}°2 |
norm dense in Sy (and hence separating on X*). Given the original dual norm || - ||
on X*, all the terms in the definition of || - || are weak™*-Isc. Therefore, | - || will be an
equivalent dual norm on X*. O

We now mention some important consequences of the results just presented.

Corollary 5.1.15. Suppose X* is separable. Then:

(a) X admits an equivalent Fréchet differentiable norm; and
(b) every continuous convex function on X is Fréchet differentiable on a dense
(automatically) Gs-set.

Proof. Part (a) follows from Theorem 5.1.14(b) and Proposition 5.1.13(b). Part (b)
follows from part (a) and a smooth variational principle (Exercise 4.3.10). 0

Corollary 5.1.16. Let X be a separable Banach space. Then the following are
equivalent.

(a) X* is separable.
(b) X admits an equivalent norm whose dual is locally uniformly convex.
(c) X admits an equivalent Fréchet differentiable norm.

Proof. (a) = (b) = (c) were shown in Theorem 5.1.14 and Proposition 5.1.13. The
implication (c) = (a) is left as Exercise 5.1.10. O

The conditions in Corollary 5.1.16 remain equivalent in certain classes of nonsep-
arable Banach spaces, as we shall outline later in this section, but first, we introduce
and present some properties of uniformly convex norms.

Let (X, || - ||) be a Banach space. The modulus of convexity of || - || is defined by

Sy (e) = inf{l _ H)%

H D x,y € By, lx—yll = 8}, for e € [0,2].
The norm || - || is called uniformly convex (UC) if §y(¢) > 0 for all ¢ € (0,2], and

the space (X, || - ||) is called a uniformly convex space. The term uniformly rotund is
often used in place of uniformly convex.
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Fact 5.1.17. Let (X, || - ||) be a Banach space. Then the following are equivalent.

(a) X is uniformly convex.

(b) lim, 00 Xy — yull = 0 whenever x,,y, € X, n € N, (x,,)72, is bounded and
limy, 00 21112 + 21yl = %0 + yull?) = 0.

(¢) lim,— oo |Xn—ynll = 0 wheneverx,,y, € By, n € Nandlim,_, o ||x,+yu| = 2.

Proof. Observe that (c) is a sequential reformulation of the definition, so it is
equivalent to (a).

(¢) = (b): Suppose (2[|yulI* + 2[1xal1* = lyn + xal1?) — 0, then (I[yull — Ix, 1) —
0 (by Fact 5.1.8). Thus when ||x,|| = 0 or |[y,|| — O, the conclusion is trivial. So
we may suppose |lx,|| > ¢ and ||y,|| > € for some ¢ > 0. Now let u, = x,/|x,l|
and v, = y,/|lynll- It follows that u,,v, € Sy and ||u, + v,|| — 2. Therefore,
lluy — vu]| — 0. Consequently, ||x, — y,|| — 0. The implication (b) = (a) is

trivial. O

Let (X, | - ||) be a Banach space. For t > 0 we define the modulus of smoothness
of | - || by

lx + <hll + llx — zhl| — 2
px (1) := Sup{ > Slxl = Al=1¢.
L . oo px(T)
The norm || - || is said to be uniformly smooth if hm+ = 0, and the space
7—0 T

X, || - ) is said to be uniformly smooth.

Proposition 5.1.18. Let (X, | - ||) be a Banach space. Then the following are
equivalent.

(a) X is uniformly smooth.
(b) Foreach e > 0, there exists § > 0 such that for all x € Sy and y € 5By,

lx + vl 4+ llx =yl =2 < eliyll.

(c) The norm is uniformly Fréchet differentiable, that is, the limit

th|| —
1irr(1) Il - th] = Ilxll = ||Ix|I' (h) exist uniformly for x,h € Sy.
t—
(d) The norm || - || is Fréchet differentiable with uniformly continuous

derivative on Sx.
Proof. The proof is left as Exercise 5.1.18. |

Theorem 5.1.19. Let X be a Banach space, then || - || is uniformly smooth if and only
if its dual norm is uniformly convex.

Proof. We will prove each implication by contraposition. First, suppose the dual
norm is not uniformly convex. Then there are ¢, A, € By+ and ¢ > 0 such that
ldn + Aull — 2 but ||¢p, — Ayll > 2¢ for each n. Now choose x, € Sx such that
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(¢n + A (x;) — 2 and let £, — 07 be such that (¢, + A,)(x,) > 2 — &t,,. Finally,
choose /,, € Sy so that (¢, — A,)(h,) > 2¢e. Then
IXn + tahnll + lxn — thhnll — 2 = ¢ (en + thhy) + Ap(xy — tyhy) — 2
> 2 —eply + ty(Pn — An)(hy) — 2 > ety
Therefore, || - || is not uniformly smooth.

Conversely, suppose that || - || is not uniformly smooth. Then there exist (%,) C X,
(xp) C Sy and & > 0 such that ||4,|| — 0T and

X0 + hnll + 11X0 — hnll — 2 = €| 2a]l.

Now choose ¢,,, A,, € Sy*sothate (x,+h,) = ||x,+hy,| and A, (x,—hy,) = ||xn—ha]|.
Then

B + Anll + (dn — An)(hn) = (Pn + An)(Xn) + (Pn — Ay) (hy)
= Gn(xn + hy) + Ay — hy) = 2 4 €llhyll.

This inequality now implies ||¢, + A,|| — 2, and ||¢, — A,|| > ¢. Therefore, the
dual norm is not uniformly convex. 0

Theorem 5.1.20 (Milman—Pettis). Suppose X admits a uniformly convex norm, then
X is reflexive.

Proof. Let ® € By++. Applying Goldstine’s theorem (Exercise 4.1.13), we choose a
net (xo) C By such that x; — ¢+ ®. Then ||xy + xg|| — 2 and so |lxe — xg|| — 0.
Thus (x,) is norm convergent, and so ® € X. O

As a consequence of the previous two results, we obtain

Corollary 5.1.21. (a) Suppose X is uniformly convex or uniformly smooth, then X
is reflexive.
(b) A norm on X is uniformly convex if and only if its dual norm is uniformly smooth.

The duality relationships involving uniform convexity and uniform smoothness
can be more precisely deduced from the following fundamental relationship.

Proposition 5.1.22. Let (X, | - ||) be a Banach space, and let §x () be the modulus
of convexity of || - || and let px=(-) be the modulus of smoothness of the dual norm.
Then for every T > 0,

px=(T) = Sllp{‘l,'g —dx(e) : 0<e < 2}.

Similarly, let px (-) be the modulus of smoothness of || - || and Sx+(-) be the modulus
of convexity of the dual norm. Then, forevery T > 0,

px(t) = sup{rg —dxx(e): 0<e < 2}.
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Proof. The proof follows along the same lines as the case for convex functions in
Theorem 5.4.1 given later; see, for example, [199, Lemma 9.9]. O

A norm on a Banach space X is said to have modulus of convexity of power type p
if there exists C > 0 so that §(¢) > Ce” for 0 < ¢ < 2. A norm on a Banach space
X is said to have modulus of smoothness of power type q if there exists k > 0 so that
p(t) <ktiforall t > 0.

Corollary 5.1.23. Letp > 2, andlet 1/p+1/q = 1. Then a norm on X has modulus
of convexity of power type p if and only if its dual norm has modulus of smoothness

of power type q.
Proof. This is left as Exercise 5.1.21. O

Next, we state the following fundamental renorming theorem.

Theorem 5.1.24 (James—Enflo). 4 Banach space is superreflexive if and only if it
admits an equivalent uniformly convex norm if and only if it admits an equivalent
uniformly smooth norm.

Proof. See [199, Theorem 9.18] for the full proof and see also [197]. A proof that
X is superreflexive when it admits a uniformly convex or uniformly smooth norm is
sketched in Exercise 5.1.20. [

We mention an important and deep theorem of Pisier’s [353] whose proof'is beyond
the scope of this book: Each superreflexive Banach space can be renormed to have a
norm with modulus of convexity of power type p for some some p > 2.

5.1.1 Approximation of functions

The existence of nice norms on Banach spaces is often closely connected with nice
approximations. For example, we highlight the following which completely character-
izes superreflexive spaces in terms of Lasry—Lions type approximations [284]. Some
further results and references to smooth approximations are given in Exercise 5.1.33.

Theorem 5.1.25. A4 Banach space X is superreflexive if and only if every real-valued
Lipschitz function on X can be approximated uniformly on bounded sets by difference
of convex functions which are Lipschitz on bounded sets.

Proof. This is from [148], we prove the only if part following [52, Theorem 4.21, p.
94]. By the James—Enflo theorem (5.1.24), we can assume the norm on X is uniformly
convex. Let f : X — R be Lipschitz, with Lipschitz constant 1. Define

fu) = inf{ £ () +nQlIxl* + 21yl — Ilx +I%) : y € Y}
Then represent f;,(x) = h,(x) — g, (x) where /,(x) = 2n%|x||> and

2:(x) := sup{nlx +yI> = 2nlyI* —f(») : y € E}.
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It is left as to Exercise 5.1.29 to verify that g,, and 4, are convex, and f,,, g, and #,
are Lipschitz on bounded sets, and f,(x) < f(x) for all x. We will show that (f;)
converges uniformly to f on the set ¥By for each » > 1. For this, consider the set

Ay = 1{y 1 ) +nQlIxII* +2[ylI* — lIx +yII*) <))

Since f,(x) < f(x), we need only consider y € 4,, so fix such a y. According to the
triangle inequality, and because /" is Lipschitz with Lipschitz constant 1,

n(llxl = IyID* < nQIIx|1* + 20y 1% = llx + »1I1*) (5.1.5)
<f@) =f) = lx =yl

Thus it suffices to show sup{||x — y|| : ¥ € 4,} — 0 uniformly on »By.

According to (5.1.5), if » > 1 and n > 3, then ||y|| < 2r for each y € A,; this
follows because if ||y|| > 2r, then the left-hand side is bigger than 3(||y|| — r)? while
the right-hand side is at most ||y|| 4 7. Consequently, | x|l — [[v]|| < /37/n. Now let
z = h|lx||/lly|l then ||z|| = ||x|| and ||z — y|| < |||x|| — |l | Using the second and last
terms of (5.1.5), one can show (Exercise 5.1.29(b))

Ix +zII* > 4)lx)|* — C(r)//n. (5.1.6)

According to the definition of the modulus of convexity,

_ 1 Ci(»)
llx =zl < |Ix]Ié <ﬁ||x||2>'

—-1/8

Separating the cases ||x|| > n~1/8

estimates

and ||x|| < n , We obtain, respectively, the two

Ix =yl < llx —zll + lz =yl <6~ (C1Hn™ V) + GBr/n)!/?,
Ix = yIl < 20l + [Ixll = Iyll| < 2078 + GBr/m)/2.

Consequently, sup{|[x — y|| : v € 4,} — 0 uniformly on rBy as desired.
For the converse, we refer the reader to [52, p. 95]. O

Notice in the above that in the case of a Hilbert space, the parallelogram identity
simplifies the expression for f, to

@) =inf{f(») +nlx —yI*: ye T}

5.1.2 Further remarks on renorming

We now state some generalizations of the local uniformly convex renormings of
separable spaces. First, a Banach space is weakly compactly generated (WCG) if it
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contains a weakly compact set whose span is norm dense. The reader can find the
following two theorems and much more in [180]

Theorem 5.1.26. (a) Suppose X is a WCG space, then X admits an equivalent locally
uniformly convex norm, and X* admits an equivalent dual strictly convex norm.
(b) Suppose X* is a WCG space, then X admits an equivalent locally uniformly
convex norm, and X* admits an equivalent dual locally uniformly convex norm.

Remark 5.1.27 (Spaces without strictly convex norms [171, 167]). LetI" be uncount-
able. M.M. Day was the first to show that there is no equivalent strictly convex norm
on £2°(I"), the Banach subspace of £°°(I") of all elements of with countable support.
In consequence there is none on £°°(T").

The following is a generalization of Corollary 5.1.16.

Theorem 5.1.28. Let X be a weakly compactly generated Banach space. Then the
following are equivalent.

(a) X admits an equivalent norm whose dual is locally uniformly convex.
(b) X admits an equivalent Fréchet differentiable norm.
(c) X is an Asplund space.

Proof. The implications (a) = (b) = (c) are valid in general Banach spaces following
along the same lines of reasoning as in the proof of Corollary 5.1.15. The more difficult
implication (c) = (a) can be found for example in [180, Corollay VII.1.13]. [

In general the implications in the previous theorem cannot be reversed in a strong
sense as cited in Remark 5.1.30. First, we describe the C(K) spaces that are Asplund
spaces. A topological space is said to be scattered if it contains no nonempty perfect
subset, or equivalently if every nonempty subset has a (relatively) isolated point. With
this terminology we state:

Theorem 5.1.29 (Asplund C(K) spaces). Let K be a compact Hausdorff space. Then
the following are equivalent.

(a) C(K) is an Asplund space.

(b) K is scattered.

(c) C(K) contains no isometric copy of C[0, 1].
(d) C(K) contains no isomorphic copy of €.

Remark 5.1.30. (a) There are C(K) Asplund spaces that admit no equivalent
Gateaux differentiable norm.

(b) The space C[0, w;] admits an equivalent Fréchet differentiable norm, but it cannot
be renormed with an equivalent norm whose dual is strictly convex.

Proof. Part(a)is Haydon’s result from [252] and (b) was shown by Talagrand in [411].
|
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Remark 5.1.31. Let X be a Banach space.

(a) If X admits a norm whose dual norm is Fréchet differentiable, then X is reflexive.

(b) Suppose X is areflexive Banach space. Then X can be renormed so that the norm
on X is Fréchet differentiable, but its dual norm on X™* is not locally uniformly
convex.

Proof. Part (a) is due to Smulian [404] and is left as Exercise 5.1.17, while (b) can
be found in [441, Theorem 2.3]. O

Next, we mention an averaging theorem concerning the renorming of spaces whose
norms and their duals simultaneously possess certain rotundity properties.

Theorem 5.1.32 (Asplund averaging theorem). Let X be a Banach space.

(a) Suppose X admits an equivalent locally uniformly convex norm, and X* admits
an equivalent dual locally uniformly convex norm. Then X admits a locally
uniformly convex norm whose dual is locally uniformly convex.

(b) The analog of (a) remains valid with strict convexity replacing local uniform
convexity in either or both X and X*.

(c) Suppose X admits a uniformly convex norm. Then X (and X*) admit norms that
are simultaneous uniformly convex and uniformly smooth.

Proof. We refer the reader to [204] for a Baire category proof of a stronger result. For
(¢), one needs the James—Enflo theorem (5.1.24) that a Banach space is superreflexive
ifand only if admits a uniformly convex norm. Exercise 5.1.24 outlines a simple proof
of a weaker results combining differentiability and rotundity properties. O

Corollary 5.1.33. Suppose X* is a WCG space, then X admits an equivalent locally
uniformly convex norm and Fréchet differentiable norm.

Finally, we mention some classical results on higher-order derivatives of norms on
Ly-spaces. For this, n-th derivatives are identified as continuous n-linear mappings,
ie. f™ e L£,(X;R). For example f : U — R is three times Fréchet differen-
tiable at x € U, if it is twice Fréchet differentiable on an open neighborhood V
of X, and the mapping x + f”(x) is a Fréchet differentiable mapping from X to
Lo (X; R) where £, (X; R) represents the continuous bilinear mappings from X to R,
and f® (x) € £3(X;R) the continuous 3-linear mappings from X to R. Higher-order
Fréchet derivatives will always be symmetric, so we say that f is k-times Fréchet
differentiable at x € X if for the continuous symmetric form of the / *~D-th Fréchet
derivative of / defined on a neighborhood U of x, one has

hmf“H O+ th) (R, i) = f5 0 (e )

t—0 t

exists uniformly on 4y, ..., A in By and is a continuous symmetric £-linear form in
the variables /41, ha, . . ., h. Properties of continuity, Lipschitzness and the like for
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£ are meant in the context of the k-linear forms involved. For example, /® is said
to be Lipschitz on X if there exists M > 0 so that

I ® ) =P = supll(f® ) =P, hay . )]
hi,ha, ... h € Bx}
< M|x—y| forx,yeX.

A real-valued function f whose k-th Fréchet derivative is continuous on an open set
U C X is said to be C¥-smooth on U and this is denoted by /' € C¥(U). If f has
continuous k-th Fréchet derivatives forall k € Non U, thenf is said to be C*°-smooth
on U. When U = X, we simply say / is CX-smooth or C*®°-smooth as appropriate.
See [144, Chapter 1] for a careful development of differentiability on Banach spaces;
let us note that in [144] and many similar references ‘differentiability’ refers to what
we have called Fréchet differentiability.

Theorem 5.1.34 (Smoothness on L,-spaces). (a) If p is an even integer, then || - ||P
is C*®°-smooth on Ly, (|| - 7)) is constant and (|| - ||P)PTY is zero.

(b) If p is an odd integer, then | - P is CP~'-smooth and (|| - |P)?~Y is Lipschitz
on Ly.

(c) Ifp is not an integer, then || - ||P is CP)-smooth and (|| - |P)P) is (p — |p])-Holder
smooth on Ly.

Proof. Werefer the reader to [ 180, Theorem V.1.1, p. 184] for a proof of this important
classical theorem. O

Exercises and further results
5.1.1.* Prove the bipolar theorem (5.1.1).
Hint. The bipolar theorem holds generally in locally convex spaces, see for example
[160, p. 127] for more details. |

5.1.2.* Prove Smulian’s theorem (5.1.5) for Gateaux differentiability of norms.
5.1.3.* Deduce the norm cases of Smulian’s theorem (Theorems 5.1.4 and 5.1.5) from
the respective cases for convex functions.

Hint. For ¢ € Sx=, ¢ € 0¢||x|| ifand only if ¢p(x) > 1 — . O
5.1.4.* Prove Proposition 5.1.10(a).
5.1.5.* Suppose | - || is a dual norm on X*. Show that || - || is Fréchet differentiable

at ¢ € Sy= if and only if ¢(x) = 1 for some x € Sy and ||x, — x|| — 0 whenever
(xy) C By is such that ¢ (x,) — 1.

Hint. Mimic the proof of Smulian’s theorem (5.1.4), making sure to verify V||¢|| € X.
See Exercise 4.2.10 for a more general result. ]

5.1.6.* Prove Proposition 5.1.13(b)
Hint. Use Smulian’s theorem (5.1.4) as appropriate. [
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Figure 5.2 The 1-ball in three dimensions.

5.1.7. The ball for three-dimensional £; is shown in Figure 5.2. Observe that the ball
is smooth at points (x1,x2,x3) € R? where x; # 0,i = 1,2,3. Prove the following
concerning the usual norm || - || on £;.

(a) |- l1 is Gateaux differentiable at x := (x;) on the unit sphere of £ (N) if and only
if x; # 0 for all 7.

(®) | - |I1 is nowhere Fréchet differentiable on £ (N).

(¢) Il - II1 is nowhere Gateaux differentiable on £1(I") if I" is uncountable.

Hint. For (a), show that these are the points that have unique support functionals. For
(b), consider only the points x = (x;) € S¢, of Gateaux differentiability, let )" € Sy

where y = sign(x;), i = 1,...,n, and y; = 0 otherwise. Then y"(x) = 1 — ¢,
where &, 1= >0, 11 |xi|. Now use Smulian’s theorem (5.1.4). Deduce (c) from the
argument for (a). 0

5.1.8. Describe the points (x;) € cg at which its usual norm is Fréchet differentiable.
Verify directly that this is a dense Gs (in fact open) subset of ¢y.

5.1.9.* Use (5.1.2) and (5.1.3) to show the set {x;}72, U {x} in the proof of
Theorem 5.1.14 is compact.

Hint. Use that bounded balls in finite-dimensional subspaces are compact to show for
each ¢ > 0, the set has a finite e-net. O

5.1.10.* Suppose X is separable and admits a Fréchet differentiable norm, show that
X* is separable.

Hint. Let {x,}5°, C Sy be dense. For each n, choose f,, € Sx+ such that f;(x,) = 1
(Remark 4.1.16). According to the Bishop—Phelps theorem (4.3.4), it suffices to
show that {f,}°° | contains the norm-attaining functionals in Sy« (this will show
Sx= 1s separable). Now let f € Sy be a norm-attaining functionals say f(x) = 1.
Choose x,, — x. Now f, (x,) = 1, and so f,, (x) — 1. According to Smulian’s

theorem (5.1.4), f,, — f. O

5.1.11. Recall that a norm is || - || on X is said to have the Kadec property, if the
weak and norm topologies agree on Sy. We will say a norm on X* is weak*-Kadec
if the norm and weak™*-topologies agree on its sphere (this is sometimes called the
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weak*-Kadec—Klee property). Suppose X has an equivalent norm whose dual norm
is weak*-Kadec. Show that X is an Asplund space.

We remark that Raja [360] has shown the stronger result that if X* has an equiv-
alent (dual) weak*-Kadec norm, then X™* has an equivalent dual locally uniformly
convex norm.

Hint. Use the fact that X is an Asplund space if and only each of its separable subspaces
has a separable dual (Corollary 6.6.10). Consider the separable case first, and show
X* separable. Indeed, if X is separable, then By+ is weak*-separable, so we fix a
countable set { f,} C By~ that is weak*-dense in By+. Now fix f € Sy+. Then find a
subnet f,, —* f. By the weak*-Kadec property, ||f,, —fIl = 0. Conclude Sx+ is
separable, and hence X™* is as well.

Ingeneral, if X is notseparable, consider a separable subspace Y of X, and show that
the restricted norm on Y has weak*-Kadec dual norm (see e.g. [111, Proposition 1.4]
for the straightforward details). Then Y™ is separable, and so X is an Asplund space.

U

5.1.12. Suppose a norm on X* has the weak*-Kadec property. Show that it is
automatically a dual norm.

Hint. Tt suffices to show that the unit ball with respect to this norm is weak*-closed.
Suppose [|xq|| < 1 and x4 — 4+ x Where ||x|| = K. It suffices to show that K < 1. So
suppose it is not. Consider the line through x, and x. Since this line passes through
the interior of the ball of radius K, it must intersect its sphere in two places. One of
those points is x, call the other x/, (draw the picture). Now x/, —x = Aq (xq —x) where
1 < Ay <2K/(K —1). Then (x], — x) =+ 0 and so by the weak*-Kadec property
Ix,, — x|l = 0, but then |lxo — x|| = 0 and ||x|| < K, a contradiction. O

5.1.13. (a) Suppose that X is a Banach space and its second dual norm is weak*-
Kadec. Prove that X is reflexive.

(b) Suppose that X has an equivalent norm whose dual is Fréchet differentiable, show
that X is reflexive.

(c) Does the existence of a Fréchet differentiable convex conjugate function on X*
imply that X is reflexive? See also Exercise 5.1.28 below.

Hint. (a) Modify the Lindenstrauss—Tzafriri proof given for the Milman—Pettis
theorem (5.1.20).

(b) Let ® € Sy« be a norm-attaining functional, say ®(¢) = 1 where ¢ € Sy=.
Take (x,) C Sx such that ¢ (x,) — 1. By Smulian’s theorem (5.1.4) ||x, — ®|| — O.
Thus ® € X. According to the Bishop—Phelps theorem (4.3.4), Sy = Sy++, and this
means X = X**.

(c) No, for trivial reasons, for example consider any Banach space and f* := g
the indicator function of 0. Then /™ is the zero function on X ™. ]

5.1.14. Consider ¢, with 1 < p < 2. Let C = {x € £, : Y |xP < 1}, that
is C = By,. Show that C C ¢ is closed, convex, bounded (and hence weakly
compact), and that C has extreme points that are not support points.

Hint. Let ¢ € E; \ £5. Then ¢ attains its supremum on C, at say X € C because C is a
weakly compact set in £,. Moreover, ¢ is unique up to nonzero scalar multiplication
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by the differentiability of the norm on £, on its sphere. Also, X is an extreme point of
C since || - ||, is strictly convex. Now suppose A € £5 = {5 supports X € C C 5,
say sup,cc A = (A, x). Then A is bounded on By, and so A € ¢;. Therefore, A is
a nonzero multiple of ¢ by the uniqueness mentioned above. This is a contradiction,
because A € £ while ¢ ¢ €. Therefore, we conclude that x is not a support

point of C. 0
5.1.15. Let X be a finite-dimensional Banach space, and | - || an equivalent norm
onX.

(a) Show || - || is strictly convex if and only if it is uniformly convex.

(b) Show || - || is Gateaux differentiable if and only if it is uniformly smooth.

(c) Show xg € By is strongly exposed if and only if it is exposed.

5.1.16.* Let X be a Banach space with equivalent norms || - ||; and || - ||2. Let || - || be
defined by || - |> := || - I} + | - I3 Suppose || - || is strictly (resp. locally uniformly,
uniformly) convex, show that || - || is an equivalent strictly (resp. locally uniformly,
uniformly) convex.

Hint. Apply Fact 5.1.9(c), Fact 5.1.12(b) and Fact 5.1.17(b) respectively. 0

5.1.17. Suppose X is areflexive Banach space. Show that anorm || - || on X is Fréchet
differentiable and locally uniformly convex if and only if its dual norm is Fréchet
differentiable and locally uniformly convex. (Compare to Remark 5.1.31.)

Hint. Suppose the dual norm to || - || is Fréchet differentiable and locally uniformly
convex. Then || - || is Fréchet differentiable. Now suppose x,,,x € Sy are such that
lx, + x|| = 2. Choose ¢ € Sx+ so that ¢(x) = 1 and ¢, € Sy+ so that ¢,(x, +
x) = ||x, + x||. Then ¢,(x) — 1. Because || - || is Fréchet differentiable, Smulian’s
theorem (5.1.4) implies, ¢, — ¢. Therefore, ¢ (x,,) — 1. Because the dual norm is
Fréchet differentiable at ¢ and ¢ (x) = 1, Smulian’s theorem (5.1.4) implies x, — x
as desired. 0

5.1.18.* Prove Proposition 5.1.18.

Hint. See the proof of Proposition 4.2.14. For further details, see, for example, [199,
Fact 9.7]. O
5.1.19.* Use Proposition 5.1.22 to deduce the duality relations between uniform
convexity and uniform smoothness.

Hint. See [199, Theorem 9.10], for example, for a proof of this. O
5.1.20.* Suppose the norm on X is uniformly convex (resp. uniformly smooth) and

Y is finitely representable in X. Show that ¥ admits an equivalent uniformly convex
(resp. uniformly smooth) norm. Deduce that such an X is superreflexive.

Hint. See Exercise 4.1.26 for facts concerning finite representability; see also [199,
Proposition 9.16] for the first part. Deduce superreflexivity from the first part and
the Milman—Pettis theorem (5.1.20). This shows the easier part of the James—Enflo
theorem (5.1.24). O

5.1.21.* Use Proposition 5.1.22 to prove Corollary 5.1.23.
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5.1.22.* This considers when the sequences in Fact 5.1.17(b) can be unbounded; a
more general result will be given in Theorem 5.4.6 below. Let X be a Banach space,
show that the following are equivalent.

(@) Ilxs —yull = 0 whenever 2[1x,]1> + 2[[y,lI*> — [lxn + yull> — 0.

(b) || - || is uniformly convex with modulus of convexity of power type 2.

Hint. (a) = (b): Suppose || - || does not have modulus of convexity of power type 2.
Then there exist u,, v, € Sy such that |Ju,, — v,| > % while |u, + v, > 2 — fl—g
where g, — 0%. Now let x, = nu,, y, = nv,; then

€
lxp —yull =1, and |x, +yull =2n— 7”
Consequently,

£,\2
20l + 20yl = %o +3ll® < 20° + 20 = (20— =)

2
n

= 48n - n_z,
and s0 2||x, || + 2||y,,||2 — |lxn —1—y,1||2 — 0 which means (a) fails.

(b) = (a): Suppose || - || has modulus of convexity of power type 2. Now suppose
that [|lx, —yu || > 8 but 2[1x, |2 42|y lI* = x4 +Yall* = 0. Then (|lx, |l — [lya[)* — 0.
Let ||x,|| = o. Because || - || is uniformly convex, we know o, — oo. Thus, by
replacing y, with an%, we have

liminf [|x, — yall = 6 and [lyall = lIxull = ctp.

Thus we may assume ||x, — y,|| > n for all n where n = % Now let u,, = ;—Z and

vy = g—” Then ||u, — v, > ai, and because the modulus of convexity of || - || is
n n

of power type 2, there is a C > 0 so that ||u, + v,|| <2 —-C (0%)2 Therefore,

2
17 4+ yull <20y — Ca—” Consequently, we compute

cn?\?
20012 + 20yall> = ¥ + yull® > 202 + 202 — <2an ~ )

ay
C2 4
—4Cp* — - 4o,
o
n
This contradiction completes the proof. ]
5.1.23.* Let 1 < p < 2. Show that a norm || - || has modulus of smoothness of power

type p if and only if there exists C > 0 so that ||J(x) —J(»)|| < C|lx — y|IP~! for all
x,y € Sx, where J is the duality mapping.

Hint. The similar proof for the analogous result for convex functions is given in
Exercise 5.4.13; for further details see [180, Lemma IV.5.1]. O
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5.1.24 (Asplund averaging). This exercise outlines a simple approach of John and
Zizler [268] to the following averaging results.

(a) Suppose X admits an equivalent norm that is locally uniformly convex (resp.
strictly convex), and X* admits a dual norm that is locally uniformly convex.
Show that X admits a norm that is locally uniformly convex (resp. strictly convex)
and Fréchet differentiable.

(b) Suppose X admits a strictly convex norm (resp. locally uniformly convex) and
X* admits a dual norm that is strictly convex (resp. locally uniformly convex),
then X admits a norm that is strictly convex and Gateaux differentiable (resp.
strictly convex and Fréchet differentiable).

(c) According to the James—Enflo theorem (5.1.24) X admits a uniformly convex
norm if and only if X* admits a uniformly convex norm. With the help of this
theorem, show that if X admits a uniformly convex norm, then X admits a
uniformly convex norm that is uniformly smooth.

Hint. Let || - || be locally uniformly convex on X and let || - ||; be a norm whose dual
| - IIT is locally uniformly convex on X™*. Consider | - ||, on X whose dual is defined

by )% = /ll¢ll> + %||¢||%. Then || - ||, is Fréchet differentiable and the sequence

(]l - ;) converges uniformly to || - || on bounded sets. Now let || - || on X be defined
by Ix[|? := 352 5 [Ix[|2. Then || - | is Fréchet differentiable, and

20xal* + 20x8* — Ix + xall> = 0 = 201,17 + 20} — llx + x4 I — 0 for all k.

Because of uniform convergence the latter implies 2||x||2 + 2|x, ||2 — |Ix+x, ||2 — 0
which implies ||x — x,|| — 0 and hence |x — x,| — O.
The other cases are analogous. ]

5.1.25.* Suppose X is a separable or more generally a WCG Banach space. Show
that X admits a norm that is simultaneously locally uniformly convex and Gateaux
differentiable.

5.1.26.* Construct an equivalent norm on £; that is strictly convex but there is a point
on Sy which is not strongly exposed. Conclude that £, has an equivalent norm that
is Gateaux differentiable but fails to be Fréchet differentiable at some point of Sy.

Hint. Define | - || by

1
<]l := max {EIIXII, IX1|} +

Verify that | - || is strictly convex, and that e; /| e1 || is supported by e, but not strongly
exposed in the unit ball of || - ||. Use duality for the differentiability assertion. [

5.1.27 (Constructing smooth norms).* Suppose X is a Banach space andf : X — R
1S a coercive, continuous convex function.
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(a) Let B be a bornology on X. Suppose that f is S-differentiable, then X admits
an equivalent S-differentiable norm. Moreover, if X is a dual space and 1 is
weak™*-Isc, show the norm constructed is a dual norm.

(b) Suppose f” is uniformly continuous (resp. satisfies an ¢-Holder condition where
0 < o < 1)onbounded subsets of X'. Show that X admits an equivalent uniformly
smooth norm (resp. norm whose derivative satisfies an ¢-Hdlder condition on its
sphere).

Hint. Replace f with %[ f(x) 4+ f(—x)]. Check that this symmetric f* has: the same
smoothness properties as the original £, and a minimum at 0, and so one may shift f°
by a constant and assume f(0) = 0. The norm || - || with unitball B = {x : f(x) < 1}
will have the desired properties. According to the Implicit function theorem (4.2.13)
and its proof ||x||' = (ff’;)(c—);)x) for x| = 1.

For (a), use the fact that {f’(x),x) > 1 (since f(0) = 0 and f'(x) = 1), it follows
that the derivative of || - || is 75-continuous on its sphere if the derivative of f is. The
assertion concerning dual norms follows when B is weak*-closed.

For (b), compute, for example

[l = | = H o __ SO H
{f"(x),x) '),y
_ H DGO T Co W O N {60 H
{(f'.x) 'Oy Dy (F).)
Il I
< |(f/(x),x)(f/(y),y)||(f(x)’x> "M
+ mﬂf x) = Wl
and deduce the appropriate uniformity for | - ||’. Note also a dual approach to this
exercise is given in Theorem 5.4.3. |

5.1.28. Suppose X is a Banach space. Show that X is reflexive if and only if there
exists a function f : X* — R that is coercive, weak*-lsc, convex and Fréchet differ-
entiable. Formulate and prove a local version, i.e. where /" is Fréchet differentiable
on a neighborhood, of x, and f'(-) — Vf'(x) satisfies an appropriate growth condition.

Hint. Use Exercise 5.1.27, Remark 5.1.31 and the fact a reflexive Banach space
admits a norm whose dual is Fréchet differentiable, as follows for example, from
Corollary 5.1.33. [

5.1.29.*

(a) Prove that g, and A, are convex, and f,,g, and A, are Lipschitz on bounded
sets, and f,(x) < f(x) for all x, where f,,g, and h, are from the proof of
Theorem 5.1.25.

(b) Verify (5.1.6) in the proof of Theorem 5.1.25.

5.1.30 (Uniformly Gateaux differentiable norms).* A (Géteaux differentiable) norm
|| - || on a Banach X is said to be uniformly Gateaux differentiable if for each h € Sx
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the limit

th|| —
fim A0 =l t” X _ e

t—0
is uniform of x € Sy. Show that the following are equivalent.

(a) || - || is uniformly Gateaux differentiable.
(b) Foreach € Sy and ¢ > 0 there exists § > 0 such that

Ix + thl| + [Ix — th]| — 2|x|| < et forall0 <t <8, x € Sy.

(c) The norm || - || is Gateaux differentiable and for each 2 € Sy the mapping
x — V|x|[(h) is uniformly continuous on Sy.

Hint. Modify the proof of Proposition 4.2.14 appropriately for directions # € Sx. For
further information on spaces that admit uniformly Gateaux differentiable norms, see,
for example, [199, p. 395ff]. ]

5.1.31 (Weak™-uniformly convex norms).* A norm || - || on a Banach space X is
said to be weakly uniformly convex if (x, — y,) — 0 weakly whenever x,,y, € By
are such that ||x, + y,|| — 2. Analogously, a dual norm || - || on X™ is said to be
weak*-uniformly convex if (x, —y,) — 0 weak® whenever x,,y, € B} are such that
lx;, + ynll = 2. Show the following claims.

(a) Anorm is uniformly Gateaux differentiable if and only if its dual norm is weak™-
uniformly convex.

(b) A norm is weakly uniformly convex if and only if its dual norm is uniformly
Gateaux differentiable.

(c) Suppose X is separable. Show that X * admits an equivalent dual weak*-uniformly
convex norm.

(d) Suppose X* is separable. Show that X admits an equivalent weakly uniformly
convex norm.

Hint. Both (a) and (b) are directional versions of the duality between uniform con-
vexity and uniform smoothness (modify the proof of Theorem 5.1.19 or see [180,
p. 63] for further details). For (c), let {x,}°, be dense in Sy, define the norm | - |
on X* by [f I := IfII* + Y21 27"f2(xa). Suppose that |f;] < 1, gkl < 1 and
Ifx + gxll = 2. As in the proof of Theorem 5.1.14, conclude, for each n € N that
(fx — gr)(xy) = 0as k — oo. The proof of (d) is similar to (c): define || - || on X by
Ixl? := [Ix)1> + Z:il 2_"fnz(x) where { f,}52, is dense in Sy+. [

5.1.32 (Extension of rotund norms [412]).** Suppose X admits an equivalent uni-
formly convex norm and Y is a closed subspace of X. Show that any equivalent
uniformly convex norm on Y can be extended to an equivalent uniformly convex norm
on X. Analogous statements are valid for strict convexity, local uniform convexity
and several other forms of rotundity (see [412, Theorem 1.1]).
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Hint. Let | - |y be a given equivalent uniformly convex norm on Y. Extend this to
an equivalent norm | - | on X. Let || - || be a uniformly convex norm on X such that
< %l - |. Define a function p(-) on By (] - |) by

PP = x4+ qx) + d,z,(x) where g(x) := d%(x)e”"”z.
Show that ¢(-) is convex on {x : |x|| < 1} by showing (r,s) — r2e5 is convex on
0, 1/¢§) x (0, 1/\/5). (Indeed, the Hessian is positive definite if |s| < l/ﬁ and r
is arbitrary, see also Exercise 2.4.30.)
Let B := {x : p(x) < 1}. Show that B is the unit ball of an equivalent uniformly
convex norm on X that extends the norm | - |y. See [412] for full details. O

5.1.33 (Smooth approximation).** A vast amount of research has been devoted to the
question as to when continuous functions on a Banach space can be approximated
uniformly by smooth functions (for various types of smoothness). Seminal results
include Kurzweil’s paper [282] on analytic approximations and Bonic and Frampton’s
paper on smooth approximation [61]. Many such results depend on the structure of
the space and the existence of a smooth norm or perhaps only a smooth bump function
on the space. See [180, Chapter 8] and the references therein for a broader account
of this topic. Since the publication of the book [180] there have been some important
developments on analytic approximations, in this direction we refer the reader to
[149, 202, 176, 177, 223]. We should also mention that ensuring the approximating
functions are not only smooth but also Lipschitz when the original function is Lipschitz
is quite subtle; see, for example, [224, 225].

On the other hand, there are results that only assume the existence of a nice norm
on X to obtain smooth approximations. In this direction, one has

Theorem 5.1.35 (Frontisi [221]). Suppose X admits a locally uniformly convex
norm, and every Lipschitz convex function on X can be approximated by C*-smooth
functions. Then every continuous function on X can be approximated uniformly by
Ck-smooth functions.

The following two exercises provide an application of Theorem 5.1.35.

(a) Suppose that X* admits an equivalent dual locally uniformly convex norm (resp.
strictly convex norm). Show that every convex function bounded on bounded sets
of X can be approximated by C!-smooth (resp. Gateaux differentiable) convex
functions that are bounded on bounded sets.

(b) Conclude that if X admits a locally uniformly convex norm, and X* admits a
dual locally uniformly convex norm, then every continuous function on X can
be approximated uniformly on X by C'-smooth functions.

As an application of Theorem 5.1.25 show that:

(c) Every Lipschitz function on a superreflexive space can be approximated uni-
formly on bounded sets by functions whose derivatives are uniformly continuous
on bounded sets. Conversely, note that a Banach space is superreflexive if every
Lipschitz function can be so approximated. This follows because from such
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an approximate one can construct a bump function with uniformly continuous
derivative, according to Exercise 5.5.7 below, the space is superreflexive.

Hint. Observe that (a) and (b) become almost trivial if one uses a stronger theorem
from [222, Theorem 4.2] that shows in Theorem 5.1.35, one need only approximate
norms by uniformly on bounded sets by C*-smooth functions. For (a), suppose the

norm || - || is such that its dual is locally uniformly convex. Given a convex function
f bounded on bounded sets, consider f, = f on|| - ||*. For (c), do the same but with a
norm that is uniformly smooth. O

5.1.34 (Rehilbertizing, [248]).* Let us call a bounded linear operator on a Hilbert
space X strongly positive definite (s-pd) if for some ¢ > 0 one has (4x,x) > c|x|?
for all x € X (i.e. it is linear, monotone and coercivity). (a) Show that the space X is
Euclidean if and only if such operators coincide with positive definite ones. To study
s-pd operators in general, we shall consider a second inner product

[x,y] = [x,y]lg = (Hx,x)

induced by a strongly positive definite operator H. (b) Show that every norm-
equivalent inner product is induced by some s-pd H.

Let A*] be the adjoint of 4 in the induced inner-product. (¢) Show that (i) 4™ =
H~'4H for all A € B(X); (ii) 4*! = 4* if and only if HA and 4*H are both self-
adjoint in (-, -); and (iii) when AH = HA then 4 = A* if and only if 4 = A, Let
p(A4) := sup{|r| : A € o(A4)} denote the spectral radius of A: o(A) denotes the
spectrum of 4, and p(4) = lim,_, o [|4”]|'/" (in the original operator norm) [28].

Theorem 5.1.36 (Stein). Suppose H = H* and B are bounded operators on a Hilbert
space X and that Tg(H) := H — B*HB is strongly positive definite Then H is strongly
positive definite if and only if p(B) < 1.

The original proof considered point, continuous, and residual spectra of B sepa-
rately. Renorming, provides a more transparent proof. It is worthwhile to consider a
proof in the Euclidean case.

Hint. [p(B) < 1 = H p-sd]. Note first for n € N, that
Tg(H) + B*Tg(H)B + - - - + B*"Tp(H)B" = Tgn(H). (5.1.7)

As p(B) < 1, there is n € N with ||B"*|| — 0 as k — oco. Since Tgue (H) 1s s-pd, H
is positive semidefinite. Confirm / is also invertible and so s-pd.

[p(B) < 1 < H p-sd]. Note [x,y] = {(x,Hy) = (Hy,x). Fix x € Sy, the original
sphere. Then 0 < ¢ < (x, Hx) — (Bx, HBx) = [x,x] — [Bx, Bx] < [Bx,x]g/[x,x]lg <
1 —c/(x,Hx) < 1 — c/||H|. By homogeneity, |B||gz < 1 (the induced operator
norm). Each such norm dominates p (B). O
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5.2 Exposed points of convex functions

Letf : X — [—00,+00). Suppose xg € dom f and f (xg) > f(x) forallx € X \ {xo},
then we say f attains its strict maximum at xo; a strict minimum can be defined
analogously when /' : X — (—00, 4-00]. Now suppose f : X — [—00,4-00). Then
f is said to attain a strong maximum at xo € dom f, if f (xg) > f(x) forallx € C, and
Xp — xo whenever f'(x,) — f(x0); a strong minimum can be defined analogously
when f : X — (—o00, +00].

Example 5.2.1. Suppose C isaclosed convex subset ofa Banach space X and ¢ € X*
strongly exposes xo € C. Then ¢ — 8¢ attains its strong maximum at xo and 8¢ — ¢
attains its strong minimum at xg.

We will say that xg € domf is an exposed point of f if (xo,f (x0)) is an exposed
point of epi /. Notice that (xo,f (x0)) is exposed by a functional of the form (¢, —1) €
X* x R. Indeed, suppose the functional (¢, r9) € X* x R attains its strict maximum
at (xo,f (xo)) € epif. Then ry < 0 because

(¢, r0) (x0,f (x0)) := ¢ (x0) + rof (x0) > (¢,r0)(x0,2) whent > f(xo).

Now it is easy to check that (¢, —1) where ¢9 = ﬁq& exposes (xg,f (xp)) in epif.
Figure 5.3 shows an example of an extreme point of a function that is not exposed.

Proposition5.2.2. Forafunctionf : X — (—o00,+00], the following are equivalent.

(a) xo is an exposed point of f, where epif is exposed by (¢o, —1) at (xg,f (x0)).
(b) ¢o — f attains a strict maximum at x.

2.5

1.5 1

0.5 -

04 02 9 02 04 06 08 1 12 14

Figure 5.3 Convex functions with (1, 1) exposed (upper), and extreme but not exposed (lower)
in the epigraph.
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(c) f — @o attains a strict minimum at x.

(d) o € 8f (xo) and ¢o & f (x) if x # xo (succinctly (3f) ™" (o) = {xo}).

Proof. (a) = (b): Now (¢, —1)(x0./ (x0)) > (¢o, —1)(x,f (x)) and so ¢o(xp) —
f(x0) > ¢o(x) — f(x) for all x € dom f. Consequently, (b) is true.

(b) = (a): Suppose that ¢g — f attains a strict maximum at xg. Let (x,?) € epif
with (x,7) # (x0,/ (x0)). If x 7 xo, then (¢o, =1)(x, 1) = po(x) —1 < go(x) —f (x) <
@ (x0) — f(x0) = (¢o, —1)(x0,f (x0)). If x = xg, then ¢ > f(xg), and so clearly
(¢0, —1)(x0, 1) < (¢o, —1)(x0,f (x0)).

It clear that (b) and (c) are equivalent, and the equivalence of (b) and (d) follows
because, in general, (¢ — f) attains its maximum at x if and only if ¢ € 9f (x). Thus
(¢o — f) attains a strict maximum at xy if and only if (3f Y Hgo) = {xo). O

We will say that xo € domf is a strongly exposed point of f if (xo,[f (xo)) is a
strongly exposed point of the epigraph of f.

Theorem 5.2.3. For a proper function f : X — (—o00,400], the following
conditions (a) through (d) are equivalent.

(a) xo is a strongly exposed point of f, where epif is exposed by (¢o,—1) at
(x0,/ (x0))-

(b) ¢o — [ attains a strong maximum at x.

(c) f — @o attains a strong minimum at x.

(d) ¢o € df (xo0) and if ¢ € ¢, f (xn) where e, — 07, then ||x, — x| — O.
If, moreover, f is Isc with bounded domain or if f is Isc convex, then each of the
above conditions is equivalent to.

(e) [* is Fréchet differentiable at ¢y with Vf™*(¢o) = xo.

Proof. The proof of the equivalence of (a) and (b) is similar to the argument given in
Proposition 5.2.2; see Exercise 5.2.7. The equivalence of (b) and (c) is straightforward,
and their equivalence with (d) can be derived easily from the following observation.
Given ¢ € 9f (xo) observe that

G0 € 0e,f(xy)  with g, — 0T
& Po(x0) — po(xn) <[ (x0) —f(xn) + &, Where g, — 0F
& (o —f)(x0) < (¢ —f)(xn) + &, Where e, — 0F
< (o — ) (xn) = (g0 — f)(x0)-

(e) = (d): Suppose additionally f is Isc, and that (e) holds with xo = Vf™*(¢o).
According to Exercise 4.4.2, ¢p € 9f (xp). Now suppose ¢y € 9;,f (x,) where g, —
0. Proposition 4.4.5(b) implies x, € ¢,/ ™*(¢0)- Smulian’s theorem (4.2.10) then
shows ||x, — xg|]| — O as desired.

(c) = (e): Suppose additionally f/ has bounded domain with the diameter of the
domain not exceeding M where M > 0. Let f,¢p and xg be asin (c). Let0 < » <M
be given; using (c), we choose ¢ > 0 so that (f — ¢o)(xo + h) > ¢ if ||| = r/2.
Now let g(-) = %dc(-) + (f — ¢0)(x0) where C = {x : ||x —x¢|| <r/2}. Then g is
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a continuous convex function such that g < ' — ¢g, and g(x¢) = (f — ¢o)(xo) and
f** — ¢g > g; moreover g(x) > re/(2M) whenever ||x — xg|| > 7, and so

(f™ = d0)@) = (f** — o) (x0) + % whenever lx — xo|| > r.

Because 0 < r < M was arbitrary, this shows /** — ¢ attains its strong minimum
at xg.

Now, xo € df*(¢o) and we suppose x, € 3¢,/ *(¢o) where &, — 0F. Then
(f*™ — o) (xn) — (f™ — ¢o)(x0) and consequently ||x, — xg|| — 0. According
to Smulian’s theorem from Exercise 4.2.10, /* is Fréchet differentiable at ¢ with

V*(¢o) = xo.
The equivalence of (a) and (e) in the case f is a proper Isc convex function is left
as Exercise 5.2.2. |

Exercise 5.2.8 illustrates that (d) and (e) of the previous theorem are logically
independent without additional assumptions on /. We next examine the natural duality
between smoothness and exposed points.

Proposition5.2.4. Letf : X — (—00,+00] be a lsc convex function withx € domf.

(a) Then f* is strongly exposed by x € X at ¢ € X* if and only if f is Fréchet
differentiable at x with f'(x) = ¢.

(b) Suppose additionally f is continuous at x. Then f* is exposed byx € X at¢p € X*
if and only if " is Gdteaux differentiable at x with ' (x) = ¢.

Proof. We prove only part (a); the similar proof of (b) is left as Exercise 5.2.10.
First, suppose /™ is strongly exposed by x € X at ¢ € X*. Then f is continuous at
x by Exercise 5.2.6; also ¢ € 3f(x). Now suppose ¢, € ¢,/ (x) where &, — 0.
According to Proposition 4.4.5(b), x € 9,,f™*(¢,). Now Theorem 5.2.3 implies ||¢, —
#|| — 0. Finally, Smulian’s theorem (4.2.10) implies f is Fréchet differentiable at x.

Conversely, suppose f is Fréchet differentiable at x with //(x) = ¢. Then
¢ € 9f(x) and so Proposition 4.4.5(a) implies that x € 9f*(¢). Now suppose
X € 0, *(¢,) Where g, — 0". Then ¢, € g,/ (x). According to Smulian’s theo-
rem (4.2.10), ||¢p, — @ || — 0. Therefore, Theorem 5.2.3 implies /™ is strongly exposed
at ¢ by x. O

Exercises and further results

5.2.1 (Exposed points in Euclidean space). Suppose E is a Euclidean space, and
f : E — (—00,+00] is a proper Isc convex function. Show that x¢ is an exposed
point of f if and only if it is strongly exposed. Find an example of a proper convex
function g on R? that has an exposed point that is not strongly exposed.

Hint. Suppose xo is an exposed point of /. Choose ¢ € 9f (xp) so that ' — ¢ attains its
strict minimum at xo. Now suppose (f — ¢)(x,) — (f — @) (xp) but ||x, — xo|| # 0.
Using the convexity of /' — ¢ and by appropriately choosing y, = A,x, + (1 —
An)Xg, there is a bounded sequence (y,) such that (f — ¢)(y,) — (f — ¢)(xo) but
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llvw — x0ll # 0, and by passing to a subsequence we may assume y,, — . Using the
lower semicontinuity of ' — ¢ we arrive at the contradiction (f —¢)(¥) = (f — @) (x9).
One such example is g(x,y) := x> when x > 0, g(0,0) := 0 and g(x,y) := 400
otherwise. Show that g is exposed at (0,0) by ¢ where ¢ is the zero-functional, but
€—p)n 1) - (g —$)(0,0). O

5.2.2 (Tikhonov well-posed).* A function /" is said to be Tikhonov well-posed if every
minimizing sequence converges in norm to the unique minimizer. Equivalently, this
says f attains its strong minimum. Suppose f is a proper Isc convex function.

(a) Show that f is Tikhonov well-posed with minimum at X if and only if /™ has
Fréchet derivative x at 0.

(b) Deduce that (a) through (e) are equivalent in Theorem 5.2.3 when f* is assumed
to be a proper Isc convex function.

(c) Show that f is Fréchet differentiable at 0 with V' (0) = x* if and only if /™ is
Tikhonov well-posed with minimum at x*.

Hint. For (a), use Smulian’s theorem as in the proof of Theorem 5.2.3, and use the
fact f**|xy = f. Observe that (c) follows from Proposition 5.2.4. |

5.2.3.* Let f be a proper Isc, convex function such that /™ is Fréchet differentiable
on dom(df™). Suppose that x, — X weakly, f(x,) — f(x) and 9f (x) # @. Show that
lx, — x|| = 0. Is it necessary to assume x,, — x weakly?

Hint. This is from [94, Lemma 2.8]. Show there exists ¢ € df(x) that strongly
exposes f; the weak convergence ensures ¢ (x,) — ¢@(x). Yes, it is necessary to
assume x,, — ¥ weakly, otherwise one could consider f(x) = |lx||> on X = £5, and
(en) C Sx. Then f'(e,) = 1, but (e,) is not norm convergent. O

5.2.4 (Exposed points). (a) Suppose xo exposes /™ at ¢¢ and f is Isc, convex and
proper. Suppose f*(¢n) — (x0,Pun) — f*(P0) — (x0,¢0); show that ¢, € 9fe, (x0)
where ¢, — 0.

(b) Find an example of a Lipschitz convex function f : R — R such that the epigraph
of f/ has an extreme point which is not an exposed point.

Hint. For (a), observe first, xo € df™*(¢o), and therefore, ¢¢ € 3f (xo), which implies
S*(¢o) — (x0,%0) = —f(x0). Consequently, f*(¢n) — (x0,Pn) — —f (x0). In other
words, ¢, (x) — f(x) — ¢n(x0) < —f(x0) + &, for all x € X where &, — 0T. Thus
On € ae,f(x0)~

For (b), consider the function £ (r) := > if [t| < 1, and f(¢) := 2|¢t| — 1 if |t] > 1;
see Figure 5.3. |

5.2.5 (Exposed points). Suppose /* : X* — (—o0,+00] is a proper, weak*-Isc
convex function that is exposed at ¢g € X* by x¢9 € X and that

S5 (@n) — (x0,00) = [ (o) — (x0, Po).

(a) Show that ¢, —+ ¢o Whenever (¢,)5 | is bounded.

(b) Find an example where (¢,);2 | is unbounded and /™ is Lipschitz.
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(c) Is (¢n);2, bounded if f* is the conjugate of a Isc convex function f that is
continuous at xo?

Hint. (a) Suppose ¢, #w+ ¢o. Because (¢,):2, is bounded, it then has a weak*-

convergent subnet (¢,,) that converges to ¢ # ¢o. Now, by the weak*-lower
semicontinuity of f*(-) — (xo, -), we have that

/7 (@0) = (xo. g0} = limsupf*(¢) — (xo, @)
> lim inf /" (én,) — (x0,bn,)
> %) = (x0,9).

(b) Define f* : €1 — R where £((x;)) := > 27|x;|. Then f* is exposed by 0 € c,
but f*(ne,) — (0, ne,) = rll and ne, 4+ 0.

(c) Yes: ¢, € 0g,f (xo) where &, — 0 by Exercise 5.2.4(a). Hence (¢,) must be
bounded because f is continuous at x. O

5.2.6.* Letf : X — (—o00,+00] be a lsc proper convex function.

(a) Suppose ¢ € X™* strongly exposes f at xg. Show that f* — ¢ is coercive.
(b) Suppose xg strongly exposes /™ at ¢, show that /" is continuous on a neighborhood
of xg.

Hint. (a) There exists § > 0 such that (f — ¢)(u) > (f — ¢)(x) + § whenever
llu — x|| = 1. The convexity of (f — ¢) now implies (f — ¢)(u) > (f — ¢d)(x) +nd
whenever ||x — u|| > n where n € N. Consequently, if ||u|| — oo, ||[u — x| — oo,

and so (f — ¢)(u) — oo.
(b) By part (a), f* — xo is coercive, and by a Moreau—Rockafellar result
(Corollary 4.4.11) f** is continuous at xq. Deduce the conclusion because f**|x = f.
I

5.2.7.* Prove the equivalence of (a) and (b) in Theorem 5.2.3.

Hint. (a) = (b): Suppose (xo,f (xo)) is strongly exposed by (¢, —1), and that (¢g —
xn) = (o —f)(xo). Then

(¢0, =) (Xn.f (xn)) = (o, —1) (x0,/ (x0))

and (a) implies || (xn, f (xn)) — (x0,/ (x0))|| = 0 which implies |x,, — xo|| — O.

(b) = (a): Suppose that ¢9 — f has a strong maximum at xg. Then by
Proposition 5.2.2, (¢o,—1) exposes epif at (xo,f(x0)). Now if (x,,t;,) €
epif and (¢o, —1)(xu, ) —  (do, —1)(x0,f (x0)), then (o, —1)(xn,f (xn)) —
(¢0, —1) (x0,f (x0)) since f (x,) < t, for all n. Therefore,

(Po =) (xn) = (do — /) (x0). (5.2.1)

Now, (b) implies that ||x, — xo|| — 0. Therefore ¢o(x,) — ¢o(xo); this with (5.2.1)
implies f (x,) — f (xg). Therefore, ||(x,,f (x,)) — (x0,f (x0))|| = 0 as desired. O
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5.2.8.* Show that neither of Theorem 5.2.3(c) or Theorem 5.2.3(e) generally implies
the other.

Hint. Letf(t) = min{|¢[, 1}. Then f — 0 attains a strong minimum at 0, but /™ = §;q,
is not Fréchet differentiable at 0. Let g(¢) = |7] if ¢ # 0 and g(0) = +o00. Then
g% = 8(—1,11 so Vg*(0) = 0, but f — 0 does not attain its strong minimum at 0.  []

5.2.9. (a) Does f'(x) := ||x|| have any exposed points as a convex function?
(b) Show that xg € Sy is an exposed (resp. strongly exposed) point of By if and only
if xo is an exposed (resp. strongly exposed) point of the convex function f'(x) = [x|/°.

Hint. (a) For any norm, 0 is the only exposed point of f'(x) = ||x]|.

(b) Observe that ¢ € Sy= strongly exposes x¢ if and only if ¢ (xg) = 1 and x,, — x¢
whenever ||x,|| — 1 and ¢ (x,) — 1.

Then ¢ € 9f (xp) if and only if ||¢p/2]|| = 1 and ¢ (xg)/2 = 1, and (¢p — f)(x,) —
(¢ — /) (xo) implies [x|| — 1. Thus (¢ — f)(xs) — (¢ —f)(x0) implies ¢ (x,) —
¢ (xp) and ||x, — xo]| — O. O

5.2.10.* Prove Proposition 5.2.4(b).

Hint. Suppose f* is exposed at ¢ by x € X. Then x € 9f*(¢) and so Proposi-
tion 4.4.5(a) implies ¢ € df (x). Now Proposition 5.2.2 implies 9f (x) = {¢} and so
[ is Gateaux differentiable at x according to Corollary 4.2.5.

Conversely, suppose f is Gateaux differentiable at x with /' (x) = ¢. Then 9f'(x) =
{¢}. Then x € 9f™*(¢) according to Proposition 4.4.5(a), and moreover, x & 3f*(A)
for A # ¢ (orelse A € 9f (x)). Therefore, Proposition 5.2.2 implies that /* is exposed
by x at ¢. O

5.2.11. This is a function version of Exercise 5.1.14. Let1 < p < 2,andletf : £, —
(—00, +0¢] be defined by

1 x ifx = (x;) € £,;
o | ZE x)
00 otherwise.
Show that f is a Isc strictly convex function and thus every point in domf is an
extreme point of /. However, there are points in the relative interior of the domain
of f where the subdifferential is empty.

Hint. Let g(x) := ||x||” where x € £,. Then g is a continuous supercoercive convex
function on a reflexive space, therefore its subdifferential is onto E;. Thus we find
X € £y so that ¢ = dg(x) (note that g is differentiable) and ¢ € IZ; \ £2. Now X is in
the relative interior of the domain of /', if A € 9f'(x), then A|g, = ¢, but this cannot
happen since ¢ & £5. O

5.2.12 (Perturbed minimization principles). Let X be a Banach space, and let C C X
be a closed bounded convex set. Show that the following are equivalent.

(a) Every weak*-lsc convex function f : X* — R such that f < o¢ is Fréchet
differentiable on a dense Gg-subset of X*.
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(b) Given any proper Isc bounded below function f : C — (—00,400] and ¢ > 0,
there exist ¢ € eBx» and xo € C such that f — ¢ attains its strong minimum
at xg.

Hint. (a) = (b): Suppose f : C — R is bounded below on C. Then there exists a € R
sothatf +a > §c. Consequently, f* —a = (f +a)* < 8§ < oc. Givene > 0, there
exists ¢ € eBx+ so that f* — a and hence /™ is Fréchet differentiable at ¢. Conclude
that /* — ¢ attains its strong minimum at xo.

(b) = (a): Take any weak*-Isc convex g < oc. Let f = g*|x. Then f > §c,
and f/* = g. Now let A € X™* be arbitrary, then f + A is bounded below on C, so
f + A is strongly exposed by some ¢ € eBy=. This implies (f + A)* is Fréchet
differentiable at ¢. But (f + A)*(-) = g*(- — A), and so g* is Fréchet differentiable
at A + ¢. Conclude that the points of differentiability of / is a dense (automatically)
Gg-set. [l

5.3 Strictly convex functions

Recall a proper convex function f : X — (—o00, 4-00] is strictly convex if

SOx+ A =1y <)+ A =1f ()

wheneverx #y, 0 < A < 1, x,y € domf.

Notice that some confusion may arise, because even when || - | is a strictly convex
norm, the function () := || - || is not a strictly convex function. Thus one must be
careful to note the context in which the adjective strictly convex is used, the same will
be true for locally uniformly convex, and uniform convex functions as defined later
in this section. Figure 7.1 illustrates the nuances of strict convexity reasonably well.

Fact 5.3.1. For a proper convex function f : X — (—00,+0o0], the following are
equivalent.

(a) f is strictly convex.
) f (xzﬂ) < %f(x) + %f(y)for all distinct x,y € dom f.

Proof. Clearly, (a) implies (b). The converse can be proved by observing when f is
not strictly convex, then its graph contains a line segment by the three-slope inequality
(Fact 2.1.1) and so then (b) will fail for some x and y. O

Example 5.3.2. Recall that t — 72 is strictly convex on R because its derivative is
strictly increasing. Let f : R — (—00, +00] be defined by f(t) = > if ¢ is rational
and f(#) = +o0 otherwise. Then

r (“2”) < %f(t) + %f(s) foralls # ¢, 5,¢ € dom /.

but /" is not convex, and hence not strictly convex.
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We will say a convex function f is strictly convex at xg € domf if f(”%) <
3/ (o) + 3/ (v) forall y € dom "\ {xo}.

Fact5.3.3. Supposef : X — (—o0,+0o0]is convex, Isc and proper. Thenf is strictly
convex if and only if (xo,f (x0)) is an extreme point of epif whenever xo € domf’.

Proof. For the ‘only if” implication, suppose f is strictly convex and xo € domf.
Suppose that (xg,f (x0)) = A(x,7) + (1 —X)(y,s) where 0 < A < 1 and x,y € domf,
fx) <t,andf(y) <s.Ifx =y = xp, thens = ¢t = f'(xp). Thus we suppose x # xg
andy # xo.According to the strict convexity of f, we deduce thatf (xg) < Af+(1—21)s
which is a contradiction. For the converse, suppose x,y € domf, x # y, and that
xo = Ax 4+ (1 — A)y where 0 < A < 1. Given that (xg,f (xp)) is an extreme point of
epif, we deduce that f'(xo) < Af(x)+ (1 —X)f (»). Therefore f is strictly convex. [J

A convex function f is said to be locally uniformly convex at xy € domf if

Xn + Xo

1 1
llx, — x0l| = O whenever Ef(x,,) + Ef(x()) —f( ) — 0, x, € domf.

We will say a convex function f : X — (—o00, +00] is locally uniformly convex if
it is locally uniformly convex at each x € domf. Observe that a locally uniformly
convex function is strictly convex.

Proposition 5.3.4. Suppose [ : X — (—00,+00] is a proper Isc function and that
¢ € 9f (xo).

(a) If f is strictly convex at xq, then ¢ exposes [ at xg.
(b) If f is locally uniformly convex at xo, then ¢ strongly exposes f at x.

Proof. (a) Suppose x € domf and x # x9. Write x = x¢ + 4, then f'(xo + %h) <
3 (x0) + 3f (xo + h). Now 3¢ (h) = ¢(xo + 5h) — ¢ (x0) < 3/ (X0 + ) — 5/ (x0)
and so ¢ (h) < f(xo + h) — f(xo), that is ¢ (x) — ¢ (x0) < f(x) — f (x0).

(b) Suppose (x,,) is such that £ (x,) — ¢ (x,) — f(x0) — ¢ (x0). Now observe

1 \
0= 3L/ +f (o)l —f (x “0)

2

1 1 1 1
=S Gn) = 56 0n) + 50 (x0) — [f(XO) + 500 — 5¢(Xo)}

now the right-hand side of this goes to 0, so since / is locally uniformly convex at x,
we have that ||x, — xo|| — O. O

The converses to the preceding proposition do not hold in the following sense. Let
fC¢) == -|l- Then ¢ = 0 strongly exposes f at x = 0. However, f is not strictly
convex atx = 0.
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Proposition 5.3.5. Suppose X is a Banach space and f : X — R is a continuous
convex function. Then the following are equivalent.

(a) f is strictly convex.

(b) Every xo € X is an exposed point of f.

(c) For every xg € X, (xo,f (x0)) is an extreme point of epif.

Proof. First, note that (a) = (b) follows from Proposition 5.3.4 because dom(df) =
X. Also, (c) = (a) follows from Fact 5.3.3.

(b) = (c¢): Suppose xy € X and let xg := Ax + (1 — 1)y where 0 < A < 1. Choose
¢ € 9f (xo) such that f — ¢ attains a strict minimum at xq. Then

S &xo) <A — @) (x) + (1 =D — d) () + P (x0)
=X+ A -0,

and so (xg, f (xp)) is an extreme point of epif. [

Proposition 5.3.6. Suppose f : X — (—o0,+00] is convex Isc and proper.

(a) Iff™ is strictly convex, thenf is Gateaux differentiable at each point in the interior
of its domain.

(b) Iff* is locally uniformly convex, then f is Fréchet differentiable at each point in
the interior of its domain.

Proof. Suppose x¢ € int(dom (). Then f is continuous at xo and so df (xg) # @, say
¢ € 3f (xg). Thus ¢ € dom(f™), and xo € 9f*(¢). Because f™* is strictly convex
(locally uniformly convex), Proposition 5.3.4 implies xo exposes (strongly exposes)
f* at ¢ and so f is Gateaux (Fréchet) differentiable at xo by Proposition 5.2.4. [

We now present a rather satisfactory duality theorem for reflexive spaces.

Theorem 5.3.7. Suppose X is a reflexive Banach space and f : X — R is a
continuous cofinite convex function. Then:

(a) f is Gateaux differentiable if and only if f* is strictly convex.
(b) The following are equivalent:

(i) f is Fréchet differentiable;
(ii) f* is strongly exposed at each x* € X* by each subgradient in 3f (x*);
(iii) f* is strongly exposed at each x* € X*.

Proof. (a) The ‘if” implication follows immediately from Proposition 5.3.6. For the
converse, let xj € X*. Because f* is continuous, we fix xo € X such that xy €
9f*(x3). Now xj € 9f'(xo), and thus Proposition 5.2.4 ensures that xo exposes ™
at xj. Thus every x* € X* is an exposed point of /*, and so f™* is strictly convex
according to Proposition 5.3.5.

(b) (i) = (ii): Suppose f is Fréchet differentiable and xj € X*. Choose any
xg € 3f*(x}). Because xjj € 0f (xo), Proposition 5.2.4 implies /™ is strongly exposed
at x; by xo.
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(ii) = (iii) follows because 9f™(x*) is nonempty at each x* € X*. We now prove
(iii) = (i): Suppose that /™ is strongly exposed at each x* € X*. Now fix xg € X
and suppose ¢ € 3f (xo) and ¢, € ¢ f (x0) where &, — 0F. Then xyp € 3f*(¢),
én —w+ ¢ (by Smulian’s theorem (4.2.11) since f is Gateaux differentiable by part
(a) and Proposition 5.3.5) and /*(¢,) — f™*(¢p). Now let y strongly expose /™ at ¢.
Because ¢, — ¢ weakly, it now follows that lim sup(f™* — y)(¢,) < (f* — y)(¢).
Consequently, ||¢, — ¢ || — 0. According to Smulian’s theorem (4.2.10), f* is Fréchet
differentiable at x. OJ

A proper convex function f : X — (—o0, +00] is said to be uniformly convex on
bounded sets if ||x,, — y,|| = 0 whenever (x,), (1,) are bounded sequences in dom f
such that

1 1 X, +
AR A —f< - Y ) — 0.
If ||x;, — yull = 0 whenever x,,y, € domf are such that

1 1 n+In
S G + 5/ ) = f (%) -0,

then 1 is said to be uniformly convex. We do not require dom f to have nonempty
interior. Thus, for example, if domf is a singleton, then f is trivially uniformly
convex.

We leave the proof of the following observation as an exercise.

Proposition 5.3.8. Let f and g be proper convex functions, if f is strictly convex
(resp. locally uniformly convex, uniformly convex), then f + g is strictly convex
(resp. locally uniformly convex, uniformly convex) when it is proper.

Intuitively, the previous proposition holds because adding a convex function to
another only makes the function ‘more convex’. Also, let us note:

Remark 5.3.9. (a) Let X be finite-dimensional and let /' : X — R be continuous
and convex. Then f is strictly convex if and only if /' is uniformly convex on
bounded sets.

(b) See Exercise 5.3.9 for a Isc strictly convex function f : R? — (—o0, +-00] that
is not uniformly convex on bounded sets.

(c) LetX be finite-dimensional, and let /' : X — R be continuous and convex. Then
f is Gateaux differentiable if and only if / is uniformly smooth on bounded sets.

Proof. (a) Suppose f is strictly convex, but not uniformly convex on bounded sets.
Then there are bounded sequences (x,) and (y,,) such that ||x, — y,|| > & for all n and
some ¢ > 0, yet

1 1 n+ Vn
S G + 5/ ) = f <%) - 0.
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Because of compactness, there are subsequences (x,,) — X and (y,,) — ». The
continuity of /' then implies

1, 1 _ X+y

= = — =0.

S0+ 5 - (37)
This contradicts the strict convexity of /. The other direction is trivial. Similarly, (c)
follows from a compactness argument and Theorem 2.2.2. [

The function, f(¢) := [¢t|P for p > 1, is differentiable and strictly convex (for
example f”'(¢#) > 0 for ¢ > 0). Thus part (a) of the next example is immediate from
the previous observation. While (c) can be obtained rather easily with the help of the
mean value theorem.

Example 5.3.10. Consider / : R — R defined by f'(¢) := |¢t|P where p > 1. Then

(a) f is uniformly convex and uniformly smooth on bounded sets for p > 1.
(b) f is uniformly convex if and only if p > 2.
(c) f is uniformly smooth if and only if | < p < 2.

Proof. See Exercise 5.3.6(b). O

The next example builds certain convex functions from norms.

Example 5.3.11. Letp > 1 and X be a Banach space and suppose its norm || - || is
strictly (resp. locally uniformly, uniformly) convex. Then the function f := | - ||P is
strictly convex (resp. locally uniformly convex, uniformly convex on bounded sets).

Proof. First, suppose || - || is uniformly convex. Now suppose (x,), (y,) C X are
bounded sequences such that

P

@ 0. (5.3.1)

1 1
§||xn||p+§”yn”p_

The uniform convexity of the function g = |- |” on bounded subsets of R then implies
(Ixall = lyall) — 0, and thus (5.3.1) ensures (||(xy + ya)/2ll — IIxall) — 0. The
uniform convexity of || - || implies ||x,;, — y,|| — 0 as desired (for this, boundedness
of the sequences is essential). The other proofs are similar: for example, in the local
uniformly convex case, replace the sequence (y,) with a single point x. 0

It is worth noting that determining the uniform convexity of || - ||? is actually quite
delicate, and depends on the modulus of convexity of the norm as will be seen later
in Theorem 5.4.6. We now turn from examples to duality results.

Proposition 5.3.12. Suppose f : X — R is continuous convex. If f* is uniformly
convex on bounded sets, then f is uniformly continuous on sets D such that 3f (D) is
bounded.

Proof. Suppose df (D) is bounded, (x,) and (y,) are sequences in D such that ||x, —
yull = 0. First, f is Fréchet differentiable because /™ is locally uniformly convex
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(Proposition 5.3.6). Now let ¢, := f’(x,,) and A, := f"(y,). Then (¢,,) and (A;,) are
bounded and f*(¢p,) = ¢n(x) — f(xn) and f*(A,) = Ay () — f () and note that
f*(¢n+An) > <¢n +An xn+yn > f(x”+y” ). Therefore,

1 1
0 = _f*(¢r1) + Ef*(An) _f* (

¢n+An>
2

N

1 1
E[‘pn(xn) —f )]+ E[An(yn) —f ()]

_ |:<¢n+An Xn +yn>_f (xn +yn>]
2 ’ 2 2
_ l Xn — Vn l Yn — Xn Xn + Vn
=0 () e () (5
1 1
_Ef(xn)_if(y’n)

1 Xn —Vn 1 Yn — Xn
_— A, ——— ).
2 ( 2 b 2

The last term goes to 0 because ||x, — y,|| — 0 and the functionals are uniformly
bounded. Because /™ is uniformly convex on bounded sets, ||¢, — A,| — 0. 0

IA

IA
|
ASS

B

Proposition 5.3.13. Suppose f : X — R is convex and has uniformly continuous
derivative. Then * is uniformly convex.

Proof. Suppose (¢,,), (A,) C domf™ are such that
n+ A
@0+ 5 B 1 <¢’ * )—>0.

Given ¢, — 0%, choose x, € X such thatf*(@) = (@)(xn) — () + &
Then

1
E[f*((bn (pn(xn) — f (xn))] + f*(An) (An(xp) = f )] — &7 — 0.

Now each of the preceding terms in brackets is nonnegative, consequently, they
both must go to 0 since their sum goes to 0. It follows that ¢, € 0 f(x,) and
Ay € 8;,f (x,) where &, — 0T The uniform smoothness of / implies [|¢, — A, || — 0
(Proposition 4.2.14). Thus f* is uniformly convex. O

We are now ready for a duality theorem concerning uniform convexity and uniform
smoothness on bounded sets.

Theorem 5.3.14. Suppose [ : X — (—00,+00] is a convex function.

(a) f is supercoercive and uniformly smooth on bounded sets if and only if f* is
supercoercive, bounded and uniformly convex on bounded sets.

(b) f is supercoercive, bounded and uniformly convex on bounded sets if and only if
f* is supercoercive and uniformly smooth on bounded sets.
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Proof. (a) Suppose f is supercoercive and uniformly smooth on bounded sets. Then
f is also bounded on bounded sets because its derivative uniformly continuous on
bounded sets (Proposition 4.2.15). Now f™* is supercoercive and bounded on bounded
sets by Theorem 4.4.13. Suppose sequences (¢,,) and (A,,) as in the proof of Proposi-
tion 5.3.13 are bounded, the supercoercivity of f then forces the sequence (x,) therein
to be bounded, therefore the uniform smoothness of / on bounded sets ensures that
l¢n — Ayll = O (Proposition 4.2.15).

Conversely, because /™ is supercoercive and bounded on bounded sets, Theo-
rem 4.4.13 ensures f is supercoercive and bounded on bounded sets. Therefore, of is
bounded on bounded sets. According to Proposition 5.3.12, x — f”(x) is uniformly
continuous on bounded sets.

(b) This can be deduced from (a) because the existence of such a function f on a
Banach space implies it is reflexive (Exercise 5.3.3). O

The above proof uses supercoercivity in a very crucial fashion. The following
remark illustrates that this is a necessary restriction.

Remark 5.3.15. (a) Consider f(f) := e’ — ¢, then f is coercive, uniformly convex
on bounded subsets of R, but /* is not everywhere defined, moreover /™ is not
uniformly smooth bounded sets.

(b) In Exercise 5.3.10, an example of a function / : R? — R is given so that f
is not strictly convex, while /* is globally Lipschitz and uniformly smooth on
bounded sets.

(c) Together (a) and (b) show that we cannot remove supercoercivity from Theo-
rem 5.3.14 and still have duality between uniform smoothness on bounded sets
and uniform convexity on bounded sets.

Thus far we almost have the duality between uniformly convex and uniformly
smooth functions. The key to completing this is that uniformly convex functions are
automatically supercoercive as we will see shortly.

For a proper convex function /' : X — (—o0,400], we define the modulus of
convexity, 8¢ : [0,00] — [0,00], of f by

x+y
2

1 1
dr(e) ;= inf {zf(X) + Ef(y) —f( ) Cx=yll>e x,y€ domf} .

Asusual, we define the infimum over the empty set as +o00. Observe thatf is uniformly
convex if and only if 7 (¢) > 0 for each ¢ > 0.

Fact 5.3.16. Supposef : X — (—o00,+00] is a uniformly convex function. Then:

8 .
(a) 8r(2e) > 487 (e) for all € > 0. Consequently, lim inf f(;) > 0, and
£—00 e
() liminf (xl > 0.
llxll—oo [lx |
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Proof. (a) Let & > 0 and let n > 0. If 67 (2¢) = +o00, there is nothing further to do,
otherwise, choose x,y € X such that | x — y|| > 2¢, and

1 1
f(x;y)>5ﬂﬂ+5ﬂw—%ﬂw—n. (532)

By shifting /', we may and do assume x = 0. Now

0+y\ 1 /vy 1./3
(55) =3 @) a () v
1

=

rO+ 537 (5) + 3 () + 700 - 250

—

X 1 1 1 1
= Zf 0) + Zf(y) + Zf(o) + Zf(J/) — 25r(e) — 55/‘(28)-

Comparing this with (5.3.2) noting that 1 is arbitrarily small, yields &, (2¢) > 46/ ().

Consequently, by induction, one can show &7(2") > (2”)23f(1), from which it
follows that lim inf,_, o0 8/ (e) > 18,(1)e?.

(b) Without loss of generality, we may shift / so that 0 € domf. Now let ¢ €
91/ (0), and then let g(x) = f(x) — ¢ (x) + 1. Then g is uniformly convex and g > 0.
Moreover, if ||x|| = &, then %g(x) + %g(O) —g(x/2) > %Sg(l)ez, and so g(x) >
%8g(l)g2 — g(0) hence lim inf |- 00 % > 0, and so the same is true for . O

Theorem 5.3.17. Suppose f : X — (—o0,+0o0] is a proper Isc convex function.

(a) [ is uniformly smooth if and only if f* is uniformly convex.
(b) [ is uniformly convex if and only if f* is uniformly smooth.

Proof. We prove (b) first and then deduce (a). Suppose /™ is uniformly smooth, then
f** is uniformly convex by Proposition 5.3.13. Thus /' = f**|y is also uniformly
convex. Conversely, suppose f is uniformly convex. Then f is supercoercive by
Fact 5.3.16(b), so f* is continuous everywhere. Suppose by way of contradiction that
f* is not uniformly smooth. Then there exist (¢,), (A,) C X* where ||A,|| — 0T
and ¢ > 0 so that

1 1
zf*(¢n + Ap) + Ef*((pn —Ay) _f*((pn) > 2el| Ayl

Choose x,y, € X so thatf*(¢n + Ap) < (@n + Ap)xp) — f(xn) + €l Ayl and
S (P — An) = (P — An)(¥n) — f () + €l Anll. Hence one can estimate

1 1 1 1
EAn(xn — V) + E‘pn(xn +¥n) — Ef(xn) - Ef(yn) _f*(d’n) > gl Anll.

This with ¢, (%) _f (%) — f*(¢) < 0 implies

Xn + ¥n

1
EAn(xn —yn) +f ( B

) - %f(xn) - %f(yn) > || Al (5.3.3)



246 Smoothness and strict convexity

Thus A, (x, — yn) > 2¢||A,| for all n, and hence ||x,, — y,|| > ¢ for all n. This with
(5.3.3) implies | A, (xp —yu)| = 8¢ (llxp —yull) = 8r(e) > 0. Because || Ayl — 0, this
implies ||x, —y, || — oo, butthenFact5.3.16(a) implies & (|lx,—yull)/1xy—yull — o0
which is impossible since ||A,|| — 0. This proves (b).

To prove (a), suppose f is uniformly smooth, then /™ is uniformly convex according
to Proposition 5.3.13. Conversely, if /* is uniformly convex, then f** is uniformly
smooth by part (b), and hence so is /**|y. |

In contrast to the Milman—Pettis theorem (5.1.20), Banach spaces with uniformly
convex or uniformly smooth functions are not necessarily reflexive, for example, any
constant function is uniformly smooth and the indicator function of a point is trivially
uniformly convex. We close this section with the following interesting consequence
of Fact 5.3.16(b).

Corollary 5.3.18. Suppose f : X — (—00,+00] is a proper Isc uniformly convex
Sfunction. Then f attains its strong minimum on X, and 3f (X) = X*.

Proof. Because f is supercoercive (Fact 5.3.16(b)) and Isc, it is bounded below. Thus
we let (x,,) C domf be a sequence such that f'(x,,) — infy f. Then

. 1 1 Xn + Xm
m}zlgloo Ef(xn) + Ef(xm) _f < 5 ) -0

and so by the uniform convexity off’, lim,, , [|x, —xp || — 0. Therefore, (x,) is Cauchy

and converges to some x € X. By the lower-semicontinuity of f, f(x) = infx f.
Now let ¢ € X*. Then f — ¢ is uniformly convex, and so it attains its minimum at

some x. Thus f'(x) — ¢ (x) > f(X) — ¢ (X), and so ¢ € If (X). O

Exercises and further results

5.3.1. Verify that the definition of locally uniformly convex functions is not changed
if we assume the sequences (x,,)z‘i1 C dom f are bounded.

5.3.2. Suppose X is a Banach space, 1 < p < oo and || - || is a uniformly smooth
norm on X . Show that the function ' = || - ||” is uniformly smooth on bounded sets.
Hint. This can be done directly, or as a dual to Example 5.3.11. O

5.3.3.* Suppose X is a Banach space. Show the following are equivalent.

(a) There is a proper Isc locally uniformly convex (resp. uniformly convex on
bounded sets) function /" : X — (—00, 4-oc] that is continuous at some point.

(b) X admits an equivalent locally uniformly convex (resp. uniformly convex) norm.

(¢) There is a continuous supercoercive f : X — (—o00,+00] locally uniformly
convex (resp. uniformly convex on bounded sets) function.

Conclude that a Banach space is superreflexive if and only if it admits a Isc uniformly
convex function whose domain has nonempty interior. Show, additionaly, in the
locally uniformly convex case, that the norm constructed in (b) is a dual norm when
X is a dual space and the function is weak™*-Isc.
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Hint. (a) = (b): Without loss, assume f is continuous at 0, and let ¢ € 9/ (0).
Exercise 5.2.6 implies / — ¢ is coercive and symmetrize this new function. We
provide the details in the uniformly convex case only. Now let g(x) := W and
let » > 0 be such that By, C dom f. Now for 4] = r we have

1 1 h
Eg(h) t780) ¢ <§> > 84(r) > 0.

Thus g(h) > 28, (r) for all & such that ||z|| = 7. Let consider the norm || - | whose unit
ballis B = {x : g(x) < 8¢(r)}. Then g is Lipschitz on B. Suppose ||x,ll = Iyl =1
and

Xp +Yn
2

1 1
7 Pl + Sl =

Then g(@) — 84(r) since g is Lipschitz on B, consequently $g(x,) + $g(yn) —
g(@) — 0and so ||x, — y»|| = 0 and hence |x, — y,| — O.
For (b) = (c), take f = | - I? where || - | is guaranteed by (b). [

5.3.4. Suppose /' : X — R is a coercive uniformly smooth function.

(a) Use the implicit function theorem for gauges (4.2.13) to show that X has an
equivalent uniformly smooth norm.

(b) Show that /2 is supercoercive and uniformly smooth on bounded sets. Deduce
from duality and Exercise 5.3.3 that X has an equivalent uniformly smooth norm.

5.3.5 (Constructing uniformly convex functions). For this exercise, we will say a
real function ¢ is uniformly increasing if for each § > 0, there exists ¢ > 0 so that
¢(s) + & < ¢(¢t) whenevers,t € dom¢p ands + 6§ < ¢.

(a) Letf : X — (—o00,+00] be a uniformly convex function, and suppose ¢ is
a convex uniformly increasing function whose domain contains the range of 1.
Then ¢ o f is uniformly convex.

(b) Letp > 1, and consider ¢ : [0, 400) — R defined by ¢ (#) = #’. Show that ¢ is
a uniformly increasing convex function.

(c) Let H be a Hilbert space with inner product norm || - ||, and let p > 2. Show that
| - |IP is a uniformly convex function.

(d) Suppose (X, || - ||) is a Banach space, and || - || has modulus of convexity of
power type 2. Show that the function || - ||P is uniformly convex for p > 2. See
Theorem 5.4.6 for a more general and precise result.

(e) Show el'l” is uniformly convex when p > 2, and || - || is as in (c) or (d). See

Exercise 5.4.7 for related constructions of uniformly convex functions.
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Hint. (a) Let x,y € domf. Suppose ||x — y|| = & where ¢ > 0, and choose n > 0 so
that ¢ (s) +n < ¢ (¢) wherever s + §7(¢) < t. Then

1 1
0 (f (x . )) <¢ <§f(X) +5/0) - af(e))

1 1
=< ¢<§f(x)+ Ef(y)> -7

1
¢(f () + §¢(f(y)) —1.

=

N =

(b) Given 8 > 0, show that s» + & < #” where ¢ = min{ps?/2°~!,27187} or any
other valid estimate. Suppose s +38 < ¢. Inthe case s < §/2,t —sP > 6P — 6P /2P >
8P /2. Inthe case s > 8/2, 1P — s > psP~1(t —5) = psP j2P~ L.

(c) The parallelogram law implies f = | - ||? is uniformly convex. By parts (a) and
(b), P = || - ||? is uniformly convex for each p > 1.

(d) Use Exercise 5.1.22 to conclude || - | is uniformly convex and proceed as in (c).

(€) Note that ¢ — e’ is uniformly increasing on [0, 00). 0

5.3.6.

(a) Prove Proposition 5.3.8.
(b) Verify Example 5.3.10.
(c) Prove Remark 5.3.9(c).

Hint. (b) To verify Example 5.3.10 parts (b) and (c), note that f = | - | is neither
uniformly convex nor uniformly smooth. Use the mean value theorem to show that
f = - IP is uniformly smooth if and only if | < p < 2. The statement on uniform
convexity can be derived dually. An alternative proof of the uniform convexity state-
ment is as follows. Exercise 5.3.5(c) ensures f is uniformly convex for p > 2, while
Fact 5.3.16(b) ensures f is not uniformly convex for p < 2. ]
5.3.7. Suppose f : X — (—o0,+0o0] is a Isc convex function. If f : X — Risa
locally uniformly convex function, must f be coercive? What if /' is uniformly convex
on bounded sets?

Hint. No: once again f : R — R where f(#) = e’ provides a counterexample.
Compare to Fact 5.3.16(b). ]
5.3.8. Suppose f : X — (—o0,+o00] is a Isc convex function. Suppose that /* is
strictly convex at all points of dom(df™). Show that /" is Gateaux differentiable at all
points in the interior of its domain.

5.3.9 (Strictly versus uniformly convex functions). Define f : R?> — (—o0, +00] by

_W+}C+max[;—;,1] ifx > 0andy > 0;

+o00 otherwise.

S&x,p) =

Verify that /" is a Isc convex function that is continuous in the extended real-valued
sense and that f is strictly convex, but that f is not uniformly convex on bounded
subsets of its domain.
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Hint. Check that — ¢/xy is strictly convex for x > 0,y > 0 by computing its Hessian.
Now, 1" is strictly convex because it is a sum of a strictly convex function with other
convex functions. Consider, for example the points (%, 2) and (%, 4) to see that f" is
not uniformly convex. 0

—4y if0<x<land0<y<I;
¥ y

5.3.10. Letf(x,y) := .
otherwise.

(a) Show that f is not strictly convex but that it is strictly convex on dom(df).

(b) Show that f* is Lipschitz and Géteaux differentiable everywhere on R2.

(c) Conclude that the derivative of /™ is uniformly continuous on bounded sets.
(d) Conclude that the derivative of f* is not uniformly continuous everywhere.

Hint. (a) By computing the Hessian, one can see that —/xy is strictly convex if
x > 0 and y > 0. It is not strictly convex when x = 0 or y = 0. Notice also,
dom(df)(x,y) =W ifx=00ry=0.

(b) /™ is Lipschitz because the domain of /' is bounded. f* is Gateaux differentiable
by Exercise 5.3.8.

(c) Follows from Remark 5.3.9.

(d) 1 is not uniformly convex, therefore /* cannot be uniformly smooth. O

5.3.11 (Differentiability of distance functions). Suppose X is a Banach space with
closed convex subset C.

(a) Suppose the dual norm on X* is strictly convex. Show that dé is Gateaux
differentiable.

(b) Suppose the dual norm on X * is locally uniformly convex. Show that dé is Fréchet
differentiable.

(c¢) Suppose the dual norm on X* is uniformly convex. Show that d% has a uniformly
continuous derivative on bounded sets. It is worth noting that dé may not have
a globally uniformly continuous derivative. For example, Theorem 5.4.5 below
shows that even if C = {0} and X = ¢, with its usual norm for 1 < p < 2, dé
will not be uniformly smooth.

Hint. One approach is as follows: f is the infimal convolution of || - ||* with the
indicator function of C. The conjugate of this function is the sum of the support
function and one-fourth the dual norm squared. The later function is strictly convex
(resp. locally uniformly convex, uniformly convex on bounded sets), hence so is the
sum. Now use duality results. O

5.3.12. Supposef and g are proper Isc convex functions on a Banach space X such that
f og is continuous. Show that f og is Gateaux (resp. Fréchet, uniformly) smooth pro-
vided f™* is strictly (resp. locally uniformly, uniformly) convex. Provide an example
where f og can fail to be Gateaux differentiable even when f* is Fréchet differentiable.

Hint. Use Lemma 4.4.15 with Proposition 5.3.8 and appropriate duality results. The
desired example can be found in [419, Remark 2.5(a)]. ]
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5.3.13 (Directional uniform convexity).* Given a Banach space X with a topology
7, a convex function f : X — (—o00,400] is said to be t-uniformly convex if
(xn — yn) =1 0 whenever (x,,), (y,) are sequences in dom f such that

1 1 A Xn + Y

Ef(xn) + zf (yn) _f (%) — 0.
When 7 is the weak topology on X (resp. weak™® topology when X is a dual space),
we say [ is weakly uniformly convex (resp. weak*-uniformly convex).

(a) Suppose that /' : X — R is continuous convex function such that x > f/(x) is
norm-to-weak*-uniformly continuous. Show that f* is weak*-uniformly convex.

(b) Suppose f : X — R is continuous convex. Suppose f* is weak*-uniformly
convex. Show that x > f”(x) is norm-to-weak*-uniformly continuous on sets D
such that df (D) is bounded.

(c) Suppose f : X — R is a Lipschitz convex function. Show that x — f’(x) is
uniformly Gateaux differentiable if and only if /* is weak*-uniformly convex.

Hint. Mimic the proofs given for the analogous cases for uniformly convex and
uniformly smooth functions. [

5.3.14. Suppose f is a proper Isc convex function on a Banach space X.

(a) Suppose f* is a supercoercive strictly convex function. Show that /" is bounded
on bounded sets and Gateaux differentiable.

(b) Suppose f* is supercoercive and Gateaux differentiable everywhere. Show that
is strictly convex.

(c) Suppose f* is Gateaux differentiable everywhere. Show that f* is strictly convex
on the interior of its domain. In particular, if X = R, f is strictly convex.

(d) Suppose X is reflexive. Show that f : X — R is strictly convex, supercoer-
cive and bounded on bounded sets if and only if /™ is Gateaux differentiable,
supercoercive and bounded on bounded sets.

Hint. Use appropiate duality theorems to deduce (a). For (b), / is bounded on bounded
sets, hence continuous. Let x € X, and take ¢ € 9f (x). We claim that ¢ exposes f at
x. Indeed, if not, then there exist y # x such that f(y) = f (x) + ¢ () — ¢ (x). From
this, ¢ € 3 (). Now x, y € df*(¢) which implies /™ is not Gateaux differentiable at
¢. To prove (c), one can mimic the proof of (b), since df (x) # @ if x € int(domf).
U

5.3.15. Suppose X is a Banach space and /' : X — (—o00,400] is a Isc convex
function. Show that the following are equivalent.

(a) f* is supercoercive, bounded on bounded sets and Fréchet differentiable.

(b) X is reflexive and f is supercoercive, bounded on bounded sets and f* is strongly
exposed at each x € X.

Hint. (a) = (b): Because ™ is supercoercive and bounded on bounded sets, so is f°
(Theorem 4.4.13). The reflexivity of X follows from Exercise 5.1.28. Let x € X;
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choose ¢ € 9f (x) because f is continuous at x. By Theorem 5.2.3, /" is strongly
exposed at x by ¢ since /™ is Fréchet differentiable at ¢.

(b) = (a): Because f is supercoercive and bounded on bounded sets, so is f*. Use
Theorem 5.3.7 to deduce that /™ is Fréchet differentiable. |

5.3.16. Suppose X is a Banach space. Show that X is reflexive if and only if it
admits a continuous convex cofinite function f such that /" and /™ are both Fréchet
differentiable.

Hint. If X is reflexive consider f := %H - |> where || - || is an equivalent locally
uniformly convex and Fréchet differentiable norm on X. For the converse, use the
Moreau-Rockafellar dual theorem (4.4.12) to deduce that /™ is coercive, and then
apply Exercise 5.1.28 to deduce X is reflexive. 0

5.3.17. Suppose X is a reflexive Banach space and ' : X — (—o0,+00] is a Isc
proper function.

(a) Suppose f is continuous, cofinite and f and /™ are both Fréchet differentiable.
Show that f and /™ are both locally uniformly convex.

(b) Show that /" is supercoercive, bounded on bounded sets, locally uniformly convex
and Fréchet differentiable if and only if /™ is.

(c) Find an example of a supercoercive Fréchet differentiable function f* such that /™
is not locally uniformly convex.

Hint. (a) We will show that /" is locally uniformly convex. For this, suppose that
(xn);2; is bounded (see Exercise 5.3.1) and

%f(x) + %f(xn) —f (" Zx) - 0.
Let ¢ € 3f (x) and ¢, € 3f (*52). Then

X+ x,

2

1 1
Ef(x) + Ef(x") - |:¢n ( ) —f*(¢n):| — 0 and so

1 1
E[f(x) — ¢p(X)] + E[f(xn) — ¢n(xn)] +f*(¢n) — 0.

Now both f'(x) — ¢u(x) = —f*(¢,) and f (x,) — ¢ (xn) = —f*(¢), so we conclude
that

dn(x) — f(x) _f*(d’n) — 0 and ¢, (x,) — f(x,) _f*(¢n) — 0. (534

Thus £'(x) +f*(¢,) < ¢n(x) + &, where &, — 07. According to Proposition 4.4.1(b),
@ € 0g,f (x). Because f is Fréchet differentiable at x, Smulian’s theorem (4.2.10)
implies ||¢, —¢| — 0. Because (x,)72 | is bounded, this implies ¢, (x,) — ¢ (x,) — 0.
From (5.3.4), we also have ¢ (x,) — f(x,) > f*(¢p) — &, where g, — 07. Again,
Proposition4.4.1(b) implies ¢ € ¢, f (x,) whichin turnimpliesx, € 9,/ (¢) (Propo-
sition 4.4.5). Because f* is Fréchet differentiable at ¢, Smulian’s theorem (4.2.10)
implies ||x,, —x|| — 0 as desired. Because f** = f, the argument implies /™ is locally

uniformly convex as well.
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Part (b) follows from (a) because /" is supercoercive and bounded on bounded sets
if and only if /™ is by Theorem 4.4.13 and then /" is Fréchet differentiable when f™*

is locally uniformly convex by Proposition 5.3.6. For part (c), consider f := | - ||?
where || - || is a Fréchet differentiable norm whose dual norm is not locally uniformly
convex as cited in Remark 5.1.31(b). [

5.3.18 (Limitations on convexity/smoothness duality). Let X be a Banach space, and
suppose f is a Isc proper convex function on X. Provide examples for the following
assertions.

(a) f Fréchet differentiable and supercoercive does not imply f* is strictly convex.

(b) f locally uniformly convex and supercoercive does not imply f* is Géteaux
differentiable.

(c) f* Fréchet differentiable and coercive does not imply f is strictly convex.

(d) f* locally uniformly convex, Fréchet differentiable and coercive does not imply
f is Fréchet differentiable.

Hint. For (a), consider, £ (x) := ||x||2 where || - || is Fréchet differentiable on C[0, w1];
see Remark 5.1.30(b). For (b) let f (x) := |lx||?> where | - || is locally uniformly convex
on ¢;. For (¢), let g(x,y) :=f(x — 1/2,y — 1/2) where f is the function from Exer-
cise 5.3.10. Compute that g* (x,y) = f*(x,y) + ((x,»), (1/2,1/2)). Therefore, g* has
uniformly continuous derivative on bounded sets because /* has such a derivative.
However, 1 is not strictly convex, and so g is not strictly convex. However, g* is coer-
cive because g is continuous at (0, 0) by the Moreau—Rockafellar theorem (4.4.10).
For (d), let f*(¢) := e’ — . |

5.4 Moduli of smoothness and rotundity

This section will look at finer properties of uniformly convex and uniformly smooth
functions. For a convex function f : X — R, we define the modulus of smoothness
of f,for T > 0, by

1 1
or(T) == sup{if(x+ry)+§f(x—ry) —f(x): xeX,yeSX}.

Notice that / must be defined everywhere in order for its modulus of smooth-
ness to be finite. Also, a continuous convex function f is uniformly smooth if
lim;_, g+ por(t)/T = 0; see Proposition 4.2.14 for characterizations of uniformly
smooth convex functions.

Theorem 5.4.1. Suppose f : X — (—00,+00] is a proper Isc convex function.
(a) Suppose thatf : X — R. Then py(t) = sup {r% —&(e) 1 0 < 8}.
(b) Suppose that f* : X* — R. Then p«(t) = sup {‘L’% —&(e): 0= e}.

Proof. The proofs of (a) and (b) are similar, so we will prove only (b), and leave
the proof of (a) to Exercise 5.4.9. We will first show that 87 (g) + pr«(7) > T% for
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&> 0and 7 > 0. Let n > 0. When 6, (e) is finite, we choose x,y € dom f such that
[x —yll > &and

1 1 x+y
Ef(x) + Ef()’) -f (T) <ér(e) + 1.
Now let ¢ € 3,/ (32) and A € 3|x — y||. Then

1 1
pr(T) = Ef*(cb +TA)+ Ef*(¢> —TA) —f*(9)

Y

1 1
z Sl@+ 1A —fO]+ S1@ —TAG) =/ ()]
x+y xX+y
L) (5]

— 1 1
o () 1 () - 51w - e -

2

X —
> T Y

” —dr(e) — 2n.
Because > 0 was arbitrary, or«(7) + dr(e) > r%.

On the other hand, for any ¢ > 0 and any > 0, given A, ¢ € X*, we can choose
X,y € X so that

1
@ TA) + SMG —TA) — (@) <
[(p+TA)@X) —f(X)+ (@ — M) —f)]
xX+y X+y
L (5) (5]

1 1 1

N — N —

=

< -te —8r(e) + 1.

| =

where ¢ = |lx—y||. Therefore, pr+(7) < sup{t% —dr(e): 0 <e}foreacht > 0. [J

One can derive the duality between uniformly convex and uniformly smooth convex
functions using the previous result; see Exercise 5.4.9. We say a proper Isc convex
function f* has modulus of convexity of power type p, if there is a C > 0 such that
3r(e) = CeP for all ¢ > 0. Also, f is said to have modulus of smoothness of power
type p if there exists C > 0 such that pr(r) < Ct? for T > 0.

Theorem 5.4.2. Suppose f : X — (—00,+00] is a proper Isc convex function, and
p>1

(a) f has modulus of convexity of power type p if and only if /* has modulus of
smoothness of power type ¢ where 1/p 4+ 1/q = 1;



254 Smoothness and strict convexity

(b) f* has modulus of convexity of power type p if and only if / has modulus of
smoothness of power type ¢ where 1/p+ 1/g = 1.

Proof. See Exercise 5.4.10. Also note that Exercise 5.4.6(d) confirms the case p < 2
only occurs when the domain of the uniformly convex function is a singleton. O

The next theorem shows norms with moduli of convexity of power type can be
constructed naturally from functions with such moduli.

Theorem 5.4.3. Suppose X is a Banach space and f : X — (—o00,+00] is a proper
Isc convex function with intdom f # @. If f has modulus of convexity of power type
p > 2 (on bounded sets), then X admits an equivalent with norm modulus of convexity

of power type p.

Proof. First, shift f so that 0 € intdomf. Now let ¢ € 9f(0), then / — ¢ has
same convexity properties of f, and f(0) = 0 is the minimum of f. Now let
g(x) = ’W + |Ix||%. Let » > 0 be such that By, C int dom g and g is Lipschitz
on B,. Then g has the same convexity properties of f, g(0) = 0, g is continuous on

By, and g(x) > 72 if ||x|| > r. Define an equivalent norm || - || on X as the norm
whose ball is B where B := {x : g(x) < 2.
Leta > 0and B > 0 denote constants such that || - || > «||- | and || - || > B]l- I, and

let K > 0 be the Lipschitz constant of g on B. Let C > 0 be such that §,(¢) > Ce?
for e > 0. Let x| = |yl = 1, and suppose |lx — y|| > €. Then ||x — y|| > Be and
g(x) = g(y) = r?; this implies

g (x ;y) <2~ C(Bey.

The Lipschitz property of g now implies || ’% —ul| > 1%(,3 e)? for any u with g(u) =

72, that is [Ju|| = 1. This then implies

x+y

C
<1__PP,
< a—pFe

which shows | - || has modulus of convexity of power type p. O

5.4.1 Spaces with nontrivial uniformly convex functions

We have see that nontrivial uniformly convex functions can only exist on superreflex-
ive spaces. A natural question is then whether uniformly convex functions are easy
to construct on such spaces. This subsection will demonstrate for 2 < p < oo that
f =] - |I? is uniformly convex if and only if the norm || - || has modulus of convexity
of power type p.

Lemma 54.4. Let0 <r <1, then|t" —s"| < |t —s|" foralls, t € [0,00).

Proof. First, for x > 0, (1 +x)" < 1 4+ x” (see [410, Example 4.20]). Setting
x = (t —s)/s with ¢t > 5 > 0, and then multiplying by 5", we get " < s" + (t — s)".
The conclusion follows from this. |
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Theorem 5.4.5. For 1 < q < 2, the following are equivalent in a Banach space

X {I-1D-

(a) The norm ||-|| has modulus of smoothness of power type q.

(b) The derivative of f := ||-||? satisfies a (¢ — 1)-Hélder condition.
(c) The function f .= ||-||9 has modulus of smoothness of power type q.
(d) The function f := ||-||9 is uniformly smooth.

Proof. (a) = (b): Assume that ||-|| has modulus of smoothness of power type g. Given
x € X \ {0}, let ¢, denote a support functional of x. According to Exercise 5.1.23,
|I-|| has a (Fréchet) derivative satisfying a (¢ — 1)-Holder-condition on its sphere; this
implies that each x % 0 has a unique support functional, and there exists C > 0 such
that

s — ¢yl < Cllx —yl|9™" forall x,y € S. (5.4.1)

Let £ (-):=|-]|9. Then " (0) = 0, and ' (x) = ¢ ||x||9"" ¢ for x # 0. Thus if x = 0 or
y=0,then | /') ="M < qllx = ylI“"". Letx,y € X \ {0}. Then

@ =0 =qlxl7 e — gyl ¢,
=g Ixl7 (fr — @) + (g Ix197" — g Iyl9" )y (5.4.2)

Using Lemma 5.4.4 we also compute
— — -1 —
g7 = g Iy < gl Il = 10 [ = g e = pl9" (5:4.3)

We now work on an estimate for ¢ ||x||q_1 (¢x — ¢y). We may and do assume that
0 < |yl = lIx|l. Suppose first || y|| < [Ix|| /2. Then

g x| pe — @] < 2q 161771 < 27 x — )77t (5.4.4)

Suppose ||yl = x|l /2, and let x' = Ax where A = ||yl / l|x|l, so that ||x'|| = [|yl|.
Then

I =y < ¥ —x| + lIx =yl = lIxl = Iyl + Ix =yl <2lx—pll. (54.5)

Now let @ = || y|l. Observe that ¢ and ¢, are also support functionals for oy

and o~y respectively. Applying (5.4.1), the fact that ||x|| < 2, and (5.4.5) we obtain

-1 —1,1q-1 -1
Cll™ x" —a™ y|? Saq,lﬂxl—ﬂlq

ll¢x — oyl

IA

C2971 _, Cc4e! _
T Gl =D = el — 1
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Consequently, ¢ ||x]|77" ||¢x - ¢ H < C497 Vg |x —y||?7". This inequality and
(5.4.4) show there exists K > 0 such that

g 117" fr — ¢y < K llx = y197" forallx,y € X\ {0}, (5.4.6)

Combining (5.4.2), (5.4.3) and (5.4.6) shows that f/’ satisfies a (¢ — 1)-Holder-
condition.

(b) = (c) follows from Exercise 5.4.13 and (¢) = (d) is trivial, so we prove
(d) = (a). Suppose ||-|| does not have modulus of smoothness of power type ¢g. Then
using Exercise 5.1.23 there are x,, y,, € Sy such that ||x, — y,|| = 0 while

—1
> nllx, _yn”q .

|| d)xn - ¢YV1

Let 8, = |lx, — y,|l and define u, = ﬁxn and v, = ﬁyn. Then ||u, — v, =

L 5 0. However

v

/") =1 | = [ ™" g, = g lloal®™ 60,

—1 —1
= a1l 5, = g llwnle " &,

q
= _q—l g—1 ||¢Xn - ¢yn
6y n 2
q -1 Rt
6y n 2

Consequently, /7 is not uniformly continuous, and so Proposition 4.2.14 shows that
that /'(-) = ||| is not a uniformly smooth function. O

The duality between uniform smoothness and uniform convexity enables us to
derive the dual version of Theorem 5.4.5 for uniformly convex functions.

Theorem 5.4.6. Let (X, ||-||) be a Banach space, and let 2 < p < oo. Then the
following are equivalent.

(a) The norm ||-|| on X has modulus of convexity of power type p.

(b) The function | = ||-||P has modulus of convexity of power type p.

(¢) The function [ = ||-||P is uniformly convex.

Proof. (a) = (b): Let us assume that |-|| has modulus of convexity of power
type p, then the modulus of smoothness of the dual norm on X*, which we
denote in this proof as |||, is of power type g where % + é = 1; see

Exercise 5.1.21. By Theorem 5.4.5 the function g :=cll I-1¢ has modulus of
smoothness of power type ¢q. The Fenchel conjugate of g is g* :}j [I-]I”. Thus

g* — and hence |-||P — has modulus of convexity of power type p according to
Theorem 5.4.2.
(b) = (c) is trivial, so we prove (c) = (a). Indeed, assuming that f'(-) = ||| is

a uniformly convex function, then Theorem 5.3.17 shows that /* (and hence ||-||{)
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is a uniformly smooth function. According to Theorem 5.4.5, |-||,. has modulus of
smoothness of power type ¢g. Therefore ||| has modulus of convexity of power type
p; see Exercise 5.1.21. |

Example 54.7. Letf :=| - ||;; where || - ||, is the usual norm on £, for p > 1. Then
f is uniformly convex if and only if » > max{p, 2}.

Proof. This follows from Theorem 5.4.6, because the norm || - |, has modulus

convexity of power type max{p, 2} (see [180]). 0

5.4.2 Growth rates of uniformly convex functions and renorming

We now try to more explicitly construct a uniformly convex norm whose modulus of
convexity is related to the growth rate of a given uniformly convex function on the
Banach space. We begin with some preliminary results.

Lemma 5.4.8. Let ||| be a norm on a Banach space X. Suppose x| = ||y|, and
lx —yll > 6 where 0 < & < 2||x||. Then inf;>¢ |x — ]| > &/2.

Proof. Assume that ||x — #y|| < 6/2 forsomety > 0. Then |1 — 7| ||y]| < /2 and so
lx =yl < llx —toyll + 11 — 2ol Iyl <,
which is a contradiction. [

The next lemma will be used later to estimate the modulus of convexity of a norm
constructed by using lower level sets of a symmetric uniformly convex function.

Lemma 5.4.9. Let {||-||,,}n>n be a family of norms on (X, ||-|) satisfying
1 1
2nﬁll-llill-llni2—,1||-|| for n>N. (5.4.7)

For eachn > N, suppose there exists d, > 0 so that

x+y

< 1—d,, whenever |x|l, = lyll, = L and |lx—y| > 1.
n

Then there exist an equivalent norm |-| on X and M € N so that the modulus of
convexity of the norm |-| satisfies

d,
8(1) = —'21 whenever M1 <t<2andn>M.
n

Proof. Choose M > max{4, N}, and define |-| by
X Am+1

1= 0 = el

m=M
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Observe that, |-| < 50, 2520 |1l < 3254 4 -] < [I-I; and then
oM +1
—M||~||SWII'IISWIHIMSHS||'||. (5.4.8)
Now suppose that |x|] = |y| = 1 and |x — y| > ZHJT where n > M is fixed.

Because |x| = |y| = 1, it follows from (5.4.8) that
I<xl <2 and 1<yl <2". (5.4.9)

We assume, without loss of generality, |[x|[,, < [|»l,,. Now let us denote a = ||x||’l
and b = | y|l,!. It follows from (5.4.7) and (5.4.9) that 2" < b < a < 2"*1,
which in turn implies |ax — ay| > 2.

According to Lemma 5.4.8, |ax — by| > 1, and hence |lax — by|| > 1. Thus we
compute

ax + ay ax + by 1
< +>(@—b)llyl
2 n 2 a2 "
1 1 1
=3 llax|l, + 3 oy, + E(a =D)lyll, — dn
a
= E(IIXIIn + 1Iyll,) — dn
This inequality implies
x+y 1 1 d,
< - — - 5.4.10
2 | =2 llxl,, + 7 71, . ( )

Thus, using (5.4.10), and the triangle inequality for [|-||; when j # n, and then that
a < 2"*! we obtain

o 1
x+y 2ntld, d,
2‘ §322mm+§jzzwu ——<1-—

which finishes the proof. [

Theorem 5.4.10. Let (X, ||-||) be a Banach space and let F : [0, +00) — [0,400)
be a continuous convex function satisfying F(0) = 0. Suppose f : X — Risa
continuous uniformly convex function satisfying f (x) < F(||x||) for all x € X. Then
there is an equivalent norm |-| on X such that given any y > 0, there are constants
o > 0and B > 0so that

o
8. 1(t) = ————1t 0<t=<2.

”()_F(,Bt—l) Jor 0 <t =
Proof. As before, we may and do assume f is centrally symmetric; notice that this
new f will still be bounded above by F(||-||). Because F(0) = 0, the convexity of
F ensures that F(At) < AF(¢) for 0 < A < 1; in particular F is nondecreasing on
[0, +00) because it is nonnegative there. Consequently, '(||-]|) is a convex function.
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According to Fact 5.3.16, there exists N > 0 so that f(x) > 0 if ||x|| > N. Now
replace f with [ £ (-) + F(||-)]/2; then we have
1
F (”;‘—”) < SFIl) </ () < Flal) whenever [ =N. (54.11)
Forn > N, let ||-]|,, be norm whose unit ball is B,,;:={x : f(x) < F(2")}. It follows
from (5.4.11) that if ||x||, = 1, then 2" < ||x|| < 2"*!. Consequently,

1 1
T =<1l = o -1l
Let My:=sup{f{ (w;v) : llull, = 1, vl = 1}. If [lull, = 1, and [jv]| = 1, then
lu|| < 2"*! and we compute

f@+2") —fw _F@-2"H -0  F@"?)

/ .
Sruv) < Py = n+l = o+l

(5.4.12)

It follows that M, < 2~ "D n+2),

Now suppose ||x|l, = [I¥ll, = 1, and ||x — y|| > 1. Letting §; denote the modulus
of convexity of /* with respect to ||-||, the uniform convexity of /" ensures §,(1) > 0.
Then denoting z = *3% and 2/ = z/ |lz||, we obtain f (x) = f(y) = f(z)) = F2"),
and so

Xty

1 1
3r(1) < Ef(x) + zf(y) —f< 2

) —fE) —f@) <f (.7 —2)

g (v T <M.l — 5.4.13
- ||Z Z||f+ Z’ ”Z — n”Z Z” ( . )

"—z|
Consequently, using ||-||,, > 2,,% [I-l, (5.4.13) and then the bound on M,,, we obtain

x+y
2

1 5r(l) 1
=1- ”Z/_Z”n =1- ”Z/_Z”2n+l =1l- M, " ontl
I 100
- F(2”+2)'

n

(5.4.14)

Applying Lemma 5.4.9, we find an equivalent norm |-| and M > N such that

81 1
F(2n+2) n2’

8.(t) = <t=<2

whenever n > M and <t<
2n—M—1

Given y > 0, we fix ng > M so large that n=2 > (27")" for all n > ng. Then

<t<2.

(1) 1) 1
8||(t) > m . 2_}1 whenever n > ng and W

v ¥
Let o:=3;(1) min { (#) , (ﬁ) } and B:=max {20F3,2M+4} The previous

inequality and along with the fact F' is nondecreasing, ensure that for <t<2

1
znofol
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we have

IO A R LA
310 2wy () = Fomern (1) 2 ey

and for znleuq <t< 2n7/11/172 where n > ng + 1, we have

() (1Y 8r(1) t\ at’
MO = Faey (2—) = F@) (W) = Fe

Altogether, 8. (¢) > F(ﬁt_,)t for 0 < ¢t < 2, as desired. O

Corollary 5.4.11. Let (X, ||-||) be a Banach space, andletp > 2. Supposef : X — R
is a continuous uniformly convex function such that f (x) < ||x||? for all x € X. Then
for any r > p, X admits an equivalent norm with modulus of convexity of power

typer.

Proof. Apply the previous theorem with F(¢) :=¢”. [

In the case p = 2 we will prove the following sharp result.

Theorem 5.4.12. Let (X, ||-||) be a Banach space. Then there is a continuous uni-
formly convex function f : X — R satisfying f(-) < ||-II> if and only if X admits an
equivalent norm with modulus of convexity of power type 2.

Before proving this theorem, we will present a preliminary lemma.

Lemma 5.4.13. Let X be a Banach space. Suppose {||-||,,}nen are norms on (X, ||-|)
so that

KA =< M-l < 1111 (54.15)

for some K > 0 and all n € N. Then, there exists an equivalent norm |-| such that
8|.|(t) > lim inf(S”.H"(t), fOl’ 0<t<?2.

Proof. Letus consider a free (nonprincipal) ultrafilter &/ on N. Then limy ||x]|,, exists
for each x € X, where limy, ||x||,, = L means for each ¢ > 0, there exists 4 € U such
that | ||x||,, — L| < e for all n € A. Now define |-| : X — [0, +00) by

x| :=liZ/r{n||x||n, forall x e X.

The definition of |-| together with (5.4.15) ensure || is an equivalent norm on X
We will proceed by reductio ad absurdum. Assume there exists ¢ € (0, 2) such that
8.1(t) < liminf 8., (¢). Since §|.| is continuous — see [246] — there exists ¢’ € (7,2)
such that 8|./(t') < liminf §.;, (¢). Then, there exist x, y € X and a constant @ > 0
such that x| = |y| = 1, x —y[ = f"and | — [(x +)/2| < a < liminf §., (2).
For this x and y, let x, = x/ |Ix|l,, and y, = y/ |Iyll,,. By the definition of |-|, there
exists 4 € U such that ||x,, — yull,, = tand 1 — [|(x +ym)/2ll,, < a forall m € 4.
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Therefore 8., (t) < a < liminf §). (¢) for all m € A, which yields a contradiction,
since U/ is free and then 4 is infinite. O

Proof. (Theorem 5.4.12) First, if X admits an equivalent norm that has modulus of
convexity of power type 2, then it has such a norm |-| satisfying |-| < ||-||. According
to Theorem 5.4.6, f(-):= |12 is uniformly convex as desired.

Conversely, suppose f : X, — R is a uniformly convex function such that /() <
112 Proceeding as in Theorem 5.4.10 when F(f):=t*> we obtain norms (-l =N
satistying 5 [I-Il < [|+ll, < 55 II-]] and then (5.4.14) becomes

A
- 16

n

x+y

(2,,> » whenever |Ix|l, = [lyll, = 1 and [x —yl, = Tk

The previous inequality implies

f(l)

811,27 = =27

According to [213, Corollary 11] there is a universal constant L > 0 such that

(3|‘|,1 2™

(m)
(272 f

or2™" <n<2.

< 4L 8- In
n?

Sr(1 . . e
Let R::%; then the previous two inequalities imply

8., () = Re* for2™" <t <2. (5.4.16)

For each n > N, let us consider the new norm |-|,, := 2" ||-||,,. These new norms
satisfy % I < 1-1x < II-ll and 6}, (-) = &), (-). Applying Lemma 5.4.13 and then
(5.4.16) we obtain a norm | - | satisfying

8).1(t) > liminf 8., (t) = liminf 8.y, () > Re* for 0 < ¢ <2,
n—oQ n—oQ

which finishes the proof. O

Exercises and further results

5.4.1. (a) Consider the convex function on the real line # + |¢]P. Show that this
function is uniformly smooth with modulus of smoothness of power type p when
1 < p < 2. Use duality to conclude that this function is uniformly convex with
modulus of convexity of power type p when 2 < p < oo.

(b) Letbh > 1. Define f : R — (—00,+00] by f () := +o0 if t < 0, and f(¢) := b’
if > 0. Compute /* and show that f* has modulus of smoothness of power type
q for any p € (1,2]. Deduce that /" has modulus of convexity of power type p for
any p > 2.

Hint. (a) One can use Lemma 5.4.4 and Exercise 5.4.13 for the modulus of smoothness
assertion. O
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5.4.2. (a) Suppose a function / on R satisfies /™ > & > 0 on [a, 00) where n > 2 is
a fixed integer, and that /® > 0 on [a, 00) for k € {2, ..., n+1}. Define the function
g by gx) :=f(x) forx > a and g(x) := +oo for x < a. Show that g is uniformly
convex with modulus of convexity of power type n.

(b)Letbh > 1 and g(x) := b* forx > 0, and g(x) := 400 otherwise. Use (a) to show
that g is uniformly convex with modulus of convexity of power type p for any p > 2.
(c) Let p > 2 and g(x) := x” forx > 0, and g(x) := 400 otherwise. Show that g is
uniformly convex with modulus of convexity of power type p.

Hint. Use Taylor’s theorem for (a) and (c). O

5.4.3. Letf : X — R be a continuous convex function, and let p > 0. Show that f
has modulus of convexity of power type p if and only if there exists C > 0 such that

fG+h) > + @)+ Cllh|P whenever x,h € X, ¢ € 3f (X).

5.4.4. Suppose f and g are proper Isc convex functions.
(a) Suppose /" is uniformly convex, show that §; < §; when & := f" + g is proper.
(b) Suppose /" is uniformly smooth, show that p;, < por when & := f'og is proper.

In particular, modulus of convexity of power type is preserved by a proper sum, and
modulus of smoothness of power type is preserved by a proper infimal convolution.

Hint. Part (a) is straightforward. According to Lemma 4.4.15, h* = f* + g*. Then
part (b) follows from (a) and Theorem 5.4.1(a).

5.4.5. (a) Suppose f : R — R is a C?-smooth function. Show that f is affine (i.e.
f” = 0 everywhere) if and only if / satisfies an a-Holder condition for some
o> 1.

(b) Use the fundamental theorem of calculus to show that if/ : R — R is C'-smooth
and f” satisfies an a-Holder condition for some a > 1, then /" = 0 everywhere,
and thus £ is affine.

Hint. (a) Clearly an affine function satisfies any such o-Hélder condition. Suppose
f"(x0) # 0 for some xp € R. By replacing f with —f as necessary, there is an open
interval I containing xo and ¢ > 0 so that /" > ¢ on I. Then |f”(¢) —f"(s)| > &|t — s|
foralls,t €1, as |s — t| — 07 this will contradict the «-Hdlder condition. O

5.4.6. If a norm has modulus of convexity of power type p, it follows that p > 2.
Dually, if a norm has modulus of convexity of power type g, it follows that ¢ < 2.
See [180, p. 154,157].

(a) Verify that §;0y has modulus of convexity of power type p for any p > 0.

(b) Verify that any constant function has modulus of smoothness of power type ¢ for
any g > 0.

(c) Show that a convex function can have modulus of smoothness of power type
q > 2 if and only if it is affine.

(d) Show that a Isc uniformly convex function can have modulus of convexity of
power type p < 2 if and only if its domain is a singleton.

(e) Construct a continuously uniformly convex function whose modulus of convexity
is not of power type p for any p > 2.
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Hint. (¢) Use Exercise 5.4.5(b) and Exercise 5.4.13. Check that (d) is dual to (¢). For

(e), let || - || on R? be a norm that does not satisfy a modulus of convexity of power
type p for any p > 2 (see [245]). Let || - || be the usual norm on R?. Check that
f =1 -I*> 4+ max{| - |> — 2,0} is one such function. O

5.4.7 (More constructions of uniformly convex functions). (a) Let p > 2, and sup-
pose f : [0,4+00) — [0,+00] is a uniformly convex function with modulus of
convexity of power type p that satisfies f/(f) > Kt’~! for some K > 0 and for
all# > 0. Suppose || - || is an equivalent norm on a Banach space with modulus of
convexity of power type p. Show that 4:=f o || - || is a uniformly convex function
with modulus of convexity of power type p.

(b) Suppose f, hand || - || are as in (a), except that the modulus of convexity of f is
not known to be of power type p. Show that / is uniformly convex.

(c) Examples on £, spaces where 1 < p < 0o. Let || - ||, be the canonical norm on £,,.

(i) If 1 < p < 2, show that f:=| - ||; is uniformly convex for any » > 2.
However, f is uniformly convex on bounded sets, but not uniformly convex
ifl <r<2.

(i) If p > 2, show that f:=]| - ||; is uniformly convex for any r > p. However,
f 1is uniformly convex on bounded sets, but is not uniformly convex for
l<r<p.

(iii) Let » > 1. Show that f:=bl'l> is uniformly convex with modulus of
convexity of power type » = max{2, p} forany 1 < p < oo.

Hint. (a) Let K > 0 be chosen so that f7(¢) > K#’~! forall t > 0 and let C > 0 be
chosen so that §7(¢) > Ce” forall ¢ > 0. Suppose x,y € X, and ||x — y|| > & where
8 > 0 is fixed. We may assume ||y|| < |x].

In the case ||y]| + 8/2 < ||x||, we get

1 1 llx + i 8\’
Ef(llxll) + Ef(llyll) -/ (T) >C <5> : (5.4.17)

In the case [ly|l + /2 > |ix|l, let a = |ly|| and ¥ = x/|x|l, ¥ = y/llyll. Then

ly — a¥|| > 8/2. Consequently, ||j — ¥|| > 2-. Then

h) p
Tty <1-C;|{— ) andso
2 2a

Xty

< i tpi—cia (2 saas)
= pimyWimta 5, ) B

where C; > 0 is a fixed constant for the modulus of convexity of the norm. In the
case, C1a (za_a)p > a/2 > §/8 (since ||x|| + |||l = 8, and so ||y|| > §/4) use properties
of f to show

/|

xX+y
2

1 1 8\
H) < /Ul + 5/ (vl = € (5) :
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In the other case, the right hand side of the second inequality in (5.4.18) above is
clearly > a/2. Now use the fact //(f) > K (a/2)?~! when t > a/2. Consequently,

x+y 1 1 5 \P -
f( 2 H) §f<§||x||+§||yll>—cla<%) « (%)

1 1 8\*
= S/ Ux) + 5/ Ayl) — C1K (—) :

4
Putting all this together one can deduce that f o || - || has modulus of convexity of
power type p as desired.
For (b), notice that the modulus of convexity of | - || in conjunction with the

derivative of /' is crucial. However, uniform convexity of / will be enough to deduce
uniform convexity of the composition.

For (c), use the known moduli of £, norms. Thatis, if 1 < p < 2, |- ||, has modulus
of convexity of power type 2. If p > 2, then || - ||, has modulus of convexity of power
type p but not less, and trivially a norm with modulus of convexity of power type
p also satisfies power type » when » > p. Thus, deduce part (iii) using part (a) and
Exercise 5.4.2(b). [

5.4.8.* Let X be a Banach space. Use the results from this section along the James—
Enflo theorem (5.1.24) and Pisier’s theorem stated on p. 218 to show the following
are equivalent.

(a) X admits an equivalent uniformly convex norm.

(b) There is a function ' : X — R that is supercoercive, bounded and uniformly
convex on bounded sets.

(c) There is a Isc uniformly convex f : X — (—o00,+00] whose domain has
nonempty interior.

(d) X issuperreflexive (hence both X and X* admit uniformly convex and uniformly
smooth norms).

(e) There is a function # : X — R that is supercoercive and uniformly smooth on
bounded sets.

(f) There is an equivalent norm || - || and p > 2 so that /' (-) := || - ||? is a uniformly
convex function on X .

Hint. (a) = (b): Let | - || be a uniformly convex norm on X, and let f (x) = |lx||. (b)
= (c): Consider f plus the indicator function of the unit ball.

(c) = (a): See the hint from Exercise 5.3.3.

By the James—Enflo theorem (5.1.24), (a) and (d) are equivalent, consequently, X
admits a uniformly smooth norm | - | and so 4(x) = |x|? is an appropriate function for
(e). Now (e) implies X * has a function as in (b), which then implies X* and hence X
is superreflexive.

The equivalence of (a) and (f) requires Pisier’s theorem [353] and Theorem 5.4.6.

I

5.4.9 (Uniform convexity duality).* (a) Supply the details for the proof of Theo-
rem 5.3.17(a) using Theorem 5.4.1(a).
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(b) Prove Theorem 5.4.1(a).

Hint. (a) Suppose f is uniformly convex, then dom f* = X*. Let g9 > 0. Findn > 0
so that 7:% —dr(e) <0Owhen0 < 7 < nande& > g. Therefore, by Theorem 5.4.1(b),
pr+(t) < % if 0 < v < 1. Consequently, /* is uniformly smooth.

Conversely, suppose f is not uniformly convex. If dom f* # X, there is nothing
further to do. Otherwise, we fix so > 0 such that §;(gg) = 0. Then for each 7 > 0,
by Theorem 5.4.1 (b), or+(7) > 'L’ 2 and so f* is not uniformly smooth.

(b)Letn > 0and e > 0. In the event 87+ (g) = oo, clearly pr(t) + 8r+(e) > %
Otherwise, choose ¢, A € dom /™ such that ||¢p — A| > ¢ and

1., I ¢+ A
Ef (@) + Ef (N —f (T) = dp(e) + 1.
Now choose x € 8,1/’(4’ ) and y € Sy such thaty € d,||A — ¢||. Then,

1 1
pr(t) = Ef(x +ty) + Ef(x —ty) —f(x)

N —

1
=S x+) —dx+ )]+ E[f(x ) —Alx—1)]

A 1
+<£§—»ﬁ—f@»+5m¢—Axw

A 1 1
Zf*<¢%>—U—Ef*(@—if*(f\)*l-%b“—ﬂ

te
> —8p«(e) + 5 3n.
Therefore, pf () + 87+ (¢) > 5 forv > 0,6 > 0.

On the other hand, when ¢ € 9f (x + ) and A € 9f (x — ty) where y € Sy and
t > 0, we compute

1 1
S o)+ o = 1) =/ (@) =

1
< Sl +1) —f7(9) + Al —ty) — f7(A)]

[l (5]

d+A\ 1., 1, 1
=" ( >_§f (¢)—§f (A)+§t(¢>—1\)(y)

\S)

1
< —dp(s) + zet,

where £ = ||¢ — A||. Thus pr(7) < sup{t% —&m(e) 1 0 <e¢g}. [

5.4.10.* Use Theorem 5.4.1 to prove Theorem 5.4.2.
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5.4.11 (Moduli of convexity). Define the gauge of uniform convexity by

(A =2)fx)+ A () —f((1=x+2ry)
Al =2) '

pr(e) == inf{
O<A<Lx—yl=¢nxye€ domf}.

(a) Show that 287(¢) < pr(e) < 457(e).

(b) Conclude that the definition of uniform convexity used here is equivalent that
used in Zalinescu’s book [445].

(c) Prove that ps(ct) > czpf(t) forallc > 1 and all ¢ > 0.

Hint. (a) See [444, p. 347]. For 0 < A < %, and ||x — y|| = ¢ withx,y € domf, one
computes
x+y
fOx+ A =1y =121 — + (1 =20y

< 2f (’%) (1= 20f ()

S M@+ A () —208(e) + (1 =201 (y)
S M)+ A =2 () = COA = 1)dr(e).

Therefore, 2A(1 — A)dr(e) < Af (x) + (1 — A)f (¥) — f(Ax + (1 — Ay), or, in other
words,

ME)+A=0f) —fOx+ 0 =iy
Al —A)

287 (e) < < pr(e).
Where we note above that there is no restriction assuming 0 < A < % since the roles
of x and y can be reversed. On the other hand, letting A = % in the definition of py(¢),
one sees that pr(e) < 457 ().
(b) A proper convex function f : X — (—00,400] is uniformly convex if and
only if 7(e) > 0 for each & > 0 if and only if ps(e) > 0 for each & > 0.
(c) See [445, pp. 203-204].
U

5.4.12 (Banach limits). A Banach limit is a translation invariant linear functional A
on £oo such that lim infz x;z < A((xz)) < lim sup; xx. Thus A agrees with the limit
on ¢y.

(a) Apply the Hahn—Banach extension theorem to the linear function A(x) :=
lim,, (Zl’.’zl x,-) /n < lim supy, xi, on the space of Césaro convergent sequences
to deduce the existence of Banach limits.

(b) Let K > 0andlet| - ||, < K| - | for each n € N be given. Let L be a positive
linear functional on £.

(i) Showthat L(||-|,) and ||-|| are equivalent norms with (L(|| - [|,,))* < L(||-|I¥).
Under what conditions are the later two norms equal?
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(i1) In the case that L is a Banach limit show that the modulus of convexity of
L(|| - |ln) exceeds the lim inf of the moduli of convexity of the sequence of
norms.

5.4.13.* Letf : X — R be a continuous convex function. Show that / has modulus
of smoothness of power type p where p > 1 if and only if there exists C > 0 so that
' x) = O) < Cllx —y|P~! for all x,y € X if and only if * has modulus of
convexity of power type ¢ where 1/p + 1/q = 1.

Hint. The final ‘if and only if” follows directly from Theorem 5.4.2. Note also the
case p > 2 occurs only when f is affine. A standard proof of the first ‘if and only if”
is as follows.

Suppose /7 satisfies the given Holder condition. Then given x € X, y € Sy and
T > 0, using the mean value theorem we have ¢y, ¢y € [0, 1] such that

ST+ f G )~ () = 5[+ )~ )
T

= %[f’(x + et (@y) —f'x = c1ty)(Ty)]

KQry~Y(z) <KtP.

=

N | —

Conversely, suppose f/ has modulus of smoothness of power type p. Fix x,y € X,
and choose / € Sy arbitrary and let 7 := ||x — y||. Then

fr@@h) = f(@Eh) < flx+th) —fx) —f () (th)

=f@+th) =) —f (WM& +th—y)
+f() —=f )+ MNx =)

<f+th) —f() —f WM&+th—y)
=f+th) —f) +f Wy —x—h)
<fx+th)—fOW+f 2y —x—1th—f()
=f+&+th=y)+f(y—G&+th—y)—=2f()
<20Qry =2"PCr|x -yl

Thus [[/"(x) — /"Ml < 2°TCllx = yIP~ . O

5.5 Lipschitz smoothness

Let C be a nonempty bounded subset of a Banach space X, letx € C, and let ¢ € X*.
Following [200], we say C is Lipschitz exposed at x by ¢ if there exists ¢ > 0 such
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that, forall y € C,

Ix —yII? < clg,x — ). (5.5.1)

In this case, ¢ Lipschitz exposes C at x. Clearly, this condition will never be satisfied
for an unbounded set. Thus, for any set C C X, we say C is Lipschitz exposed at
x € C by ¢ € X*, if ¢ strongly exposes x and if there exists § > 0 and ¢ > 0 so that
(5.5.1) is satisfied for all y € C with ||y —x|| < §. Itis left as Exercise 5.5.1 to check
that this latter definition coincides with the former when C is bounded.

Consider a proper function /' : X — (—o00, +00]. We will say that xo € domf is a
Lipschitz exposed point of f if there exists ¢ € X™* such that ' — ¢ attains its strong
minimum at xo and there exist § > 0 and ¢ > 0 such that

Ix — xol> < c[(f — ¢)(x) — (f — $)(x0)] wheneverx € domf’, lx — xo| < 8.
(5.5.2)

In this case we say that ¢ Lipschitz exposes f at xg. It is left as Exercise 5.5.2 to verify
this is equivalent to (xg,f (xo)) being a Lipschitz exposed in epif by the functional
(¢, — ). If ||lx — x| is replaced with ||x — x0||1+$ where 0 < o < 11in (5.5.2), we
will say f is a-Hdlder exposed by ¢ at x¢; of course, when o = 1, this is the same as
Lipschitz exposedness.

Proposition 5.5.1. For a proper function f : X — (—o00,+00], the following are
equivalent.

(a) f is a-Holder exposed by ¢ at x.

(b) There exist ¢ € df (xp), 6 > 0, n > 0 and ¢ > 0 such that (f — $)(y) >
(f — @)(x0) + n whenever ||x — y|| = 8, and moreover for ¢ > 0

1
lx — xoll't& < ce whenever ¢ € 3:f (x) where x € domf, ||x — xo| < 8.

Proof. (a) = (b): Let§ > 0 be as in the definition of «-Ho6lder exposedness. Because
¢ strongly exposes f* at xo, there exists > 0 such that (f — @) (¥) > (f — @) (x0) + 1
whenever ||x — xo|| > §. Suppose ¢ € 3f (xg) and ¢ € 9.f(x) where ||x — xp| <
8,x € domf and ¢ > 0. Then

¢ (x0) — P (x) = f(x0) —f(x) +¢,

and so (f — $)(x) — (f — ¢)(x0) < e. According to (a), [|Ix — xo[|'+& < ce.

(b)= (a): Lete := (f — d)(x) — (f — ¢)(x9) where ¢ € df (x9),x € domf and
[[x = xo|| < 8. Then

fo) —f(x) +&=¢x) — ),

and so forany z € X,

(@) —d(x) = ¢(2) — P (x0) + ¢ (x0) — ¢ (x)
=/@ —fxo0) +f(x0) —f(x) +e=/f(2) —f(x) +e.
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This shows ¢ € 9./ (x) and so

1 1
Ix — xoll'Ta < ce, thus [lx —xoll' @ < c[(f — d)x) — (f — $)(x0)]
as desired. 0

We next introduce smoothness notions which will be relevant in discussions on
duality. A convex function f : X — (—o00, +0¢] is said to be a¢-Hdlder smooth at x
where 0 < o < 1 if there exists § > 0 such that df (y) # @ for ||y — x| < 8, and if
there exists ¢ > 0 so that

[A =l <clly —x[|* whenever [y —x|| <3, A € 9f (), ¢ € 3f (x).

Again, the case when o = 1 is of particular importance, and in that event we say
f is Lipschitz smooth at x. Notice that these definitions imply the subdifferential is
locally bounded at x and so f is continuous at x, and then Smulian’s theorem (4.2.10)
implies f is Fréchet differentiable at x.

Example 5.5.2. (a) If f : X — R is twice differentiable at a point xg, then xy is
a point of Lipschitz smoothness of / (see Proposition 4.6.16 and the paragraph
following it). In particular, the functions f'(¢):=e’ and g(¢):=|#’| with p > 2 are
not uniformly smooth, yet each ¢ € R is a point of Lipschitz smoothness for these
functions.

(b) Let_f(t):=|t|1+°‘ for 0 < o < 1. Then each point of R is a point of «-Holder
smoothness.

(¢) There are nonreflexive Banach spaces such as ¢g that admit C°°-smooth norms
(see [180, Theorem V.1.5]), and hence coercive C*°-smooth convex functions;
yet because it is not superreflexive, co does not admit a uniformly smooth coercive
convex function.

For a convex function f : X — (—o00, +00], we define the modulus of smoothness

of f at xo € domf for t > 0 by

1 1
pr(x0,T) = sup {Ef(xo + )+ Ef(xo —)—fx): ye Sx} .

A useful characterization of Holder smooth points is the following local version of
Exercise 5.4.13.

Theorem 5.5.3 (Lipschitz/Holder smooth points). Let f : X — (—o00,+00] be a
convex function, and let 0 < a < 1. Then the following are equivalent.

(a) f is a-Hélder smooth at x.

(b) There exist ¢ > 0 and § > 0 and ¢ € X* such that

f e+ h) — f(x) = (¢, h)| < cllhl|'™™ whenever ||h|| < 8.
(c) f is continuous at x and there exist ¢ > 0 and § > 0 such that

SO+ )+ —h) =21 (x) < cllh] '+ whenever ]| < 5;
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in other words, pr(xo,1) < §t1+°‘ whenever 0 <t < 4.

Proof. (a) = (b): Let § > 0 and ¢ > 0 be as given in the definition of «-Holder
smoothness. Let ||#]| < §, A € 3f (x + &) and ¢ € 9f (x). Then

0<fGx+h) —fx)— (b, h) = (A, h) —(¢,h)
< A = @lllAll < clll* Al = cllAll'*e.

(b) = (c): Suppose that (b) is valid and || 4| < §. Then

Sa+h —f)+fx—h—f0)=fx+h—f&) — o)
+fx—h) —f(x)—¢(=h)
< 2c|lh| .

(¢) = (a): Let [y — x|| < §/2, A € of(y) and ¢ = Vf(x) (notice f is Fréchet
differentiable at x by Proposition 4.2.7). Let ¢ > 0 and choose # € X such that
Al = lly — xIl and A(h) — ¢ (h) = ||A — ¢|ll|2]] — . Now,

A =) <fy+h) —f)—¢h)
=[O0+ —f@)+f)—f0)— o)
S+ —fX)+ox—y)—¢h)
=f+h—f) +o&x—y—h
Sfa+@—x+h)—fO)+fx—@—x+h)—fKx
<clly —x +h|'F < delhlllly — x|

Because ¢ > 0 was arbitrary | A — @] < 4cl|ly — x]||*. O

Unlike points of Fréchet smoothness, the points of Lipschitz smoothness of a
continuous convex function need not contain a dense Gs-set.

Example 5.5.4. There is a continuous convex function f : R — R such that the
Lipschitz smooth points of / do not form a generic set.

Proof. Choose open sets G, C R such that u(G,) < 1/n and Q C G,where
denotes the Lebesgue measure. Then let G:= (72| G,. Now p(G) = 0, thus [133,
Theorem 7.6, p. 288] ensures there is a continuous strictly increasing function g
such that g’(f) = oo for all t € G. Now f(x):= f(;c g(¢) dt is the desired convex

function. O

Proposition 5.5.5. Suppose f : X — (—o00,+00] is a Isc proper convex function
and xo € domf. Then f* is a-Holder exposed at ¢o by xo € X if and only if xy is a
point of a-Holder smoothness of f where Vf (xg) = ¢o.

Proof. =: Since an a-Holder exposed point is strongly exposed, f is Fréchet dif-
ferentiable at x¢ according to Proposition 5.2.4. Thus we can choose n > 0 so that
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Ix — xoll < n implies 3f(x) # @ and if § € 3f(x) and po € f (xo) we have
¢ — doll < & where 8 > 0 is as in (b) of Proposition 5.5.1.
Now let ||lx — xo|| < 7 and let ¢ € 3f (x) and ¢y € df (x). Then
I6 — goll'*e < cl(/* —x0) (@) — (f* —x0) ()]
= c[f*(®) — ¢ (x0) — ™ (¢0) + ¢o(x0)]
= c[¢(x) —f(x) — (x0) — do(x0) +f (x0) + ¢o(x0)]
= c[¢(x) — ¢ (x0) +/(x0) — /()]
< c[p(x) — ¢ (x0) + Po(x0) — Po(x)]
= c[p(x — x0) — Po(x — x0)]
< cll¢ — ollllx — xoll.

Therefore, ||¢ — ¢ol < c*||x — x0||* as desired.
«<: Let ¢ := Vf(xg) and let ¢ > 0 and § > 0 be such that

f o+ h) —f(xo) — ¢(h) < cllh|'™* whenever ||| < 8.

Suppose ¢ > 0, |[A — ¢|| < &, and xo € 9gf*(A). Then A € 0.f (xg)
(Proposition 4.4.5(b)) and consequently

Ao +h) — Alxo) — ¢ (h) < cllhll'™ +e.

This implies (A — ¢, k) < c||h||'** +¢. In the case ¢ < 51, we take the supremum
over i with |4 = £ﬁ. This implies ||A — ¢|| < (c + l)eﬁ. Raising both sides
to the (1 + 1/a)-power implies | A — qb||1+$ < (c4 1)!*ae. Inthe case & > 8
it follows that ||¢ — A||1+$ < Ce where C = Sé_"‘. The result now follows from
Proposition 5.5.1. O

Corollary 5.5.6. Suppose f : X — (—o00,+00] is a proper Isc function. Then f is
a-Holder exposed by ¢ at xo if f* is a-Holder smooth at ¢. The converse holds, if
additionally, dom f is bounded or f is convex.

Proof. Suppose f* is a-Holder smooth at ¢ with Vf™*(¢) = x¢ which is necessarily
in X by Exercise 4.2.11. Then /** is a-Holder exposed by ¢ at xg. Moreover, because
fislscf(xg) =f**(xo) and f > f** it follows that " is ¢-Ho6lder exposed by ¢ at xg.

For the converse, we now suppose dom f is bounded. According to Exercise 5.5.4,
we choose ¢ > 0 so that

() > f(x0) + ¢ (x — x0) + cllx — xol|'F# forallx € X.
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Consequently, f**(x**) > f(xo) + ¢ (™ — x0) + c||x™* — xo]| % for all x¥** in X**
where || - || now represents the canonical second dual norm on X**. Thus /™ is «-
Holder exposed by ¢ at xg. According to Proposition 5.5.5, f* is a-Holder smooth
at ¢ with Vf™*(¢) = x¢ as desired. The proof of the converse in the case /" is Isc and
convex can be argued similarly using Exercise 5.5.4(b). [

Given xo € domf', we define the modulus of convexity of f at xo by

X0 +x

3y 0a0.e) = i { 31w+ ) 7 (%3

) T lx — xol| za,xedomf}.

Proposition 5.5.7. Suppose f is a Isc convex function and a > 1. If 87(xp,€) >

CSH_éfOI’ some C > 0and0 < & < 1 atxo, then f is a-Hdlder exposed at xo by any
¢ € df (xo) when df (xo) is not empty.

Proof. Let ¢pg € 9f (x9). Then for ||x — xo|| < 1, we have

foo)+¢ <x _2x0> =/ <XOT+X) = %f(xo) + %f(x) — Cllxo —x||'+e.

Therefore
S < i —g (B) - L *o
Cllvo —xI"*% = 570 =6 (3) - 5700 +9 (F)-
Consequently, 2C||xq —x||l+al < (f—d)x)—(f —¢)(xp) for |[x —x¢|| < 1. Because

f is convex, f — ¢ attains a strong minimum at xp, and so /" is a-Holder exposed by
¢ at xp. [

Exercises and further results

5.5.1.* Prove that the two definitions for Lipschitz exposed points at the beginning
of this section agree for bounded nonempty sets.

Hint. Clearly the definition from [200] implies the point is strongly exposed, so one
direction is clear. For the other, suppose C is a bounded set of diameter less than M.
Let 6 > 0, ¢ > 0 be as specified. Because x is strongly exposed, there exists ¢ > 0
and such that ||y — x|| <dify € Cand ¢(y) > ¢(x) — ¢. Choose k > 0 so large that
M? < ke. Now let ¢y := max{c, k}, and verify

ly — x[I* < epld ) — ¢(»)] whenevery € C

to finish the exercise. O

5.5.2.* Show that x is a Lipschitz exposed point of / with corresponding ¢ as in the
definition if and only if (xg, f (xo)) is Lipschitz exposed in epif by (¢, —1).

5.5.3.* Following the literature (see [141]) we say a function f* is uniformly convex
at the point xg if 87 (xo, &) > 0 for each & > 0. Show that /" is uniformly convex at xg
if and only if it is locally uniformly convex at xo (as we defined on p. 239).
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5.5.4.* Suppose f : X — (—o00, +00] is a proper function, and that ¢ € X* a-Holder
exposes [ at xg.

(a) If domf is a bounded set, show that there exists ¢ > 0 so that
f(x) > f(x0) + ¢(x —x0) +cllx — )co||1+orl forallx € X. (5.5.3)

(b) Suppose [ is Isc and convex. Show that there is a continuous convex function
1
g : R — [0,+00) such that g(¢) := k|t|'t@ whenever |¢| < § and g(t) = clt|
for |¢t| > § where § > 0,k > 0 and ¢ > 0 so that

f(x) = f(x0) + d(x —x0) + g(llx — xo||) for all x € X. (5.5.4)

(c) Deduce thatifeither dom f is bounded or f is Isc and convex, then ¢ also «-Holder
exposes f** : X** — (—o0, 4+00] at xg.

5.5.5 (Perturbed minimization principles). This exercise provides a local variant for
functions of some duality results from [200]. Let X be a Banach space, and let C C X
be a closed bounded convex set. Show that the following are equivalent.

(a) Every weak*-lIsc convex function g : X* — R such that g < o¢ has a dense set
of a-Holder smooth points.

(b) Given any proper Isc bounded below function f : C — (—o00,400] and ¢ > 0,
there exists ¢ € eBy+, xg € C and k > 0 such that

1
SG0) + (d,x — x0) + kllx —xoll'*& < /()
for all x € C, that is f is a-Ho6lder exposed by ¢ at xg.

Hint. This is similar to Exercise 5.2.12. (a) = (b): Suppose f : C — R is bounded
below on C. Then there exists @ € R so that f 4+ a > §¢. Consequently, /* —a =
(f +a)* <8¢ < oc. Given e > 0, there exists ¢ € eBy+ so that f* — a and hence
f* is a-Holder smooth at ¢p. Now apply Corollary 5.5.6 to get the conclusion.

(b) = (a): Take any weak*-Isc convex g < oc. Let f:=g*|x. Then f > 3¢, and
f* = g.Now let A € X* be arbitrary, then f 4+ A is bounded below on C, so f + A
is a-Holder exposed by some ¢ € £By~. This implies (f + A)* is a-Holder smooth
at ¢. But (f 4+ A)*(-) = g*(- — A), and so g* is a-Holder smooth at A + ¢. O

5.5.6 (Isomorphic characterizations of Hilbert spaces).*™ There are many character-
izations of Hilbert spaces using smoothness and rotundity that can be derived from
Kwapien’s theorem [283] that states a Banach space is isomorphic to a Hilbert space
if it has #ype 2 and cotype 2. For example, if X admits equivalent norms, one which
has modulus of smoothness of power type 2, and another which has modulus of con-
vexity of power type 2, then X is isomorphic to a Hilbert space. An important work
by Meshkov [314] showed X is isomorphic to a Hilbert space if both X and X* have
bump functions that are C2-smooth. In [200, Theorem 3.3] it is established that X
is isomorphic to a Hilbert space if X admits a bump function with locally Lipschitz
derivative and X™* is a Lipschitz determined space, that is, a space on which each
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continuous convex function is Lipschitz smooth at a dense set of points. Building
upon results from [178], in [420] it is shown a Banach space is isomorphic to a
Hilbert space if X and X* have continuous bump functions that are everywhere twice
Gateaux differentiable (the definition therein stipulated the second derivative must
be symmetric). A good survey of these types of results using an elementary approach
is given in [205].

It is well-known that the usual norms on £, for 1 < p < 2 have modulus of
rotundity of power type 2, while the usual norms on ¢, for 2 < g < oo have
modulus of smoothness of power type 2, but it is only when p = 2 that the norm has
both such properties [180]; see also Theorem 5.1.34. The following two isomorphic
characterizations of Hilbert spaces can be derived in an elementary fashion.

(a) Let X be a Banach space and suppose there exists x € Sy such that || - || is twice
Gateaux differentiable at x and By is Lipschitz exposed at x (by V|x||). Show
that X is isomorphic to a Hilbert space.

(b) Let.X beaBanach space such that ||- || has a strong second-order Taylor expansion
at 0. Show that X is isomorphic to a Hilbert space.

Hint. (a) Use the Lipschitz exposedness of X to show there exists ¢ > 0 such that
|21 < cV2|\hll(h,h) forallh e H

where H := {y € X : (V||x]|,y) = 0}. Because the second derivative is symmetric,
h +> +/V2|\h||(h, h) defines an inner product norm on H; see [200, Proposition 3.1]
for the full details. For (b), note V| - ||> = 0 when x = 0, then the bilinear form in
the Taylor expansion of || - ||? at 0 can be used to create an inner product norm on X;
see [180, p. 184]. O

5.5.7 (Fabian, Whitfield, Zizler [203]).** Show that if X admits a Lipschitz smooth
(resp. Holder smooth, uniformly smooth) bump function, then X admits an equivalent
Lipschitz smooth (resp. Holder smooth, uniformly smooth) norm. In particular, X is
superreflexive in any of these cases.

Hint. For the Lipschitz case, other cases are similar. Let ¢ : X — R be differentiable
and symmetric with ¢ Lipschitz, ¢ < 0, inf¢p = —1 = ¢(0) and supp ¢ C %BX.
Define

n
Y (x) :=inf Zaid)(x,-) : Zaixi =x,q; > O,Z(xi =1,x; € By,ne Ny¢.

i=1

Let G:={x € By : ¥ (x) < —1/2}. Show v is convex on G and use the symmetric
definition of differentiability to show 1’ satisfies a Lipschitz condition on G. Let
O:={x € X : ¥(x) < —3/4}. Note that Q is a convex set with nonempty interior.
Use the implicit function theorem for gauges to show that y has Lipschitz derivative
ontheset {x : O(x) = 1}. Anequivalent Lipschitz smooth norm is then |x[l:=yo (x) +
Yo (—x). O

5.5.8 (Tang [413]).** Suppose X admits a uniformly Gateaux differentiable bump
function. Show that X" admits an equivalent uniformly Gateaux differentiable norm.
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Hint. One can show that such a bump function is automatically bounded [206, p. 699]

and hence Lipschitz [313, Remark 2.1]. By composing the bump function with an

appropriate real function, we may then suppose b : X — [0, 1] is a uniformly

Gateaux differentiable bump function such that b(x) = 1 if ||x|| < 1/r and b(x) =0
o

if |x|| > 1/2 where r > 2. Let ¢ (x) := Zr"[l — b(r~"x)]. Establish that

n=1
#(0) =0, max{0, (Ilx]| — )/} < px) < (x| + 1) forallx e X (5.5.5)

and ¢ has uniform directional modulus of smoothness; see [313, Lemma 2.2] for
more details.
Let i be defined by

n n n
¥ (x) :=inf Zaiq&(x,-) DX = Zaixi,(xi > O,Zai =1l,ne N} .
i=1 i=1 i=1

Show that ¢ is a Lipschitz convex uniformly Gateaux differentiable function that
satisfies the same bounds as ¢ in (5.5.5). Now ¥ * has bounded domain because ¥ is
Lipschitz, moreover 0 € int dom ¥ *, and ¥ * is weak™-uniformly rotund. Symmetrize
y¥* and use an appropriate lower level set to create an equivalent dual weak™*-uniformly
rotund norm on X*. For further details, see [413]. For a very nice alternate approach,
see [206, Theorem 3]. O
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Further analytic topics

Harald Bohr is reported to have remarked “Most analysts spend half their time hunting
through the literature for inequalities they want to use, but cannot prove.” (D.J. H. Garling)1

6.1 Multifunctions and monotone operators

This section gives a brief account of some properties of set-valued mappings which
we will typically call multifunctions. Particular attention will be given to the relation
between multifunctions and subdifferentials of convex functions.

Let X be a Banach space, and let 7 : X — 2% be a multifunction from X into
subsets of X*. We will say T is a monotone operator provided the following perhaps
unnatural inequality holds:

@ =y x—y)=0

wheneverx,y € X andx* € T(x),y* € T(y). Itis notrequired that 7'(x) be nonempty.
The domain (or effective domain) D(T) of T is the collection of x € X such that 7'(x)
is nonempty. This notion of monotonicity forms the basis for all of Chapter 9. A
natural example of a monotone operator is the subdifferential of a convex function;
this was outlined for convex functions on Euclidean spaces in Exercise 2.2.21, and
the reader can easily check that the argument extends to general normed spaces.

Let X and Y be Hausdorff topological spaces and suppose that 7 : X — 2Y
is a multifunction from X into the subsets of Y. If S is a subset of X, we define
T(S) = Uyey T(x). The mapping 7 is said to be upper-semicontinuous at the point
x € X if for each open set V' in Y containing 7' (x) there is an open neighborhood U
of x such that 7(U) C V. We will say that T is upper-semicontinuous (USC) on a set
S C X, if it is upper-semicontinuous at each x € S.

Proposition 6.1.1. Suppose f : X — (—o00,+00] is a convex function that
is continuous at xo € X. Then the map x +— 9f (x) is norm-to-weak® upper-
semicontinuous at x.

I On p. 575 of Garling’s very positive review of Michael Steele’s The Cauchy Schwarz Master Class in
the American Mathematical Monthly, June—July 2005, 575-579.
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Proof. Let W be a weak*-open subset of X* that contains df (xg). Now suppose by
way of contradiction that there exists x, — xo andx;; € 9f (x,) \ W. Now by the local
boundedness property of the subdifferential (Proposition 4.1.26), there exists K > 0
so that x € KBy~ for all n. Now let x* be a weak*-cluster point of (x}). Then one
can check that x* € 9f'(x) \ W which is a contradiction. 0

The following result is a natural generalization of Theorem 4.6.6.

Theorem 6.1.2. Suppose that the Banach space X has a separable dual and that
T : X — 25" is monotone. Then there exists an angle small set S C D(T) such that
T is single-valued and norm-to-norm upper-semicontinuous at each point of D(T)\ S.

Proof. Replace df with T in the proof of Theorem 4.6.6. 0

If T is a set-valued map, and ¢ is a single-valued mapping on D(7T) such that
¢ (x) € T(x) for each x € D(T), then ¢ is said to be a selection for T.

Proposition 6.1.3. Let 8 be a bornology on the Banach space X. Suppose T : X —
2X" is a multifunction such that T (x) # @ for all x in some neighborhood of xo. Then
the following are equivalent.

(a) T(xo) is a singleton and T is norm-to-tg upper-semicontinuous at xo.
(b) Each selection for T is norm-to-tg continuous at X.

Proof. (a) = (b): Let U be an open neighborhood of xy such that 7'(x) is nonempty
for each x € U, and let ¢ be any selection for 7. Let V' be a 7g-open set containing
¢ (x0). Because ¢ (xg) = T(xg), we can use the upper-semicontinuity of 7' to choose
Uj an open subset of U such that 7(x) € V for all x € U;. Consequently, ¢ (x) € V'
for all x € Uy, and so ¢ is norm-to-tg continuous at xo.

(b) = (a): It is easy to check that (b) implies 7' (xp) is a singleton since 75 is a
Hausdorff topology. Let us suppose that 7" is not norm-to-7g upper-semicontinuous
at xg. Then for some t5-open set V' containing 7 (xo), we can find x,, — xo such that
T(xy) € V. Eventually, T (x,) is not empty, so there exist ng and ¢, € T'(x,) such
that ¢, € V for all n > ng. Hence, any selection ¢ for T such that ¢ (x,) = ¢,, we
have that ¢ is not norm-to-7 continuous. |

The following proposition is a straightforward consequence of Smulian’s character-
izations of differentiability given in Theorems 4.2.10 and 4.2.11 and Proposition 6.1.3.

Proposition 6.1.4. Suppose [ : X — (—o00,+00] is convex, and continuous at xy.
Then the following are equivalent.

(a) f is Gateaux differentiable (resp. Fréchet differentiable) at x.

(b) There is a selection for the subdifferential map of which is norm-to-weak* (resp.
norm-to-norm) continuous at xo.

(c) Every selection for the subdifferential map 9of is norm-to-weak* (resp. norm-to-
norm) continuous at Xx.

(d) 9f (xo) is a singleton and x — 3f (x) is norm-to-weak* (resp. norm-to-norm)
upper-semicontinuous at x.
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Proof. Exercise 6.1.5. |

A subset G of X x X* is said to be monotone provided (x* — y*,x —y) > 0
whenever (x,x*), (y,y*) € G. Let T : X — 2% " be a monotone operator, then it is
easy to see that its graph is a monotone set where its graph is denoted by graph(7)
(or sometimes G(T)) and defined by graph(T) := {(x,x*) € X x X* : x* € T(x)}.
We will say T is a maximal monotone operator provided its graph is maximal in the
family of monotone sets in X x X* ordered by inclusion.

Theorem 6.1.5 (Rockafellar). Suppose f : X — (—o0,+00] is a Isc proper convex
function. Then of is a maximal monotone operator.

Proof. We follow the nice argument given in [5]. It is straightforward to establish that
df is monotone; see Exercise 2.2.21. To show that it is maximal, suppose (xg, vg) €
X x X* is such that

(x_x(])U_UO) = 09

holds true whenever v € 9f (x). We will show that vy € df (xp). For this, define

Jo(x) := f(x +x0) — (x, o). (6.1.1)

Letg(x) := %||x||2 and apply the Fenchel duality theorem (4.4.18) to f and g to find
u € X* such that

1 1
inf {000+ 302} = 750 — 51

Because fj is Isc, proper and convex, both sides of the previous equation are finite.
Consequently, we rewrite the equation as

1 1
inf {fo(X) + Enxuz} +16" @) + Sl =0 (6.1.2)

Now there exists a minimizing sequence (y,) C X such that

1 1 2 " 1 5
— > fon) + E”)’n” +ﬁ) (u) + E”uu

n

1 2 L0
Z (o yn) + Zlall” + S lul

v

1
> > (lyall = lul)? > 0, (6.1.3)

where the second inequality follows from the Fenchel-Young inequality (Propos-
tion 4.4.1(a)). Using the previous equation we obtain

1
f()()’n) +f0*(u) — (U, yn) < —-
n
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This implies u € 9y ,2fo(v) for each n. According to the Brondsted-Rockafellar
theorem (4.3.2), there are sequences (z,) C X and (w,) C X such that

'LUn € afO(Zn): ”wn _u” S 1/n and ”Zn _yn” S l/n (614)

It now follows that
(zn, wy) > 0. (6.1.5)

According to (6.1.3), one has
[yall = Nuell, ) = —llull?, asn — oo, (6.1.6)

which combined with (6.1.4) and (6.1.5) yields u = 0. Therefore, y,, — 0. Because
fo is Isc, x = 0 minimizes fy(x) + %llx”2 and, using (6.1.2) we have

Jo(0) + f5°(0) = 0.
This implies 0 € dfy(0) which in turn implies u € 3f (xo) as desired. O

Let xo be in the closure of D(7) where T is a multifunction from a topological
space X to a normed space Y. We will say that T is locally bounded at xy € X if there
exists an open neighborhood U of x¢ so that 7 (U) is a bounded subset of Y. The
following result thus generalizes the local boundedness property of the subdifferential
(Proposition 4.1.26).

Theorem 6.1.6. Let X be a Banach space, and let T : X — 2% be a monotone
operator. If x € coredom 7, then T is locally bounded at x.

Proof. See Exercise 6.1.6. O

Consider an upper-semicontinuous (USC) set-valued mapping 7 from a topological
space X into the subset of a topological (resp. linear topological) space Y. Then T
is called a usco (resp. cusco) on X if for each x € X, T'(x) is nonempty, (resp.
convex) and compact. These names arise because the mappings are (convex) upper-
semicontinuous compact valued. Figure 6.1 illustrates the behavior of a cusco in R2.

An usco (cusco) mapping 7 from a topological space X to subsets of a topological
(linear topological) space Y is called a minimal usco (minimal cusco) if its graph does

<\
@@

Figure 6.1 A cusco with Q(xg) C V.
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—l

Figure 6.2 Two nonminimal cuscos on [—2, 2].

.

Figure 6.3 A minimal cusco and smaller minimal usco on [—2, 2].

not strictly contain the graph of any other usco (cusco) mapping X into the subsets
of Y. Figure 6.2 shows two nonminimal cuscos. Figure 6.3 shows a minimal cusco
and a smaller minimal usco inside the cuscos of Figure 6.2.

The notions of monotone and maximal monotone operators can be extended natu-
rally to subsets of Banach spaces. With all of this in mind, the next result shows that
minimal weak*-cusco’s are natural generalizations of maximal monotone operators.

Theorem 6.1.7. Let U be an open set in a Banach space X, and let T : X — 25" be
a maximal monotone operator with U C D(T). Then Ty is a minimal weak*-cusco.

The proof of this theorem will use the following lemma.

Lemma 6.1.8. Let X be a Banach space and suppose thatD C X is open. If T : D —
2X" is monotone and norm-to-weak* upper-semicontinuous and T (x) is nonempty,
convex and weak*-closed for all x € D, then T is maximal monotone in D.

Proof. We need only show that if (y,1*) € D x X* satisfies
OF —x*,y—x) >0 forallx € D,x* € T(x), 6.1.7)

then y* € T(y). So suppose such a y* ¢ T(y), by the weak*-separation theo-
rem (4.1.22) there exists z € X suchthat 7(y) C W where W = {z* € X*: (z¥,2) <
(v*,z)}. Because W is weak*-open and T is norm-to-weak™ upper-semicontinuous,
there exists a neighborhood U of y in D such that T(U) C W. For ¢t > 0 sufficiently
small, y+1z € U, and consequently T'(y+#z) C W.Forany u* € T(y+1z), equation
(6.1.7) implies that

0< (" —u',y—(y+12) =—t(y* —u',z),

and consequently (u*,z) > (y*,z). From this, one sees that u* ¢ W which is a
contradiction. |

Proof. We now turn to the proof of Theorem 6.1.7. First, Exercise 6.1.3 implies that
Ty is a weak*-cusco, so it remains to show it is minimal. Indeed, if F : U — 2¥" isa
weak*-cusco such that G(F) € G(Ty), then according to Lemma 6.1.8 F' is maximal
monotone. Consequently, FF = Ty as desired. [

Multifunctions can be an effective tool for classifying Banach spaces, and we state
the following result as an example of this. First, recall that an Asplund space is a
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Banach space on which every continuous convex function is Fréchet differentiable
on a dense subset.

Theorem 6.1.9. A Banach space X is Asplund if and only if every locally bounded
minimal weak*-cusco from a Baire space into X* is generically single-valued and
norm-continuous.

Of course, the ‘if” part of this theorem implies that X is Asplund if every continuous
convex function is generically Fréchet differentiable on X. The ‘only if” part states
that a more general phenomenon occurs in Asplund spaces. We refer the reader to
[68, 104] for a proof of this result, and related work. We will provide some other
characterizations of Asplund spaces in Section 6.6.

6.1.1 Selections and fixed points in Banach space

We now examine briefly the Banach space forms of the Euclidean material of
Section 3.4. The Banach space form of Theorem 3.4.1 is due to Fan.

Theorem 6.1.10 (Kakutani—Fan [208]). If ) # C C X is a compact convex subset
of a Banach space, then every cusco Q : C — C has a fixed point.

This uses the Banach space version of Theorem 3.4.3 with Brouwer’s theorem
replaced by Schauder’s fixed point theorem (Exercise 6.1.11).

Theorem 6.1.11 (Cellina approximate selection theorem [21]). Let X, Y be Banach
spaces with K C X compact and convex. Suppose Q2 : K — Y is an usco. For any
& > 0 there is a continuous map f : K — Y such that

dc) (x,f(x)) < € for all points x in K, (6.1.8)

and with range f C conv range 2.

The distance dg is defined analogously as in Theorem 6.1.11 and the proofis largely
unchanged (Exercise 6.1.13).

A topological space is said to be paracompact if every open cover of the topolog-
ical space has a locally finite open refinement. Any compact or metrizable space is
paracompact. Equivalently, for every open cover of a paracompact space K, there
exists a (continuous) partition of unity on K subordinate to that cover. While this is
some work to show in generality, in the metrizable case the Euclidean proof we used
needs little change. The full version of Theorem 3.4.4 follows. It is well described
in [260].

Theorem 6.1.12 (Michael selection theorem [315]). Let K be a paracompact space
and let Y be a Banach space. Suppose Q : K — Y is LSC with nonempty closed
convex images. Then given any point (X,y) in G(S2), there is a continuous selection
f of Q satisfying f (X) = y.

Conversely, fix a topological space K. Suppose every LSC multifunction with
nonempty convex closed values mapping K to an arbitrary Banach space, admits
a continuous selection. Then K is paracompact.
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In the monotone case we rarely have LSC mappings and we settle for finding
selections which are generically continuous in some topology.

Exercises and further results

6.1.1. Let X be a Banach space and suppose / : X — R is a function. Define the
multifunction 7y : X — oR by Tr(x):={t € R : t > f(x)}. Show that Ty is USC if
and only if f is Isc.

Notwithstanding this example, one should see Exercise 6.2.10 below that illustrates
the rationale for the term upper-semicontinuous in terms of lim sup as defined for sets.

Hint. Suppose f is Isc. Let U C R be open. Either V:={x : Ty(x) C U} is empty,
or x € V for some x € X. Then (a,400) C U where a < f(x), and use the
lower-semicontinuity of / to find § > 0 so that Bs(x) C V.

Conversely, letx € X,and lete > 0. Let U:={t : t > f(X) — ¢}. Use the fact that
V ={x: Tr(x) C U} is open to conclude f is Isc. [

6.1.2 (Nonexpansive extensions).*™ There is a tight relationship between nonexpan-
sive mappings and monotone operators in Hilbert spaces:

Lemma 6.1.13. Let H be a Hilbert space. Suppose P and T are multifunctions from
H to 211 whose graphs are related by the condition (x,y) € graph P if and only if
(v,w) € graph T where x = w + v andy = w — v. Then dom P = range(T + I).
Moreover, P is nonexpansive (and single-valued) if and only if T is monotone.

The Kirszbraun—Valentine theorem on the existence of nonexpansive extensions
to all of Hilbert space of nonexpansive mappings follows easily.

Theorem 6.1.14. [Kirszbraun—Valentine)] Let H be a Hilbert space with D a subset of
H. Suppose P: D — H is a nonexpansive mapping. Then there exists a nonexpansive
mapping P: H — H with dom P = H and P|p = P.

Hint. Associate to P a monotone 7 as in Lemma 6.1.13 and extend T to a maximal
T. Define P from T using Lemma 6.1.13 again. Theorem 9.3.5 shows dom(P) =
range(7 + I) = H. Finally, check that P is an extension of P. I

This result is highly specific to Hilbert space. For example, if the preceding result
holds in a strictly convex space X with dimension exceeding one, then X is a Hilbert
space [387].

6.1.3.* Suppose that X is a Banach space and 7 : X — 2%" is maximal monotone.
Suppose that D C D(T) is a nonempty open subset, show that T'|p is a weak™-cusco.

Hint. Use the local boundedness of 7' (Theorem 6.1.6); see [121, Exercise 5.1.17] for
further details. |

6.1.4. Suppose f : X — (—o00,400] is a convex function that is continuous
at xo. Show that df (xp) is a singleton if and only each (resp. some) selection
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for df is norm-to-weak™ continuous at xo. Generalize this to maximal monotone
operators.

Hint. We discuss the convex case only. There are many reasons for this, for example,
df (xo) is a singleton if and only if f is Gateaux differentiable at xo. So this fol-
lows from Smulian’s theorems. This exercise also follows directly by combining
Proposition 6.1.3 and 6.1.1. O

6.1.5.* (a) Prove Proposition 6.1.4.
(b) State and prove Proposition 6.1.4 in the more general norm-to-tg setting.

Hint. For (b) replace, e.g. Gateaux differentiability and weak*-topology with -
differentiability and the tg-topology in the statement. The use the B-differentiability
version of Smulian’s theorem (Exercise 4.2.8) along with Proposition 6.1.3 to prove
the result. O

6.1.6.* Prove Theorem 6.1.6.

Hint. Following the argument as in [121, Theorem 5.1.8], let x* € T'(x) and replace
T with y — T(y + x) — x*; thus we may assume x = 0 and 0 € 7(0). Define
f:X — (—o00,+00] by

S () =sup{(y*,x —y) : yedomT,|y| < landy* € T(»)}.

Then £ is Isc and convex as a supremum of such functions. Use the monotonicity of
T to show f(0) = 0. Then use the monotonicity of 7 and that fact 0 € coredom T’
to show 0 € coredom /. Thus /" is bounded on a neighborhood of 0. Then show T is
bounded on a neighborhood of 0. 0

6.1.7. LetX := {5. Show there is amaximal monotone operator 7’ : X — X such that
T is everywhere norm-to-weak continuous, but fails to be norm-to-norm continuous
at some point in X.

Hint. Exercise 5.1.26 shows there is a norm, say || - || on X that is everywhere Gateaux
differentiable on Sy, but fails to be Fréchet differentiable at some point of Sy. Let
JACK B I3, and consider T:=0f. [

6.1.8.* Let X and Y be Hausdorff spaces and suppose 7 : X — 2! is an usco (resp.
cusco). Show that there is a minimal usco (resp. cusco) contained in 7.

Proof. Use Zorn’s lemma. See, for example [121, Proposition 5.1.23]. 0

6.1.9. Let X be a Banach space whose dual norm is strictly convex. Show that every
minimal weak*-cusco from a Baire space into X ™ is generically single-valued.

Hint. See [120, Theorem 2.10]; this is a generalization of Exercise 4.6.6, the proof
is similar where here one considers the weak*-cusco in place of the subdifferential
mapping. 0
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6.1.10 (Nongenericity of Gateaux differentiability points [320, 321]).** Herein all
topological spaces are assumed to be at least completely regular, K is a compact Haus-
dorffspace and M, @ : (C(K), || - |loo) — R are defined by M (f) :=sup{f (k) : k €
Ky,and ®(f):={keK: f(k)=M()}.

(a) @ is a minimal usco that is also an open mapping.

(b) M is acontinuous convex function on (C(K), ||-||o0) and is Gateaux differentiable
at f € C(K) if and only if ®(f) is a singleton.

(c) One can use the prior part to show that if K has a dense set composed of Gs-points
then M is Gateaux differentiable at the points of a dense subset of (C(K), || - |lco)-
This leads to:

Theorem 6.1.15. If' M is Gdteaux differentiable at the points of a dense Gs-
subset, G, in (C(K),| - |loo) then K contains a dense Gg-subset X that is
(completely) metrizable.

Hint. Define F : K — 29 by,
Fk)y:={feCK): ke ®(f)}NG.

Then F is densely defined and has closed graph relative to K x G. Moreover, F is
demi-lower-semicontinuous [320] and [320] shows there exists a dense Gs-subset
X of K and a continuous selection o : X — G of F|x. Since | is single-valued
(and so may be viewed as a continuous mapping) and ®|g (o (x)) = {x} for all
x € X, 0! is also continuous. Hence X is homeomorphic to o (X) € G; which
is metrizable with respect to the usually metric on (C(K), || - ||o0). The fact that X
is completely metrizable follows from the fact that a metric space P is completely
metrizable (by some metric) if, and only if, it is Cech-complete [201]. O

(d) Let S be a first countable Baire space that does not contain a dense completely
metrizable subset (e.g. the Sorgenfrey line). Then for Cech compactification
K := B(S), M is densely Gateaux differentiable but not on any dense Gs-subset
of (C(K), I - lloo)-

(e) Anexplicit example of a continuous convex function that is densely differentiable
but not on any second category set is given in [321].

6.1.11 (Schauder fixed point theorem).* Let K C X be a compact convex subset of
a Banach space X and let f: K — K be norm-continuous. Show that /" has a fixed
point in K.

Hint. Since K is compact we can and do suppose that X is separable and has a
strictly convex norm. We also suppose 0 € K. For each finite-dimensional subspace
F C X let Pr: K — K N F be the continuous metric projection onto K N F. Define
fFri KNF — KNF viafr(k) := Pr(f(k)). Then each fr has a fixed point. Now
take limits. O

6.1.12.* Prove Theorem 6.1.10.
6.1.13.* Prove Theorem 6.1.11 .
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6.2 Epigraphical convergence: an introduction

We begin by illustrating that pointwise convergence does not necessarily preserve
minimizers of functions, nor is it necessarily preserved through conjugation (for
this, given a function %, we use the terminology argmin s := {x : h(x) = inf A}).
These deficiencies can be overcome, in many settings, using notions of epigraphical
convergence as we shall see throughout this section.

Example 6.2.1. (a) Consider Lipschitz convex functions f, : R — R defined by
Ju(@®) :=n|t — 1/n| — 1 forn € N. Then (f,) converges pointwise to f* := §j0), and
argmin f;, is a subset of the compact set [0, 1] for each n, however

nl_lfgolﬁfﬁ’:_l <0=1%ff.
(b) Consider functions g, : R — R defined by g, (¢) :=¢/nforn € N. Theng, — 0
uniformly on bounded sets, but g = 841/, and g* = {9y and so (g;;) does not even
converge pointwise to g*.

In addition to addressing issues raised by the previous example, limits of sets, or
epigraphical convergence as applied to epigraphs of functions, is an important tool
in the study of multifunctions as seen in works such as [22]. In our limited coverage
our primary focus will be directly on limits of epigraphs of functions. These epi-
limits will be natural tools for which to analyze approximations of functions when
minimizers are of primary concern, and they also provide a setting with which to
study generalized derivatives of functions as outlined in Exercise 6.2.27.

This section introduces the following notions of convergence: Kuratowski—
Painlevé, Mosco, Attouch—Wets, Wijsman, and slice convergence. All of these forms
of convergence are equivalent for Isc convex functions on R” (see Theorem 6.2.13).
These notions are often introduced in the language of sets, and then the respective defi-
nitions apply naturally to epigraphs of functions. We begin with Kuratowski—Painlevé
convergence because of its relation with lower and upper limits of sets.

Definition 6.2.2. Let Y be a Hausdorff topological space and let (F;) be a sequence
of subsets of Y. The sequential lower and upper limits of (F;) are defined by

lim inf F; = { lim y; : y; € F; forall i = 1,2,...}
11— 00

i—00

and

limsup F; :==§ lim y; : y; € F; for some iy — ooy.
i—00 k—o00

When the two limits are equal, that is, if F/ = liminf; , « F; = limsup;_, . F; we
say (F;) converges Kuratowski—Painlevé to F.

In a metric space both the sequential lower and upper limits are closed. However,
this is not true in general (Exercise 6.2.2). It is also easy to check that these lower
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and upper limits in metric spaces can be described by using the distance between a
set and a point.

Lemma 6.2.3. Let X be a metric space and let (4;) be a sequence of subsets in X.

Then
liminf 4; = {x € X : limsupdy(x) =0
=00 i—00
and
limsup4; = {x € X : liminfdy, (x) = 0}.
i—o0 i—00
Proof. Exercise 6.2.3. |

Because our primary focus is on functions, we will say a sequence of functions
fn : X — [—00,+00] converges Kuratowski—Painlevé to the 1sc function f : X —
[—o0, +0o0] if the epigraphs of f,, converge Kuratowski—Painlevé to the epigraph of
f in X x R endowed with any equivalent product norm. This is often referred to
as epi-convergence, and it is easy to see that this convergence is invariant under
equivalent renormings. In fact, this can be very nicely formulated for functions as
follows.

Lemma 6.2.4. Let X be a metric space and letf ,f1,/>,f3, . . . be Isc functions mapping
X to (—00,+00]. Then ( f;) converges Kuratowski—Painlevé to f if and only if at each
point x € X one has

liirgggfﬁ(x,-) > f(x) for every sequence x; — x (6.2.1)
and
lim sup fi (x;) < f(x) for some sequence x; — x. (6.2.2)
i—00
Proof. Exercise 6.2.4. |

Epigraphical convergence of functions has useful applications in minimization
problems as we now illustrate.

Theorem 6.2.5. Let X be a metric space and let f;i: X — (—00,+00] be a sequence
of Isc functions that converges Kuratowski—Painlevé to f . Then

lim sup(argmin f;) C argminf. (6.2.3)

i—00

If, moreover, there is a compact set K C X such that argminf; C K and argmin
fi # O for all i, then

lim (inf ;) = inf £, (6.2.4)
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Proof. For the first part, we may assume lim sup(argmin f;) # @ otherwise there is
nothing to do. Let x € lim sup(argminf;). Then there exist x;, € argminfj, so that
xi; — x. It follows from Lemma 6.2.4, f(x) < lim infjﬁ/ (xlj/,) < lim sup; (argmin f;).
On the other hand, given any x € X there exists a sequence zxy — x so that
lim sup fx (zx) < f(x). Therefore,

f(x) < limsup(argminf;) < limsup f;(zx) = f (x).

This shows X € argminf as desired.
For the ‘moreover’ part, given o > inf /, we may choose x € X so that f'(X) < «.
According to Lemma 6.2.4, there exists a sequence x; — X so that

f(x) > limsupf;(y;) > lim sup(inf f;).

Consequently, inf f > lim sup(inf ;). On the other hand, let y; € argminf;, using
compactness and Lemma 6.2.4, there is a convergent subsequence, say y;, — y such
that

o) < 1ikm inf f;, (v;,) = liminf(inf f;) < limsup(inf f;) < inff,
—00

which completes the proof. 0

In Exercise 6.2.7 it is shown that the ‘moreover’ part of the previous theorem can fail
in the absence of compactness. Because of this, and because bounded sets in reflexive
Banach spaces are relatively weakly compact, the following notion of convergence
has been widely used in reflexive Banach spaces. We will focus on closed convex
subsets of Banach spaces when considering further notions of set convergence.

Definition 6.2.6. [Mosco convergence] Let X be a Banach space and let C,,, C be
closed convex subsets of X. We will say (C,,) converges Mosco to C if each of the
following conditions hold.

(M1) For each x € C there is a sequence (x,) converging in norm to x such that
x, € C, foreachn € N.

(M2) Whenever ny < np < n3 < ..., and x,, € Cy, is such that x,, — x,
thenx € C.

Given a sequence of proper Isc convex functions (f;;) on a Banach space X, we will
say ( f,) converges Mosco to the Isc convex function 1 if (epif,) converges Mosco to
epif as subsets of X x R.

It is clear that Mosco and Kuratowski—Painlevé convergence are equivalent in
finite-dimensional spaces. Because our primary interest here is, as we noted, with
functions, we state the following reformulation of Mosco convergence for functions
as follows.

Fact 6.2.7. Let X be a Banach space, and let (f,)) be a sequence of proper Isc convex
functions on X. Then (f,) converges Mosco to the Isc convex function f if and only
if' both of the following two conditions are true.
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(M1) Foreach x € X, there exist x, — x such that lim sup f,,(x,) < f(x).
(M2) liminf,_  fn(x,) > f(x) whenever x, —, x.

The proof of this fact is left as Exercise 6.2.6. Because Isc convex functions are
automatically weakly-1sc, Mosco convergence is nicely suited for preserving bounded
sets of minimizers in reflexive Banach spaces, more precisely we have the following.

Theorem 6.2.8. Let X be a Banach space and let (f,) be a sequence of proper lsc
convex functions that converges Mosco to the proper Isc convex function f. Then

lim sup(argmin f;) C argmin f (6.2.5)

i—00

where the limsup is considered in the weak topology. If, moreover, there is a weakly
compact set K C X such that argmin f; C K and argmin f; # () for all i,then

lim (inf f;) = inf f. (6.2.6)
1I— 00
Proof. Modify the proof of Theorem 6.2.5 as appropriate. O

Some other properties of minimizers can be found in Exercise 6.2.7. In addi-
tion to its nice properties concerning minimization problems, Mosco convergence is
preserved through conjugation on reflexive Banach spaces as detailed in the next the-
orem. Also the various forms of epigraphical convergence we discuss in this section
are implied by uniform convergence on bounded sets, however, none of the forms of
epigraphical convergence we discuss imply or are implied by pointwise convergence;
see Theorem 6.2.14 below.

Theorem 6.2.9. Let X be a reflexive Banach space, and letf : X — (—o00,+00] be
a proper Isc convex function. Then the sequence of proper Isc convex functions (f;)
converges Mosco to f if and only if (f;¥) converges Mosco to f*.

Proof. Suppose (f,) converges Mosco to f on X. Let ¢ € X* and ¢, = ¢, and let
a < f*(¢). Now choose x € X sothat ¢ (x) —f (x) > «. According to Fact 6.2.7 there
exists a sequence x,, — x such that f,(x,) — f(x). Consequently, ¢,(x,) — ¢ (x)
and so

lim inf £ (¢,) > lim inf ¢, (x,) — /5 (x»)
n— oo n—oo
= liminf ¢ (x,) =/ (%) = $(1) =/ () > at.
It now remains to show given ¢p € X™* that there is a sequence (¢,) — ¢ such that

limsup,,_, oo /7 ($n) < (). Iff*(¢) = o0, there is nothing further to do, otherwise
choose x, € X such that

1
¢ (xn) _f(xn) Zf*(¢) — ;
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Let @ := f*(¢), then ¢ (x) — @ < f(x) for all x € X. Consider the affine function
Ly(x) ;== ¢(x) —a — 1/n. Then L, (x,) > f(x,) —2/n. Let

W, :=conv({xx, £x2,...,Ex,} + nBx).

Then W, is a closed convex weakly compact set. Using Fact 6.2.7 and the Eberlein—
Smulian theorem, we also can choose 7; such that

1
Sulx) = f(x) — i forx € Wy, n > ny.

Consider g, = L, — éw,. According to the sandwich theorem (4.1.18), there is an
affine function 4, say 4,, = ¢, — o, such that f,, > 4,, > g,,. Accordingly,

liminf(4, — L,) >0
n— o0

uniformly on bounded sets. Again, using Fact 6.2.7, we can choose x;; such that
e —xxll < 7 and f(re,) < f () + 1/k forj = ng. Now forj = ny

LjGer ) = LiGex) — 1@l 1xk, — xkll

2
= Ga) = 2 = Nl — xiell

3
2 fi0kj) =+ = lbllllxe — xl

3
= Apy Xk j) — - P IHllxe,; — Xkl
According to Exercise 6.2.1 we conclude that
lor — @l > 0 and o — «.

Then £, (¢x) < ay and limsup;_, o, ;" (¢x) < f™(¢) as desired. The converse can be
deduced using biconjugates. 0

It is important to note that the previous theorem is valid only in reflexive spaces,
because if Mosco convergence of sequences of proper Isc convex functions is pre-
served through conjugation, then the space is reflexive; see [46, Theorem 3.3]. Thus,
we now introduce a form of convergence that is stronger than Mosco convergence
in infinite-dimensional spaces. Let X be a normed linear space and let 4 and B be
nonempty, closed and bounded subsets of X'. Then the Hausdorff distance Dy between
A and B is defined by Dy (4, B) := max{e(4, B), e(B, A)} where excess functional is
defined by e(4, B) := sup{dp(a) : a € A}. Let 4,A41,A>,A43, ... be closed subsets of
X, we will say (4,) converges Attouch—Wets to 4 if d4,(-) converges uniformly to
d4(-) on bounded subsets of X.

We will say a sequence of Isc functions f;, converges Affouch—Wets to the Isc function
f onX if (epi f,) converges Attouch—Wets to epi / in X X R endowed with an equivalent
product norm. It is easy to see that Attouch—Wets convergence is invariant under
renorming, and that it is implied by uniform convergence on bounded sets. One can
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intuitively visualize Attouch—Wets convergence as being uniform convergence of
epigraphs on bounded sets. While Attouch—Wets convergence is weaker than uniform
convergence of the functions on bounded sets, for certain nice functions the two
notions are equivalent (Exercise 6.2.18). Additionally, Attouch—Wets convergence
has the advantage of being preserved under conjugation as seen in the following
important theorem that is stated without proof.

Theorem 6.2.10. Let X be a Banach space, and let f,f1,/2,13,... be proper Isc
convex functions on X. Then (f,) converges Attouch—Wets to [ if and only if (f,})
converges Attouch—Wets to f*.

For a proof of this theorem, one can consult [44, Theorem 7.2.11] or [297, Theorem
9.1.4]. The next theorem, which again, we only state, shows the precise connection
between Attouch—Wets convergence of convex functions, and convergence of their
regularizations.

Theorem 6.2.11. Suppose X is a normed linear space and let f, f, be proper Isc
convex functions. Then (f,) converges Attouch—Wets to [ if and only if fyoA| - ||
converges uniformly on bounded sets to f oA - || for all sufficiently large .

One can consult [45, Theorem 4.3] for a proof of the preceding theorem. The
final two notions of set convergence that we will introduce are as follows. Let X
be a normed space, and let (Cy) and C be nonempty closed convex sets in X. The
net (Cy) is said to converge Wijsman to C if dc,(x) — dc(x) for every x € X. If
d(W,Cy) — d(W,C) for every closed bounded convex subset W of X, then (Cy,) is
said to converge slice to C. Again, these notions apply to Isc convex functions when
we apply them to epigraphs under a product norm on X x R.

It is evident that slice convergence is formally stronger than Wijsman convergence,
and that both of the previous definitions depend on the norm of X (or X x R for
epigraphs). However, slice convergence is invariant under renorming while Wijsman
convergence is not, that and more is captured in the following nice geometric theorem.

Theorem 6.2.12. Let X be a normed space, and let Cy, C be closed convex sets in
X. Then (Cy) converges slice to C if and only if (Cy) converges Wijsman to C with
respect to every equivalent norm on X. In particular, slice convergence in invariant
under renorming.

Proof. See Exercise 6.2.23. |

The usefulness of slice convergence stems from the fact it agrees with Mosco con-
vergence in reflexive Banach spaces, and carries many of the nice features of Mosco
convergence to the nonreflexive setting. Exercise 6.2.7 illustrates its application to
minimization problems. Roughly speaking, Mosco convergence is the weakest form
of epigraphical convergence that extends the key nice properties of epiconvergence
in finite-dimensional spaces to reflexive spaces, and then slice convergence is the
weakest form of epigraphical convergence that preserves these properties in general
normed spaces. With all of these notions now defined, let us observe
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Theorem 6.2.13. Let X be a finite-dimensional normed space. Then Kuratowski—
Painlevé, Mosco, Attouch—Wets, Wijsman and slice convergence are equivalent for
sequences of closed convex sets in X.

Proof. See Exercise 6.2.15. 0

Theorem 6.2.14. Let X be a normed space and let f,f, : X — (—00,+00] be a
sequence of Isc proper convex functions. Consider the following statements

(@) (f) converges uniformly on bounded sets to f.
(b) (fn) converges Attouch—Wets to f.

(c) (fn) converges slice to f.

(d) (fy) converges Mosco to f.

(e) (fn) converges Wijsman to f .

() (fn) converges Kuratowski—Painlevé to f .

(g) (fu) converges pointwise to f .

Then (a) = (b) = (c) = (d), (c) = (e), (d) = (), (e) = (), (¢) = (g), but none
of these implications reverse in general. Moreover, in general, (d) % (e), (e) # (d),

(b) # (g) and (g) 7 (7).

Proof. Many of these relations and more are developed in Exercises 6.2.5, 6.2.11,
6.2.16,6.2.12,6.2.14, 6.2.7, and the remaining are left for Exercise 6.2.17. OJ

Historically, Wijsman convergence is important because it was the mode of
epigraphical convergence that was shown to be preserved under conjugation in finite-
dimensional spaces. However, outside of finite-dimensional spaces it fails to preserve
bounded miminizing sequences (Exercise 6.2.7) and it is not generally preserved
under conjugation (Exercise 6.2.13). Nevertheless, these are far from reasons to dis-
miss Wijsman convergence, and in fact, in £, spaces with 1 < p < oo under their
usual norms, it is equivalent to (the much harder to check) slice convergence as
follows from the next general theorem.

Theorem 6.2.15. Let X be a Banach space. Then Wijsman and slice convergence
coincide for nets of closed convex sets if and only if the dual norm on X* is weak*-
Kadec.

The proof of this theorem can be found in [111], however, it is easy to verify the
‘only if” portion of this theorem (see Exercise 6.2.22). Moreover, for reflexive Banach
spaces a proof is suggested in Exercise 6.2.24.

Exercises and further results

6.2.1.* Suppose «,, = A, — a, and B, = ¢, — b, are continuous affine functions on
X (i.e., Ay, ¢, € X* and ay,, b, € R for each n) such that:
(a) liminf,,_, 5o (B, — @) > 0 uniformly on bounded sets; and
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(b) there are sequences (x,) C X and &, — 07 such that 8,(x;) < a,(x;) + & for
allk < n.

Show that (A, —¢,) — 0inX* and (¢, —k,) — 0inR. Conclude that (o;, — 8,) — 0
uniformly on bounded sets.

Hint. Let ¢ > 0 and then choose ¢ such that ¢ < ¢/2. Now let ng > k be such that
Bn(x) > a,(x) —e/2ifx € x; + By, n > no.
Because ny > k, we also obtain
an(xr) > Bu(xx) —e/2ifn > no.

Now for &4 € By, and n > ny we have

(A = dn)(h) = (an — Bn) (M)
= (ap — B k +h) — (an — Br) (k)
¢ n e
=2727¢%
Therefore, || Ay, — ¢ull < & for n > ng. Thus (A, — ¢,) — 0 as desired.
Now fix x;, by what was just shown, we know that (¢, — A,)(xx) — 0, and for
all sufficiently large n,

—&r < (Bn — an) (k) < k.
Consequently, lim,_, « |a, — b,| < & for each k. |

6.2.2.* Let X be a metric space, and let (4;) be a sequence of subsets of X. Show
that lim sup 4; and lim inf 4; are both closed. Show that this may fail if X is merely
a Hausdorff topological space.

6.2.3.* Prove Lemma 6.2.3.

6.2.4.* Prove Lemma 6.2.4.

6.2.5 (Examples concerning epigraphical and pointwise convergence).*

(a) Find an example ofa sequence of Lipschitz convex functions on ¢, that converges
Mosco but not pointwise to 0.

(b) Find a sequence of equi-Lipschitz convex functions on ¢, that converges
pointwise but not Mosco to 0.

(c) Suppose (f,) is a sequence of equicontinuous convex functions on a Banach space.
Suppose (f,) converges Kuratowski—Painlevé to the Isc proper convex function
f. Show that (f;,) converges pointwise to .

(d) Supposef,f1,/2, ... are Isc proper convex functions on a Banach space such that
fn = f for all n, and (f;,) converges pointwise to /. Show that (f;,) converges
Mosco (in fact slice) to 1.

(e) Find asequence of proper Isc convex functions (f,,) on R that converges Attouch—
Wets but not pointwise to a proper Isc convex function f'.

Hint. (a) Letf := 0 and define f;, by £,,(-) := n?|{e,, -)|. Forx := (1/n) € £ we have
f(x) = 0 while f,(x) = n so fy(x) — oo. Clearly (M2) is satisfied because f, > 0
for each n. For any u := (u,) € {2, define the sequence (x,) C £2 by x,(j) := u; if
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J # n,and x,(j) := 0ifj = n. Then (x,) — u and f;,(x,;) = 0 for each n which shows
Jn(xn) = fn(u). Thus (M1) is satisfied.

(b) Let f := 0 and f;, := (ey,-). Then f;, — 0 pointwise because e, —>,, 0.
However, given x, := —e,, we have x, —, 0, but f,(x,) = —1. Then
lim inf,,  f4 (x,) < £ (0) and so (f;) does not converge Mosco to f.

(c) Let xg € X, if f(x9) = 00, there is nothing to do since lim inf £, (xg) > f (xp).
Otherwise, select (x,) — xg sothatf,(x,) — f(x). Choosed > 0sothat|f,(y—xp)| <
g/2 if [y — x| < § for all n, and choose ng so that |f;, (x,) — f,(x0)| < &/2 for n > ny.
Then for n > ng, we have

Va(x0) — f (x0)| < Ifu(x0) — faX)| + [fu(xn) —f(x0)| < €/2+¢&/2 =¢.

(d) M1) follows immediately from pointwise convergence. For (M2), suppose
Xpn —w X, then liminf,  f;,(x,) > liminf, o f(x;,) > f(x). For slice con-
vergence, use pointwise convergence to show limsupd(W,epif,) < d(W,epif)
for any set W C X x R. Because epif, C epif for all n, it is clear that
liminf d(W,epif,) = d(W,epif).

(e) Consider f, := &[0,1-1/) and f* := 8j0,1}. Then f,(1) = oo for all n, while
f()=0. |

6.2.6.* Prove Fact 6.2.7.
6.2.7 (Epigraphical convergence and minimizing sequences).* Assume X is a Banach
space and all functions are proper Isc convex functions on X.

(a) Suppose (f,) converges Kuratowski—Painlevé to f'. Verify that

1121 gp (i%f f,,) < il’)l(f f.

(b) Suppose (f,;)) converges Mosco to f and (x;) is a sequence converging weakly to
x such that f,(x,) < infy f, 4+ &, where g, — 0%. Show that x € argmin f and
F() = limy oo (infx f;).

(¢) Suppose X is reflexive, (f,) converges Mosco to f, f,(x,) = infx f, and (x;) is a
bounded sequence. Show that infx f = lim,,_, o0 f5(x,) and argminf # (.

(d) Suppose X is not reflexive. Let (x,) C Sy be a sequence with no weakly conver-
gent subsequence. Let f,(x) := —f whenx = tx, for 0 < ¢ < 1 and f,(x) := 400
otherwise. Show that (f;) converges Mosco to d8;; but lim (infy f,) < infx 8.
See also [46, Theorem 5.1] for further results.

(e) Consider the Lipschitz convex functions f,, : R — R defined by f,(¢) := —t/n
ift < n®and f,(t) ;== —n if t > n?. Verify that (f,) converges Mosco to 0, but
lim sup,_, o/, (n%) = —oo while infg f = 0. Similarly, let g, (¢) := —t/n; verify

(gn) converges Mosco to 0. Deduce the ‘moreover’ part of Theorem 6.2.5 may
fail when the argmins are empty or not contained in a compact set.

(f) Suppose (f,) converges slice to /" and there exists a bounded sequence (x,) such
that lim inf,,_, » f;; (x,) = lim inf,,_, o (infx f;;). Show that

1§f f= nli)rréo (11)1(f f,,)
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(g) Let X = ¢g endowed with its usual norm, and consider the functions f,, defined
by f,(x) := max{{e,,x), —1} and let /' := 0. Show that (f,) converges pointwise
and Wijsman to f* with respect to £1-product norm defined on X x R. In contrast
to (f), observe that infy f;, = —1 is attained on By, but lim (infy f;,) < infy f.
Does (f;,) converges Wijsman to / with respect to the £ -product norm on X x R?

Hint. (a) This follows from (6.2.2) in Lemma 6.2.4. For (b), observe that

f(x) < liminf f,(x,) < liminf(inf £, + &,)
n—o00 n—oo X

= 11nn_1)10%f(1§fﬁl) < hrrzisol;p <1§ffn) < 1§ff.
Deduce (c) from (b) and the Eberlein-Smulian theorem. In (e), notice that the
sequence converges uniformly on bounded sets.
(f) By part (a) it suffices to show that inf f* < liminf,_, o (inf f;,). Assuming the
contrary, we suppose there exists a number « such that

liminf (inf f;) < o < inf f.
n—oo

LetC = {(x,a) : ||x|| < M} where M > 0is chosen so that ||x,|| < M for all n. Then
d(C,epif) > inf f —« (using the £1-product norm) while lim inf,,_, o d(C, epify) =
0 which contradicts slice convergence.

(g) Observe that (f,,) converges pointwise to /. Now let (x, 1) € X xR.Ifz > 0, then
depir((x, 1)) = 0 and since (f,) converges pointwise to 0, depif, ((x, 1)) < [fu(x)| = 0.
If t < 0, depif((x,2)) = [£]. If ng is such that f,(x) > ¢ for n > np show that
depif, ((x, 1)) = |fu(x) —t| for n > ng. For the last question, consider depir (0, —1) = 1
in the £ product norm. However, (—e,/2,—1/2) € epif, for each n, and thus
depif, (0,—1) < 1/2. |

a, ift=x, a ift=x
oo ift £y, TASO:= { 0o ift£F
form of convergence that reasonably preserves minimizers on weakly compact sets
implies Mosco convergence.

6.2.9. Let X be a Banach space, show that the following are equivalent.

6.2.8. Usef,(?) := { to show that any

(a) There is a sequence (¢p,) € Sx+ that converges weak™ to 0.
(b) There is a sequence of equi-Lipschitz convex functions (f;;) on X that converges
Wijsman to 0 with respect to the £1-product norm on X x R, such that

lim inf (inff,,) < 0.
By

Hint. (a) = (b): Let f, := ¢,. (b) = (a): Since (f;) converges pointwise to 0 by
Exercise 6.2.5(c), we may and do assume f,,(0) = O for all »n, and we choose x,, € By
suchthatlim inf £, (x,) < o < 0.Let¢, € 9f,,(0). Thenlim sup ||¢, || > |«|. However,
(¢n) —w+ 0, otherwise there is an 2 € X such that limsup ¢,(h) > 0, and the
subdifferential inequality would yield lim sup f,,(A) > 0 which is a contradiction. [
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6.2.10.* Let X and Y be Banach spaces and suppose 7 : X — Y is a multifunction.
This exercise shows some relation of the upper-semicontinuity of 7" to the lim sup of
sets as given in Definition 6.2.2.

(a) Suppose Y is finite-dimensional and 7 is locally bounded at x. Show that T’
is norm-to-norm upper-semicontinuous at x if limsup 7, C 7x in the norm
topology on Y whenever ||x, — x| — O.

(b) Suppose Y is reflexive and T is locally bounded at x. Show that 7 is norm-to-
weak upper-semicontinuous at x if lim sup 7, C T'x in the weak topology on ¥
whenever ||x, — x|| — 0.

Hint. For (b), suppose T is not norm-to-weak upper-semicontinuous at x. Then there
is a weak open neighborhood W of Tx and x,, — X such that Tx,, ¢ W, and by the
local boundedness property we may assume 7x, C MBy for some M > 0 and all n.
Now choose y,, € Tx,, \ W. By the Eberlein—Smulian theorem (see e.g., [199, p. 85]),
there is a subsequence (yy, ) that is weakly convergent, say to y. Now y ¢ W. This is
a contradiction because lim sup Tx,, ¢ Tx in the weak topology on Y. ]

6.2.11.* Let X be a Banach space, show that the following are equivalent.

(a) There is a sequence (¢,) C Sx* such that (¢,) =+ 0.

(b) There is a sequence of 1-Lipschitz convex functions converging Mosco but not
Attouch-Wets to 0.

(¢) Thereis a sequence of nonnegative 1-Lipschitz convex functions converging slice
but not Attouch-Wets to 0.

Thus, according to the Josefson—Nissenzweig theorem (8.2.1), Mosco, slice and
Attouch—Wets convergence agree if and only if a space is finite-dimensional.

Hint. (a) = (c): Consider X x R endowed with the £;-product norm. Let (¢,) C
Sy be such that (¢,) —+* 0. Define f, := max{¢,,0}. Then f, — 0 pointwise
and so it follows easily that (f,,) converges slice to 0 (Exercise 6.2.5(d)). However,
consider x, € 2By such that ¢, (x,) = 1. Then (x,,0) € epif, but depis, ((x4,0)) >
|f (x,) — 0] = 1. Thus (f;) does not converge Attouch—Wets to f. Observe (¢) = (b)
is immediate because slice convergence implies Mosco convergence. To show (b)
implies (a), suppose (b) is not true. Because Mosco convergence implies pointwise
convergence for equi-Lipschitz functions (Exercise 6.2.5(c)), we deduce there exist
a bounded sequence (x,) and ¢ > 0 so that f;(x,) > ¢ for infinitely many »n (if
Jam) < —e for infinitely many #, use the convexity and fact f, — 0 pointwise to
find the x,,). For such n, let C,;:={x : f,(x) < ¢}. By the separation theorem (4.1.17),
choose ¢, € Sy~ so that ¢, (x,) > supc ¢,. Use the fact f;, — 0 pointwise to deduce
that ¢, — = 0. O

6.2.12.* Show that Wijsman convergence implies Kuratowski—Painlevé convergence,
but not conversely in infinite-dimensional spaces.

Hint. Let (C,) be a sequence of closed convex sets converging Wijsman to the closed
convex set C. If x € C, then dc,(x) — dc(x) = 0. Consequently, there exists
x, € Cy, so that x, — x. On the other hand, suppose x,, € C, and x,, — x. Then
dc,,(x) — 0,and sox € C as desired.
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Let X = ¢, and consider X x R in the £+, norm, then consider the sequence (f,)
given in the proof of Exercise 6.2.7(g). Then (f,) does not converge Wijsman to 0 in
the £o-product norm on ¢y x R. However, it converges Wijsman in the £;-product
norm to 0, thus by the previous paragraph it converges Kuratowski—Painlevé in X x R.
Now use the Josefson—Nissenzweig theorem (8.2.1) to produce an analogous example
in any infinite-dimensional Banach space. [

6.2.13. Let X be an infinite-dimensional Banach space. Show there is a sequence of
1-Lipschitz convex functions (f,) converging Wijsman to f* := 0 with respect to the
£1-product norm, but (f,*) fails to converge Kuratowski—Painlevé to 80y = /™.

Hint. Use the Josefson—Nissenzweig theorem (8.2.1) to choose (¢,)52 ; C Sy such
that ¢, —* 0. Let f;, := ¢, and f := 0. Check that (f;) converges Wijsman to f
with respect to the £1-product norm on X x R. However, f, = §(¢,) and /* = §yq.
There is no sequence (x;;) C X* such thatx — 0 and f;*(x}) — f*(0). Thus (f;")

does not converge Kuratowski—Painlevé to /™. O

6.2.14.* (a) Show that slice convergence implies Mosco convergence for sequences
of closed convex sets in arbitrary normed spaces.

(b) Let X be a reflexive Banach space. Show that Mosco and slice convergence are
equivalent for sequences of closed convex sets.

Hint. (a) Slice convergence implies Mosco convergence in arbitrary normed spaces.
Indeed, suppose (C,) converges slice to C. Let x € C, then dc(x) = 0 and so
dc,(x) — 0 from which we conclude that there exist x, € C, such that x, — x.
Now suppose x,, € Cy, is such that x,, — x. Then (x,,) is a bounded sequence
contained in MBy for some M > 0. Suppose x ¢ C, then choose ¢ € X* so that
¢(x) > a > supc¢. Consider W = MByx N{u € X : ¢(u) > «o}. Then eventually
Xn, € W and so limd(W,C,,) = 0 while d(W,C) > 0 which contradicts slice
convergence.

(b) Suppose (C,) converges Mosco to C in the reflexive space X. If x € C, then
there existx,, € C, with x, — x. Thus limsupd(W,C,) < d(W,C) for any set W €
X . Now suppose there is a closed bounded convex set W such that lim inf d(W, C,,) <
d(W, C). Use weak compactness, and weak lower-semicontinuity of the norm to get
a contradiction. [

6.2.15.* Prove Theorem 6.2.13.

Hint. By a compactness argument, slice and Wijsman convergence coincide in
finite-dimensional spaces. Also, Mosco and Kuratowski—Painlevé convergence are
equivalent in finite-dimensional spaces. Combining this with Exercise 6.2.14 shows
that all four of these notions are equivalent in finite-dimensional spaces. Finally,
Attouch—Wets convergence is the strongest of these notions in general, so we now
show that it is implied by Wijsman convergence in finite-dimensional spaces. Indeed,
if (4,) converges Wijsman to 4, then d4, (-) — d,4(-) pointwise, and thus uniformly
on bounded sets because they are equi-Lipschitz. O

6.2.16.* Suppose X is a Banach space that is not reflexive. Show that there is a
sequence of proper Isc convex functions on X that converges Mosco but not Wijsman.
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Hint. Let H be a nonreflexive hyperplane of X, choose a sequence (4,) € H with
lh,]l = 1/2 so that (h,) has no weakly convergent subsequence. Now let ||xg|| = 1
and consider x,:=h, + x9o. Now (x,) has no weakly convergent subsequence. Let
C:=[0,x,], and let f,:=8¢, and f = 8;0y. Then (f,;) converges Mosco to f, but not
Wijsman in most any reasonable product norm. Consider distance of (xp,0) to the
epigraphs. 0

6.2.17.* Prove Theorem 6.2.14.

Hint. Note that many of the relations or failure thereof can be found in Exercises 6.2.5,
6.2.11,6.2.16, 6.2.12, 6.2.14, 6.2.7. Then establish the remaining statements. [

6.2.18. Suppose f is convex and bounded on bounded sets and that (f,) is a sequence
of proper Isc convex functions. Suppose (f;,) converges Attouch—Wets to /. Show that
(fn) converges uniformly to f on bounded sets.

Hint. Suppose (f,) does not converge to f uniformly on bounded sets. Then there
exists ¢ > 0 and a bounded sequence (x;) such that one of the following is true.

@) fu(xn) + & < f(x,) for infinitely many 7.

@i1) f (xn) + € < fu(xp) for infinitely many ».

If (i) occurs, then Attouch—Wets convergence fails (use Lipschitz property of / to
show that the excess of epif, over f is uniformly large).

In the case of (ii), suppose Attouch—Wets convergence doesn’t fail. Then there are
U, Sn) € epify, such that ||y, — x,|| < &, and |s, — f (x,)| < &, where &, — 0. Now
let ¢, = f(x,) + ¢ and use the sandwich theorem (4.1.18) to find ¢, € X*, @, € R
so that ¢, — «,, separates (x,, t,) and epi f, for infinitely many n. Now, passing to a
subsequence

&n(xp — Yn) . In — Sn _ & —¢&y - M,

IXp —yull = &n En

where M,, — o00. Choose A, such that ||A,|| = 1 and ¢, (h,) > M, — 1 and let
zy = Xp + hy. Then f(z) < f(x,) + 2M where M is a Lipschitz constant for f on
{xn}zo:l +2By and ||z — zu|| < 1/2. However, f,(z) > f(xy) + ¢(2) > [ (xn) + My —
1 —My/2 > f(xn) +My,/2 — 1 for ||z — z,|| < 1/2. Hence depiﬁq((xnaf(xn))) >1/2
for large n. 0

6.2.19. The definition of Attouch—Wets convergence applies naturally to nonconvex
functions; see [44] for further details. Let (X,d) be a metric space and let (f;,) be
a sequence of Isc real-valued functions on X such that f is Lipschitz on bounded
subsets of X and (f,) is eventually equi-Lipschitz on bounded subsets of X. Suppose
that (f;,) converges Attouch—Wets to /', show that (f;,) converges uniformly on bounded
sets to f.

Hint. See [44, Proposition 7.1.3]. O
6.2.20. Suppose f,f1,/2, . . . are real-valued functions on X such that (f;,) converges

uniformly to f on X. Show that dom f,* = dom /™ for all large n, and (f,*) converges
uniformly to /* on the domain of /™.
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Hint. Let ¢ > 0, and choose ny € N so that |f,(x) — f(x)| < e for all n > ng. Let
¢ € X*, then

P(xX) —fu(x) —e = P(x) —f(X) < P(x) —fulx) + ¢

for all n > ng. Consequently, if /*(¢) < oo, then |f,"(¢) —f*(¢)| < ¢ forall n > ny.
If f*(¢p) = oo, then £,*(¢) = oo for all n > ny. O

6.2.21. Suppose f is convex, supercoercive and bounded on bounded sets and that
(fn) is a sequence of proper Isc convex functions on X . Show that (f;) converges to f
uniformly on bounded sets if and only if (f,*) converges uniformly to f/* on bounded
sets.

Hint. Suppose (f,) converges to f uniformly on bounded sets, then (f;) converges
Attouch—Wets to f. According to Theorem 6.2.10, (f;*) converges Attouch—Wets
to f*. Now f™* is bounded on bounded sets, so according to Exercise 6.2.18, (f,¥)
converges uniformly on bounded set to /™.

Now f* is supercoercive and bounded on bounded sets. Hence so is /**. The
argument from the previous paragraph shows that (f;**) converges to f** uniformly
on bounded sets, hence the same is true for their restrictions to X, and these restrictions
are f,, and f according to Proposition 4.4.2. O

6.2.22. Suppose the dual norm on X* does not have the weak*-Kadec property
(sequentially). Then we can choose norm-attaining ¢,, ¢ € Sy+ such that ¢,, —+ ¢
while ||¢, — @] > e for some ¢ > 0. Let C;={x € X : ¢,(x) = 1} and
C:={x € X : ¢(x) = 1}. Show that (C,) converges Wijsman but not slice to C.

Hint. Use the Bishop—Phelps theorem (4.3.4) to find the appropriate norm—attaining
functionals. U

6.2.23.* Let (X, || - ||) be a normed space and let Cy, C be closed convex subsets
of X. Show that (Cy) converges slice to C if and only if (C,) converges Wijsman
to C with respect to every equivalent norm on X . In particular slice convergence is
invariant under renorming.

Hint. First show that Wijsman convergence implies

limsupd(W,Cy) <d(W,C)
o

for all closed bounded sets 7, and each equivalent norm on X. For the second step,
show that if (Cy) converges slice to C, then lim inf d¢, (x) > dc(x) for each x € X,
and with respect to each equivalent norm on X. For the third step, show that if slice
convergence fails, then there is a norm with respect to which Wijsman convergence
fails.

To verify the first step, let ¢ > 0 and let | - || be an equivalent norm on X. Fix
x € Wandc € Csothat Jx—c|| < dj.(W,C)+e. Because (Cy) converges Wijsman
to C with respect to some norm on X, there exist ¢, € C, such that ¢, — ¢. Now

limsupd|.| (W, Cy) < limsup [lx — coll < d|(W,C) +e.
[04
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For the second step, letx € X\ C and letr = d¢(x) —e where the distance is measured
with respect to || - ||. Now let W = x 4+ rB where B is the unit ball with respect to
I-1. Nowd(W,C) > 0, and so lim, dc, (x) > 0 which implies that C, N W = §J
eventually, and so

limainf dc, (x) > dc(x).

This shows the second step; moreover, the first two steps together prove that
slice convergence implies Wijsman convergence with respect to every equivalent
norm on X.

Conversely, if convergence is not slice, choose W closed bounded and convex for
whichd(W, C,) /4 d(W, C). If Wijsman fails with respect to the given norm, we are
done. So, suppose not. Then by part (a) we know that limsupd (W, Cy) < d(W,C).
Suppose W + rB meets a subnet of (C,), but W + (r + ¢)B N C = . Without loss
of generality, assume 0 € W. Separating these sets, say W +rB C {x : ¢(x) < k}
where k > 0,but C C {x : ¢(x) = k+6}). LetU = {x: |px)| <k, x| < M}
where M is so large that W + rBy C U. Conclude that Wijsman convergence fails
with respect to the norm whose unit ball is U. See [44, Theorem 2.4.5] for further
details. O

6.2.24. A net of nonempty closed convex sets (C)) is said to converge Mosco to
a nonempty closed convex set C, if (i) for every x € C, there is a net x;, — x
where x; € C, for all A; and (ii) for every weakly compact set W such that W N
G, # ¥ for asubnet, W N C # (. Prove that Wijsman convergence implies Mosco
convergence for nets of closed convex sets in a Banach space X if and only if Mackey
and weak*-convergence agree on the sphere of its dual ball.

Hint. Suppose Mackey and weak*-convergence do not coincide. Find norm-attaining
functionals ¢, € Sy such that (¢,) —* ¢ but (¢) does not converge Mackey
to ¢. Let Ca:=</)ojl (1) and C:=¢~'(1). Show that (Cy) converges Wijsman but not
Mosco to C.

Conversely, suppose Mackey and weak*-convergence coincide on the dual sphere.
Suppose also that there is a net of closed convex sets (C,) that converges Wijsman
but not Mosco to C. Then there is a weakly compact set W with xo, € Cy, N W
for some subnet, but W N C = . By passing to a further subnet, assume (x;_)
converges weakly to x. Then x € W and so dc(x) > 0. By Wijsman convergence
limdc, (x) = dc(x). Let vy := dc,(¥). Choose ¢, € S} so that ¢, separates C,
and the interior of x, + r4Bx. Now (¢) has a subnet weak*-convergent to ¢; let
x, € C be such that ||x — x,|| = dc(x). Choose nets (x,0)a — Xn, Xna € Cq, NOW
@o (Xne —X) > ry and one can thus show ¢ (x, — x) > r for all n. Thus ¢ € Sy+;
however (¢,) does not converge uniformly on weakly compact sets to ¢ because
@ (xy, —Xx) — 0 while ¢y, (xo;, —X) > rg. [

6.2.25. Show that Wijsman and Mosco convergence coincide for sequences of closed
convex sets in a Banach space X if and only if X is reflexive and the weak and norm
topologies coincide on its dual sphere.

Hint. Look at solutions to Exercises 6.2.16 and 6.2.24. A proof of this result that
integrates several other equivalent conditions can be found in [81]. 0
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6.2.26 (Stability under addition). Supposef,f1,/2,...,2,21,82,...are all proper Isc
extended real-valued functions on a Banach space X. Show that (f, 4+ g,) converges
Mosco and pointwise to f + g if (f,,) and (g,) converge both Mosco and pointwise to
f and g respectively.

Hint. Let x, = x for each n. Then x,, — x and lim(f, + g,)(x) = f(x) + g(x). Also,
suppose x, — x weakly, then

lim inf (f;, + g,,) (x,) > liminf £, (x;) + lim inf g, (x;,)
n—oo n—oo n— oo
> f(x) +gM.

which completes the proof of Mosco convergence. [

6.2.27 (Generalized derivatives).* This outlines some results of Rockafellar’s from
[377] which generalize some of the second-order results from Section 2.6. Let f :
R" — (—o00, 400] be a proper convex function. If

f4hm) =1 +f k) +o(lhl)
where x € intdomf, then f is said to be semidifferentiable at x. If the limit

g L&t th') —f(x) —f' (e 1)
m

W—htl0 %ﬂ

converges uniformly on bounded sets to some continuous function d2f (x)(-), one
then has

1
SR =) +f ) + 5 @ k) + o(AI)
and f is said to be twice semidifferentiable at x. Now, consider the ‘limit’

lim YEF0D -V lim Ao 1)), (6.2.7)
w'—w,t

w'—w,t|0 t

where x € dom Vf. If the set limit in (6.2.7) exists and is nonempty in the sense of
the liminf of sets for every w, then df is said to be semidifferentiable at x, if this is
true for almost every w, then 9f is said to be almost semidifferentiable. With this, we
state

Theorem 6.2.16 (Rockafellar [377]). Letx € dom Vf. Then f is twice semidifferen-
tiable at x if and only if Of is almost semidifferentiable at x.

The reader can consult the paper [377] for full details and more information on
other notions of generalized derivatives that use set-convergence on R”. A more
comprehensive treatment on this subject can be found in the monograph [378]. See
also [107, Section 6] for an approach to generalized second-order differentiability in
infinite-dimensional spaces. Also, along these lines, we should mention the following
theorem, because it (and its predecessors by Attouch [18, 19]) which related epi-
convergence of functions with convergence of their subdifferentials have played an
important role in this subject; see, for example, [374, 375, 377].
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Theorem 6.2.17 (Attouch—Beer [20]). Let X be a Banach space, and let f,f1,/2, . ..
be proper Isc convex functions on X. Then (f,) converges slice to [ if and only if the
following two conditions are satisfied

(a) Of = lim df,, in the Kuratowski—Painlevé sense,; and

(b) there exist z € df (u) and for each n, z, € df,(u,) for which (u,f (u),z) =
limy, s o0 (tn, f (n), Z1n)-

Hint. See [20, Theorem 4.2]. See also [297, Theorem 9.3.1] for a proof in the simpler
reflexive space setting. ]

6.3 Convex integral functionals
6.3.1 The autonomous case

This section will look at integral functionals of the form

Ip(0)i= /S $(x(s)) dyu(s)

where (S, 1) is a finite, complete measure space, and x € Li(S,u), and ¢ : R —
(—00,400] is convex. There are much more general approaches to convex integral
functionals (where there is dependence on s not only x(s) as is discussed in the notes
at the end of this section). This section will present a fairly naive approach that will
capture results suitable for the development of strongly rotund functions in Section 6.4.
Throughout this section, ¢ : R — (—o00, +00] will be a convex proper Isc function.

Proposition 6.3.1. Suppose ¢ : R — (—o0, +-00] is proper, convex and Isc, then I
is proper, Isc and convex on L1 (S, ).

Proof. Suppose x,, =1, x, but liminf, /s (x,) < Ip(x). Then we fix ¢ > 0 and
a subsequence (x;, ) such that /4 (x,, ) < Iy(x) — ¢ for all £ € N. Now passing to a
further subsequence, we may assume x,, — x a.e. (since mean convergence implies
convergence in measure). Suppose, for now, that ¢ > 0, then ¢ o x,,, > 0, and the
lower-semicontinuity of ¢ ensures that liminf;_, o (x, (s)) > ¢ (x(s)) a.e. Thus
Fatou’s lemma implies

timint [ 0,60 du(9) = [ 9(3(6) des)

The remaining case of the proof of the lower-semicontinuity of Iy is left as
Exercise 6.3.1, as are the other parts of the proposition. |

In this section, in a couple of places we will need the following (deeper) character-
ization of weak compactness. For this, recall that a subset W C L1 (S, ) is said to be
uniformly integrable if for each ¢ > 0, there is a § > 0, so that for each measurable
subset K of § with £ (K) < &, one has

/ |x(s)| du(s) < e foreachx € W.
K
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Theorem 6.3.2 (Dunford—Pettis criterion). Asubset W of L1(S, 1) is relatively weakly
compact if and only if it is bounded and uniformly integrable.

Proposition 6.3.3. Suppose ¢ : R — (—o00,400] is supercoercive. Then Iy has
weakly compact lower level sets.

Proof. Let C :={x € Ly : Iy(x)< k} for some k € R. Because ¢ is bounded below
and S is finite measure space, there is a bound M such that / ¢ (x(s)) du(s) < M
E

for any measurable subset £ C S and x € C.

Now choose M, > 0 so that M /M, < &/2. The supercoercivity of ¢ implies there
exists @ > 0 so that ¢ (¢) > M|¢| for |t| > «. For a fixed x € C, consider the two
measurable sets

Seii={s: x| < o} and Seoi={s 1 [x()| > a}.

Now observe that for any measurable K C S, with u(K) < ¢/2«, and x € C,
f [x(s)| de(s) = f lx(s)] dpels) + / [x(s)| dpe(s)
K KﬂSx,] KﬂSx,Z

1
swmﬂjaé¢mmwm
x,2
<ouK)+M /M <e¢.

Thus C is uniformly integrable, we leave it as an elementary analysis exercise to show
C is bounded. The result then follows from the Dunford—Pettis theorem (6.3.2). [

Recall that a simple function is a function of the form y = Y }_, axxs, where
ai € R, and since a; may be 0, we may assume | J;_; Sx = S, and we may assume
the Sy ’s are disjoint. The following beautiful conjugacy result is now accessible.

Theorem 6.3.4. Let ¢ : R — (—00,+400] be a closed, proper convex function. Then
Ugp)* = Ip=.

Proof. Fory € Ly (S, ) observe that

wmw—wﬂum—ﬁ¢mmmmﬁ

xel

= sup fS [x()y(s) — P (x(s))] dpu(s)

xely

IA

fs¢*(y(5)) du(s) = Ip(y).

For the reverse inequality, first consider the case where y is a simple function,

n
say y = Zak xs, with the S;s disjoint, and their union is all of S. Suppose also
k=1
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that ¢* is finite-valued (hence continuous); then we may choose # € R such that
arty — ¢(tx) = ¢*(ax) and let x ==Y }_, tx xs,. Then

ww=2/wmmw=2wmmm
k=15 k=1

= Z(aktk — o) (Sk) = /X(S)y(S) — ¢ (x(5)) du(s) < )" (»).

k=1

Consequently, /5« () < (I3)*(y) whenever y € Lo (S, n) is a simple function.

Still assume that ¢* is everywhere finite. Then ¢* is continuous and bounded on
bounded sets, so the same is true of /g« since S is a finite measure space, and thus
(I)* is bounded above on bounded sets. Thus both /4« and (/;)* are continuous and
are equal on a norm dense set (the collection of simple functions) in Ly (S), which
implies their equality everywhere.

In the case ¢* is not everywhere finite, consider the infimal convolution
fi:=¢*on| - |. Then the reader can check that /" < ¢* and f;* — ¢* pointwise
on R (Exercise 6.3.5). Observe that ¥ (¢):=¢*(¢) +at + b > 0 for all ¢ for appropriate
real numbers a, b the same is true of f,*(¢) + at + b where n > |a|. Now use Fatou’s
lemma to conclude that /= (y) — Ig+(y) forall y € Loo(S, w). Finally, f, > ¢, and
so (Ip)*(y) = r)*(y) for all y € Loo(S, 1) and all n. Altogether this implies the
theorem is true. |

Lemma 6.3.5. Suppose ¢ is not supercoercive (if and only if ¢* is not finite every-
where) and suppose S has a collection of measurable subsets {A,},° | such that
w(4y) — 0T, then Iy does not have weakly compact level sets.

Proof. We consider the case where there is M > 0 so that

t
lim sup m <M.
f—>00 t

Now let ;= (4,) and x,,::a—ln)(An. Then

f%@@®=l

An

e @]

for all n, and so {x,};2 ; is not uniformly integrable. However,

/Sld)(xn(S))l du(s) < /SMlxn(S)I du(s) =M.

Therefore, by the Dunford—Pettis theorem (6.3.2), the level set {x : Iy(x) < M} is
not relatively weakly compact. The other case is similar. O



304 Further analytic topics

Exercises and further results
6.3.1.* Complete the proof of Proposition 6.3.1.

Hint. For lower-semicontinuity, use the separation theorem (4.1.17) to find a,b € R
so that ¥ (¢) := ¢ (¢) + at + b > 0. Apply the proof already given to ¥ and use L
convergence along with the fact the measure space is finite. Given that ¢ (fp) < oo,
it follows that /4 (xg) < oo when xg = foxs. Also, given that ¢ () > at + b, then
Iy(x) > —lalllx|l, — |b|w(S) > —oo. The convexity of I, follows directly from
properties of integrals and the convexity of ¢. [

The following exercises illustrate some of the problems that may occur if we relax
conditions on ¢ or S. Hence additional restrictions on ¢ will be needed in the general
case which we reference in some further results stated at the end of this section.
6.3.2. Consider S:=[0,1] with the usual Lebesgue measure. Let ¢ : R —
(—00,+00] be such that ¢ (¢):=0 for ¢t < 1, ¢(1):=1 and ¢(¢):=oc0 for t > 1.
Show that /s is not Isc.

Hint. Consider x,, :=(1 — 1/n) x{0,11 and x := x[0,1]- |
6.3.3.* Consider S = R with y the usual Lebesgue measure, and let ¢ (r) 1= —+/ if

t > 0, and ¢ (¢) := +oo otherwise. Show that /4 is not Isc on L (R). Furthermore, /4
is not bounded below and it takes the value —oo as an improper integral.

Hint. Let fp:=+5 Xn201. Then ||f5 ]I, — 0. Now I4(0) = 0, but

2n 1
L(f) =/ — =,

and so / is not Isc. Also, if x :=tl2)([1,oo), then /s (x) = —o0 as an improper integral.
0

6.3.4.* Consider L (R) with ¢(¢) := max{t> — 1,0}. Then ¢ is supercoercive, but
the lower level set {x € L1 (R) : I4(x) < 0} is not bounded.

Hint. Let f:=x[0,n). Then ||f;]l1 = n and I4(f,) = 0 for all n. O
6.3.5.* Verify the assertions concerning f,* in the proof of Theorem 6.3.4.

6.3.6 (Lebesgue—Radon—Nikodym theorem [389]).** The theorem has many proofs.
What follows is a proof-sketch based on viewing the problem via an abstract convex
quadratic program. We wish to show that if i and v are probability measures on
a measure space (2, X) then one can find a p-null set N € ¥ and a measurable
Jfunction g such that for all E € X

W(E) = v(EmN)+/g du. (6.3.1)
E

Note that for v < u this is the classical Radon—Nikodym theorem for which a
neat approach due to von Neumann applies the Riesz representation theorem to the
continuous linear function f* — fQ fdponLy(u+v).
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(a) Let Q(f) := % [ f2du — [, fdv. For n € N, show the minimum of
vy = 1Inf{Q(f) : 0 <f <n},

is attained by some g, € L1(u + v).

Hint. Q is convex and Lipschitz on order intervals of L1 (i 4 v) which are weakly
compact by the Dunford—Pettis criterion. O

(b) Without loss, assume g, is everywhere finite. Set C,, := {w : g,(w) < n} and
N, = {w : gu(w) = n}. Use Exercise 4.1.50 to show that v(F) = ng,, du,
for E C C, and v(E) > ng,, du = nv(E) for E C N,. (Exercise 4.1.49 only
applies directly when v < u.)

(¢) Set 4, := D, \ (CtUCU---UCy—1) and N := N,enN,. Deduce that g :=
> > | X4,gn and N are as required.

(d) Extend the result to o -finite measures.

Further results. One can consider more general integral functionals, such as

I(x)::/h(x(s),s) do (s), (6.3.2)
s

where/ : X — [—o0, 400], X is some space of functionsx : § — X, and X is areal
linear space. First, one needs to address whether such a functional is well-defined.
Following [371, p. 7] we shall say that / is well-defined if for each x € X the function
s > h(x(s),s) is measurable. If there exists a real-valued function « : § — R which
is summable with respect to o and satisfies «(s) > h(x(s),x) almost everywhere, the
integral (6.3.2) has an unambiguous value either finite or —oco which we assign to
I(x). Otherwise, we define I(x) to be oo.

In most applications, X has topological structure, hence we can use the Borel sets
(members of the algebra generated by open sets) for notions of measurability. As
such, the integrand 4 : X x § — [—00,400] is said to be measurable on X x S if
h is measurable with respect to the o-algebra on X x S generated by the sets B x 4
where B is a Borel set and 4 is measurable in S. In this case, 4(x(s), s) is measurable
in s whenever x(s) is measurable in s, since the latter measurability implies that of the
transformation s — (x(s),s), such functionals are called normal integrands. Then
[371, Theorem 3] is as follows.

Theorem 6.3.6. The integral functional I given in (6.3.2) is well defined on X in the
above sense if, relative to the Borel structure on X generated by some topology, the
integrand h : X x § — [—00,+00] is measurable and the functions x : § — X
are all measurable. If, in addition, h is convex in the X argument, then I is a convex
function on X.

With the convexity of the integral functional / established in this more general
setting, it is then interesting to look at its conjugate, subdifferentiability, and other
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natural properties. Under appropriate dual pairings, results such as
1w = [ 1. dow
s

and v € 9 (x) if and only if v(s) € dh(x(s),s) for almost every s can be derived. We
refer the reader to [371, p. 58ff] for a development and precise statements of results
of this nature.

More precisely, a normal integrand is a proper extended real-valued function on
RN x Q, where (2, M, ) is (for simplicity) a complete o -finite measure space such
that (a) ¢ (-,s) is Isc for each s in Q and (b) the epigraph multifunction Ey(s) :=
{(x,a) : ¢(x,5) < a} is a so-called measurable multifunction which when ¢ is
closed is equivalent to the measurability of the epigraph of ¢ in the product space.
Full details are given in [372]. For us it suffices to know that ¢ and —¢ are normal if
and only if ¢ is measurable in S and continuous in x. A special case of more general
results of Rockafellar is:

Theorem 6.3.7 (Theorems 3C and 3H, [372]). Forl <p < ooletX = L,(<, RM).
Suppose that ¢ is a normal integrand on Q x RN and that there exists x € L,(, RY)
andy € Lp(SZ,]RN) (I/p+1/q = 1) with I4(x) < oo andlg:(y) < 00. Then 1;* is
the largest Isc functional majorized by 1y. In particular Iy is Isc if and only if ¢ (-, s)
is convex for almost all s in Q. In this latter case,

Iy = Iy~
and if p > 1 also
1" = Iy

There is a somewhat more delicate result when p = 1.
6.3.7. Under the hypotheses of Theorem 6.3.7, show that A € 9/4(x) if and only if
A(s) € ¢ (x(s),s) for almost all s in 2, the subgradient being taken with respect to
the first variable.

6.4 Strongly rotund functions

Following [94], we will say a function f : X — (—00, +-00] has the Kadec property
if for each x € domf one has x, — X in norm whenever f (x,) — f(x) and x, — X
weakly. A proper Isc function f : X — (—00, +00] is said to be strongly rotund if
f is strictly convex on its domain, has weakly compact lower level sets, and has the
Kadec property.

Throughout this section, we suppose that (S, 1) is a complete finite measure space
(with nonzero w), and ¢ : R — (—o0, +00] is a proper, closed, convex function. We
denote the interior of the domain of ¢ by (&, 8) where —co < o < 8 < 0.
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Since ¢ is a normal convex integrand, one can define the proper weakly lsc
functional (see Proposition 6.3.1)

Iy 2 L1 (S, 1) — (—00,400] by Ip(x) = /S¢(X(S)) dp(s).

Then the conjugate is I; t Loo(S, ) — (—00,+00] is given by I; = Iy+ where ¢*
is the conjugate of ¢; see Theorem 6.3.4.

Lemma 6.4.1. 1 is strictly convex on its domain if and only if ¢ is strictly convex
on its domain.

Proof. See Exercise 6.4.2. O

Lemma 6.4.2. [y« is Fréchet differentiable everywhere on Lo (S, ) if and only if ¢*
is differentiable everywhere on R.

Proof. Suppose ¢* is differentiable on R, then it is continuously differentiable. Given
any y € Loo(S, 1), pick m and M in R with m < y(s) < M almost everywhere.
Because V¢* is uniformly continuous on [m — 1, M + 1], for almost every s, given

any ¢ > 0, there is a § > 0 such that |Vo™*(y(s) + v) — Vo*(¥(s))| < & whenever
|v| < 8. According to the mean value theorem, for some v’ € (-3, §), we have

9" (¥(s) +v) = @"(¥(s) — v(VP* (Y] = [v]|[V* ((s) + V') — Vo™ (¥(5))]

< ¢lvl,

thus, if |||l < 8, one has

Iy B — e (v) — fS h($)V* () du(s)| < ellhloo.

This shows that /,« has Fréchet derivative Vig:(y) = Vo*(y(-)) at y.
The converse is left as an exercise by considering constant functions. 0

Lemma 6.4.3. If x € Loo(S, ) with ess inf x > o and ess sup x < S, then
81¢ (x) ;ﬁ @.

Proof. See Exercise 6.4.3. 0

For any m € N, define for a fixed x € L{(S, ),

Sy = {seS: (—m)v<a+l>§x(s)§(,3—1>/\m}.
m m
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Lemma 6.4.4. If oo < x(s) < B almost everywhere, then (Sy,) | 0 as m — oo.

Proof. The sets S, are nested and increasing with
o
Usz{s: a < x(s) < B}

Consequently, ©(S,;) 1 u(S) asm — oo. O

For any measurable subset 7 of S, we denote the restrictions of © and x to 7 by
w|r and x7, and 1¢T : Li(T, ur) — (—00,400] by 1¢T(z):= [7 () du(s). With
this notation

Lemma 6.4.5. Suppose x, — x weakly in L1(S, n) and Iy(x,) — Ip(x) < oo.
Then for any measurable subset T of S, x,|r — x|r weakly in Li(T,ulr) and
I Cealr) = 1§ (xI7) < 0.

Proof. The weak convergence of x,|4 to x4 follows by integrating with respect to
functions zero on 4¢ for any measurable 4 C S. Because / ¢T and / ¢T “ are both weakly
Isc, it then follows that

liminf ] (xal7) > 1) (x|7) and  liminf I} Geal7e) > 1) (xl7e).
On the other hand, because /4 (z) =1 ¢T (zlr) +1 d{ “(z|7e) for any z, one has

lim sup I (xal7) = lim sup(Zy () — 1§ (7<)
= Ip(x) — liminf 1] (x,|7¢)

< Ip(x) — I} (xlre) = 1] (xI7),
from which the result follows. |

Lemma 6.4.6. Suppose ¢* is differentiable everywhere on R. If x, — x weakly in
Li(S, ), 1 (xn) = 1p(x) < ooand o < x(s) < B almost everywhere, then it follows
that ||x, — x||; — 0.

Proof. Because x, — x weakly, it follows that {x,}°°, U {x} is weakly compact
in L1(S, ). Let ¢ > 0 be fixed. According to the Dunford—Pettis theorem (6.3.2),
there exists § > 0 so that if u(7) < &, then fT |x,(s)|du(s) < e for all n, and
fT [x(s)|du(s) < e. By Lemma 6.4.4, there is an m with u(S5) < 8, and so
fSﬁ, |xn(s) — x(s)|dp(s) < 2¢ for all n.

Now, Lemma 6.4.5 implies as n — 00, x,|s, — x|s,, weakly in L1 (S, u|s,,) and
qu’" (xnls,) — Ig'" (x|s,) < oo, and certainly x|s, € Loo(Sm, s, ) with

a < essinf x|s, and esssup x|s, < B.
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Thus by Lemma 6.4.3, 8[5’" (xls,,) # ¥, so noting that [y« is Fréchet differentiable by
Lemma 6.4.2 we can apply Exercise 6.4.1 (on L1 (S, it]s,,)) to deduce that me |2, (s)—
x(s)| du(s) — 0asn — oo.

Finally, for all » one has

llxn — x[11 =/S xn (s) — x(s)| dpe(s) +/. P (s) — x(s)| dpe(s)

< / [xn(s) — x(s)| dpe(s) + 2e.
Sm
This implies lim sup ||x,, — x||1 < 2e&, and thus the result follows. O

Theorem 6.4.7. Suppose ¢* is differentiable everywhere on R. If x, — x weakly in
L1(S, ) and 1y (xp) — Ip(x) < o0, then ||x, — x|l1 — 0.

Proof. Because Ip(x) < oo, @ =< x(s) < B almost everywhere and for all n
sufficiently large o < x,,(s) < B almost everywhere. Define

S :={seS: a<x(s) <B},and S* :={xeS: x(5) =a)
SP={seS : x(s) =B).

According to Lemma 6.4.5, x,,|sy — x|s» weakly in L1(SY, u|sv), and
I3 (ealsr) = Iy (xlsy) < oo,

so applying Lemma 6.4.6, f g7 Xn(s) — x(s)| du(s) — 0. But now for all » sufficient
large,

lx, —xll1 = /SV X (s) — x(s)| du(S)Jr/Sa [x,(s) — x(s)| du(s)
+ / %, (s) — x(s)| dpe(s)
SB
= /SV X (s) — x(s)] du(S)+/Sa(xn(S)—a) du(s)

+/ (B —xp(s)) du(s)
S8

— 0

2
asn — o0. ]

We are now ready for the central result of this section.

Theorem 6.4.8. If ¢* is differentiable everywhere on R, then Iy is strongly rotund
on L1(S, ). The converse is also true if (S, u) is not purely atomic.
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Proof. Suppose ¢* is differentiable everywhere on R. Then Exercise 5.3.14(c),
implies ¢ is strictly convex on its domain. Moreover, because dom¢* = R,
Exercise 4.4.23 implies ¢ is supercoercive. Consequently /y is strictly convex on its
domain (Lemma 6.4.1) and /4 has weakly compact lower level sets (Proposition 6.3.3).
Finally, Theorem 6.4.7 establishes the Kadec property.

Conversely, the strict convexity of ¢ follows from the strict convexity of /s by
Lemma 6.4.1. Because /4 has compact lower level sets, we deduce that ¢* is every-
where finite by Lemma 6.3.5. Because ¢™* = ¢ is strictly convex, Proposition 5.3.6(a)
implies ¢* is differentiable. |

Exercises and further results

6.4.1.* Suppose /' : X — (—00,400] is Isc and f* is Fréchet differentiable on the
domain of 9f™. Suppose x, — x weakly and f(x,) — f(x) and 3f (X) # @. Show
that ||x, — x|| — O.

Hint. Let ¢ € 9f (x). Then x = Vf*(¢). Now (x,,d) — f(xn) — (X,¢) — f(x) and
50 |lx, — ¥|| = 0. (Use Smulian’s theorem (4.2.10) or characterizations of strongly
exposed points.) O

6.4.2.* Prove Lemma 6.4.1.
6.4.3.* Prove Lemma 6.4.3.

Hint. With x as in Lemma 6.4.3, let ¢ = ¢/, o x, show that € Ly (S); use the
fact that ¢/, is nondecreasing and bounded above and below on [ess inf x, ess sup x],
see Theorem 2.1.2. Then show ¥ € 3/, (x). This follows because ¢/, (a)(b — a) <
¢ (b) — ¢(a) for any o < a < B, therefore,

vy —vx) = /SWS)[)/(S) —x()] du(s) = /S%(X(S))[y(S) —x(s)] dpu(s)

< /Sqﬁ()/(S)) — ¢ (x(s)) du(s) = Ip(y) — Ip(x).

For an alternate proof, see [94, Lemma 3.3]. O

6.4.4. Suppose X is a Banach space. Show that there exists an everywhere finite
strongly rotund function on X if and only if X is reflexive.

Hint. For one direction, use the Baire category theorem to show X has a weakly

compact set with nonempty interior. For the other consider /' (x) := lx||* where || - ||
is a locally uniformly convex Fréchet differentiable norm on the reflexive space X;
see [94, Corollary 4.3]. O

6.4.5. Let ¢ (¢):=t log ¢, show that [ (x) = fS x(s) log(x(s)) du(s) is strongly rotund
on L1 (S, 1) when S is a finite measure space. Hence (minus) the Boltzmann—Shannon
entropy is strongly rotund.

6.4.6 (L1-norm nonattainment). Show that

1 1
inf {/ [x(¢)| dt: / tx(®)dt = 1,x(¢) > Oa.e.}
0 0
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is not attained — || - ||; is very far from strongly rotund. Note that the problem is
unchanged if the objective is replaced by the linear functional fol x(¢) dt.

6.4.7 (Strongly rotund functions and optimal value problems).*™ Let X be a Banach
space, f : X — (—o0,+00] a proper convex function with weakly compact lower
level sets, and suppose Ci, Ca, . .. and C, are closed convex subsets of X. Consider
the optimization problems

Pp) inf{f(x): xeC,}, n=1,2,...,00,

and let V' (P,) € [—00,+00] denote the value of each problem. Consider the condi-
tions (M1), (M2) from the definition of Mosco convergence (6.2.6) applied to Cy,,
Coo, and

Coc |J )G (6.4.1)

m=1 n=m

(a) Suppose (M2) holds. Show that lim inf,_, o V' (P,) > V (P) (finite or infinite).

(b) Suppose (6.4.1) holds. Show that lim sup,,_, o, V' (Pp) < V(Pso).

(¢) Suppose (M2) holds, V' (P,) — V(Px), and (P ) has a unique optimum, say
Xoo- Show that for any sequence of optimum solutions x, for (Py,), x, = Xoo
weakly.

(d) Suppose (C,) converges Mosco to C, and that int(domf) N Cs, # @. Show
that V' (P,) — V(Pso) < oo. Furthermore, if /™ is Fréchet differentiable on the
domain of 3f™, show that (P,) and (P~ ) have unique optimal solutions x, and
Xoo, Tespectively for all n sufficiently large, and ||x, — xo0| — O.

(e) Suppose (M2) and (6.4.1) hold. Show that V' (P,) — V (Ps) (finite or infinite).
Furthermore, if V' (Px,) < 00 and f is strongly rotund, show that (P,,) and (P)
have unique optimal solutions x, and x, respectively (for all 7 sufficiently large),
and ||x;, — X0l — O.

Hint. See [94, pp. 147-149]. ]

6.4.8 (Burg entropy nonattainment).** Letting ¢ (£):= — log ¢, it is easy to show that
generally Iy (x) = — f 5 log(x(s))dpu(s) is is not strongly rotund on L (S, u) when §
is a finite measure space. Hence (minus) the Burg entropy is not strongly rotund.

Indeed, suppose S is the cube in three dimensions and consider the simple spectral
estimation problem

v() = inf{ — / logx(¢£)dV : /x(t)dV =1,
N S

/x(t) cosQmu)dV = /x(t) cosnrv)dV = /x(t) cosQrw)dV = oz}
N N N
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where ¢t := (u,v,w) and dV := dudvdw. One can show that for 0 < a < 1 the
value v(w) is finite but that there is an value @ ~ 0.34053 ... such that for « > @ the
value is not attained and for & < @ it is attained. Nothing changes in the qualitative
appearance of the problem. Moreover the value is related to Watson integrals for
so-called face centered cubic lattices [93]. More of the corresponding mathematical
physics is outlined in [74, pp. 120-121].

6.4.9.* A lovely companion result linking weak and norm convergence was given
by Visintin in [427]. The main result of the paper is the following:

Theorem 6.4.9. Let Q2 be endowed with a o -finite, complete measure and let u,, — u
weakly in L1 (Q)N. Ifu(x) is an extremal point of the closed convex hull of {u,(x) : n =
1,2,---}ae. in Q, then u, — u strongly in L)V,

The phenomenon described in Theorem 6.4.9 is well known in the calculus of
variations where, as in Theorem 6.4.8, a weakly convergent minimizing sequence
is usually strongly convergent. The result is applied to partial differential equations
including a nonlinear generalization of the Stefan problem.

Use Visintin’s theorem to show that all weakly convergent minimizing
sequences for

min /,
xeC ¢(X)

are norm convergent if ¢ is closed and strictly convex while C is closed and convex
in L (Q)V.

6.5 Trace class convex spectral functions

The useful patterns observed in Section 3.2 extend to some central classes of infinite-
dimensional functions. We sketch the situation. Details are to be found in [109] and
[121, §7.3]. Let Eg: be the complex Hilbert sequence space, and consider the bounded
self-adjoint operators on £5, denoted by By,. An operator T € By, is positive (denoted
T > 0)if (Tx,x) > Oforallx € Zéc. Each T € By, induces a unique positive operator
|T| = (T*T)% € By, (see Exercise 6.5.1) and thence 7% := (|T| £ —T)/2.

For T > 0 in By, the (possibly infinite) trace is given by

o0

tr(T) := Z(Te",e"), (6.5.2)

i=1

which is independent of the orthonormal basis {¢'} used. The trace is extended to
By, using tr(T) := tr(TT) — tr(T 7). Let U denote the unitary operators on Eéc (i.e.
U* = U~1). Denote by By the space of compact, self-adjoint operators, and by B
those with finite trace. The following is well known.

Theorem 6.5.1. For all T € By there exists U € U with T = U* diag(A(T))U.
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Theorem 6.5.1 and the fact that tr(ST") = tr(7'S) makes proving Lidskii s Theorem
easy for self-adjoint operators:

(1) = ) k()
i=1

where (A;(T)) is any spectral sequence for T: any sequence of eigenvalues of 7 (with
multiplicity), as in Euclidean space.

The self-adjoint Hilbert—Schmidt operators B, are those T € By, with T’ 2=T*T e
By. Assets By C By C By C Bsa, The Schatten p-spaces B, C By are defined for
p € [1,00) by placing T € B, if || T|l, := (tr(|ITIP))!/? < co. When T is self-adjoint

o0

1Tl = (7)) = (3 pa(mor)

l/p
1=

For1 < p,q < co with 1/p + 1/q = 1, B, and B, are paired, and the sesquilinear
form (S, T') := tr(ST) implements the duality on B, x B,. We likewise pair By with
Bj. For each x € 62@ define the operator x © x € By by (x ® x)y = {x,y)x, and for
x € Lo we define the operator diag x € By, pointwise by

o0
diagx := Zx,-(ei O é).

i=1

For1 < p < o0, if x € £, then diagx € B, and | diagx||, = [|x]|,. If x € co, then
diagx € By and || diag x|| = ||x||co. This motivates:

Definition 6.5.2. (Spectral sequence space) For 1 < p < oo wesay £, is the spectral
sequence space for B, and cg the spectral sequence space for By.

Definition 6.5.3. (Paired Banach spaces) We say that V and W are paired Banach
spaces V- x W, if V=~4,and W = ;and 1 < p,q < o0 satisfy p~' 4+ ¢!
V = coand W = L1 or vice versa. We denote the norms on V and W by || - ||y and
I - lw respectively.

Similarly, we say V and VW are paired Banach spaces V x VW where V = B), and
W = B, or where V = By (with the operator norm) and VW = By (or vice versa). We
denote the norms on'V and W by || - ||y and || - |lyy respectively.

=1or

We always take V', W to be the spectral sequence space for the operator space V, W.
Thus, fixing V' x W fixes V x W and vice versa.

Unitarily and rearrangement invariant functions. Operators S and 7 in By, are
unitarily equivalent if there is a U € U such that U*TU = S. We say ¢: V —
(—00, +00] is unitarily invariant if p(U*TU) = ¢(T) forall T € V,U € U.

In Section 3.2 we showed that a unitarily invariant function ¢ can be represented
as ¢ =f o A where f: R" — (—00, +00] is a rearrangement invariant function and
A: 8" — R"is the spectral mapping. We now sketch an analogous result for unitarily
invariant functions on V. A functionf': V' — (—o00, 4-00] is rearrangement invariant
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if f(x;) = f(x) for any rearrangement 7r. The definition of a spectral mapping is less
straightforward.

We need to mimic arranging components of a vector in R” in lexicographic order.
Let/l-(x) :=={i: x; > 0}, I—(x) :={i : x; =0}, and I-(x) := {i : x; < 0}. The
mapping ®: V' — V is defined for x € V" as follows. We pick the largest positive
component of x, next a 0 component, then the most negative component and so on.
If any of the sets /- (x), /- (x) or I (x) is exhausted we skip the corresponding step.
The outcome is @ (x). We summarize useful properties of ® [121, §7.3].

Proposition 6.5.4. For each x € £, there is a permutation w with (P (x)); = Xz(;)
foralli € N, and for x,y € £3 we have ®(x) = ®(y) if and only if there exists
a permutation w with y; = Xz for all i € N. Moreover, O = Dandf: by —
(—o00, +00] is rearrangement invariant if and only if f = f o ®.

Proof. Exercise 6.5.2. [

We now define the eigenvalue mapping A: V — V as follows. Forany T € V let
w(T) be any spectral sequence of 7. Then A(T) := ®(u(T)), gives us a canonical
spectral sequence for each compact self-adjoint operator 7.

Proposition 6.5.5. The mapping X is unitarily invariant, and ® = X o diag.
Proof. Exercise 6.5.3. [
Moreover, A and diag act as inverses in the following sense.

Proposition 6.5.6 (Inverses). Forx € {3, (A o diag)(x) is a rearrangement of x, and
for T €V, (diag oA)(T) is unitarily equivalent to T.

Proof. Exercise 6.5.4. O

For any rearrangement invariant f: ¥ — (—o00, +0c] we have that f o A is uni-
tarily invariant, and for any unitarily invariant ¢: ¥V — (—00,40c] that /" o diag is
rearrangement invariant.

Theorem 6.5.7 (Unitary invariance). Let ¢: V — (—00,+00]. The following are
equivalent: (a) ¢ is unitarily invariant; (b) ¢ = ¢ o diagod, (c) ¢ = f o A for some
rearrangement invariant f : V. — (—00,+00]. If (c) holds then f = ¢ o diag.

Proof. Exercise 6.5.5. O
Symmetrically we have:

Theorem 6.5.8 (Rearrangement invariance). Letf: V — (—o00,4o0]. The following
are equivalent: (a) f is rearrangement invariant; (b) f = f oL odiag; (c)f = ¢ odiag
for some unitarily invariant ¢: YV — (—00,+00). If (¢c) holds then ¢ = f o A.

Proof. Exercise 6.5.6. O

We now have the following useful formulas: || diag(x)|ly = ||x||y, forallx € V
and [M(D)|ly = Ty, forall T € V (see Exercise 6.5.7).
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Conjugacy of unitarily invariant functions. Proofs of the following results are in
[109] and [121, §7.3]. Note their fidelity to those of Section 3.2.

Theorem 6.5.9 (Conjugacy). Let ¢: V — (—o0,+00] be unitarily invariant. Then
¢* o diag = (¢ o diag)™.

Corollary 6.5.10 (Convexity). Let¢: V — (—00, +00] be unitarily invariant. Then
¢ is proper, convex, and Isc if and only if ¢ o diag is proper, convex, and Isc.

Theorem 6.5.11. Let f: V — (—00,4+00] be rearrangement invariant. Then

(fol)* =f*oA.

Theorem 6.5.12. Let ¢: V — (—o0,+0o0] be unitarily invariant. Then ¢ = f o A
for a rearrangement invariant f : V. — (—00,400]. Furthermore ¢* = f* o A.

Letf: V — (—o0,+400] be rearrangement invariant. Then f = ¢ o diag for a
unitarily invariant ¢: V — (—o0, +00]. Furthermore f* = ¢* o diag.

Subdifferentials of unitarily invariant functions. Key to the analysis is the
following nontrivial result:

Theorem 6.5.13 (Commutativity). Let f: V — (—o0,+00] be unitarily invariant
Isc and convex. If T € 3f (S) for (S,T) € V x W then TS = ST.

Theorem 6.5.14 (Convex subgradient). Let f': V — (—o0,+00] be a unitarily
invariant Isc convex function. For (S,T) € V x W we have T € 9f (S) if and only
if there exist U € U and (x,y) € V x W with S = U*(diagx)U, T = U*(diagy)U
andy € 3(f o diag)(x).

The final result shows that differentiability of a convex unitarily invariant function
[ is again characterized by that of / o diag.

Theorem 6.5.15. Letf:V — (—o0,+00] be a unitarily invariant Isc convex func-
tion. Then f is Gateaux differentiable at A € V if and only if f o diag is Gdteaux
differentiable at A(A) € V.

We illustrate these spectral results with a couple of examples.

Example 6.5.16. The standard norm on ¢, for 1 < p < oo is Géteaux differen-
tiable away from zero. Immediately by Theorem 6.5.15, so is the Schatten norm of
B, since A(4) = 0 implies 4 = 0. Theorem 6.5.18 below extends this to Fréchet
differentiability.

We next consider the Calder6n norm.

Example 6.5.17. For | < p < oo and q satisfying 1/p + 1/g = 1 the symmetric
norm defined by

Il = sup(n ™7 " hs(diag0)

i=1
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is the Calderén norm on £,. Clearly, this is rearrangement invariant and continuous
on the sequence space, so |[| T [Ily, := IIIA(T)]ll, induces a unitarily invariant function
on B,,. Now apply Theorem 6.5.12 to get (as with Schatten p-norms) the very pleasant
dual norm formula

Al M) =AMy o 2)* = Il - )" o & =1 - lllv.g-
A generalization can be found in Exercise 6.5.9.

The Fréchet case. With a good deal more work, Fréchet differentiability of spec-
tral operators is similarly induced from rearrangement invariant functions. This
requires a carefully constructed spectral map /):(T ) described in [101, §2]. The key
nonexpansivity property given in [101, Theorem 2.3] is that

IA(T) = 2SI, < IT = Sl

for S, T € B, (or in By). By contrast A is not even always continuous. This leads to:

Theorem 6.5.18 (Fréchet differentiability [101]). Suppose that V := £, for 1 <p <
oo or V := cg. Let ¢ be a rearrangement invariant proper closed convex function on
V. Then ¢ o A is norm-continuous or Fréchet differentiable at T €V if and only if ¢
is norm-continuous or Fréchet differentiable at/):(T ).

Moreover, when ¢ is insensitive to zero-eigenvalues, ¢ o/): =¢oAl.

Exercises and further results

We have seen that the central results of Section 3.2 extend neatly to compact self-
adjoint operators.

6.5.1 (Square-root iteration).*™ Show that each positive semidefinite symmetric and
bounded linear operator 7 on a Hilbert space has a unique positive semidefinite square
root T1/2. Show, in addition, that T'/2 commutes with all bounded linear operators
that commute with 7.

Hint. Consider the iteration of Exercise 3.2.4. In the compact setting the proof in
Exercise 3.2.4 does not change significantly; but the iteration converges as required
in full generality [28, §23.1]. O

6.5.2.* Prove Proposition 6.5.4.

6.5.3.* Prove Proposition 6.5.5.

6.5.4.* Prove Proposition 6.5.6.

6.5.5.* Prove Theorem 6.5.7.

6.5.6.* Prove Theorem 6.5.8.

6.5.7. Let VV and V be as in Definition 6.5.3. Prove that

| diag(x)[ly = llx|ly, forallx eV, IA(M)lly = Ty, forallT e V.

Our next exercise revisits the k-th largest eigenvalue; but now of a positive self-
adjoint operator.
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6.5.8 (k-th largest eigenvalue).”™ Consider 0 < § € B,. Denote the k-th largest
eigenvalue of S by u(S). Then uy = ¢ o A where ¢y : €2 — R is defined to be the
k-th largest component of x. Show 1 is locally Lipschitz on B,,.
Hint. As in the matrix case express ¢ as the difference of two convex continuous
permutation invariant functions. Then oy is continuous, permutation invariant and
convex and ¢y = o — o} _1.

Thus, ¢y is a locally Lipschitz permutation invariant function on £,, and therefore
[k 1s a unitarily invariant locally Lipschitz function on By: uy is DC with continuous
finite components by Theorem 6.5.18. 0

6.5.9 (Calder6on norms).*™ For any x of ¢g, rearrange the components of (|x;|) into
decreasing order to obtain a new element x of ¢y.

(a) Show that for a fixed decreasing sequence ¢; — 0 (¢#; > 0, not all zero)

2 iz Xi
x eV — sup 7 ,
neN Zl:l tl

and

o0
yew — Z tvi
i=1
are a pair of dual norms;
(b) Show their compositions with A are dual norms on the spaces V and W.
(c) ift; ;=i — (1 — )41 < g < oo the pair are classical Calderén norms.

6.6 Deeper support structure

Let 4 be a subset of a Banach space X, recall that the support function of A, denoted
by o4 is defined on X™* by 04(¢p) = sup{¢(x) : x € A}, where ¢ € X*.

Lemma 6.6.1. Let C be a closed convex bounded subset of X. Thenxy € C is strongly
exposed by ¢ € X* if and only if oc is Fréchet differentiable at ¢, and o /.(¢) = xo.

Proof. Suppose xg € C is strongly exposed by ¢ € X*. Then ¢(xg) = supc ¢,
and this implies xo € doc(¢) (Exercise 6.6.11). Now suppose x,, € d,0¢(¢) where
&, — 0. Using the separation theorem (4.1.17) we deduce that x,, € C. Now for
any A € X*,

(Xny A — @) < oc(A) — oc(P) + &, which implies
(Xp, A — @) < oc(A) — @ (x0) + €.

Because this is true for A = 0, the previous inequality implies that ¢ (x,) — ¢ (xp).
Because xy is strongly exposed by ¢, this means |lx,, — xo|| — 0, and so the result
follows from Smulian’s theorem (4.2.10).

Conversely, suppose oc is Fréchet differentiable at ¢p. Then doc(¢) = {xo} for
somexg € X (see Exercise4.2.11). Thenitis straightforward to verify thatxg € C, and
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oc(¢) = ¢(xp) (Exercise 6.6.11). Suppose that x,, € C is such that ¢ (x,) = ¢ (xp),
then x,, € d;,0c(¢) where &, = ¢ (xo) — ¢ (x,), and then Smulian’s theorem (4.2.10)
implies that ||x, — xo|| — 0 which shows that ¢ strongly exposes C at xo. [

Proposition 6.6.2. Let C be a closed bounded convex subset of a Banach space X.
Then the following are equivalent.

(a) The strongly exposing functionals of C form a dense Gs-subset of X* and C is
the closed convex hull of its strongly exposed points.
(b) oc is Fréchet differentiable on a dense Gs-subset of X*.

Proof. (a) = (b): This is an immediate consequence of Lemma 6.6.1.

(b) = (a): Lemma 6.6.1 shows that if o is Fréchet differentiable at ¢ € X*, then
o (¢) = xo where xo € C and ¢ strongly exposes xo and these are the only strongly
exposing functionals of C. Thus the strongly exposing functionals of C form a dense
Gs-subset in X. Now suppose C is the closed convex hull of the strongly exposed
points of C and C # C. Then there isanxg € C \ C;. Because G, the set of strongly
exposing functionals of C is dense in X*, the separation theorem (4.1.17) ensures
that there is a ¢ € G such that ¢ (xo) > o, (¢) which is a contradiction with the fact
that ¢ is a strongly exposing functional of C. Hence C is the closed convex hull of
its strongly exposed points. [

6.6.1 Asplund spaces

Recall that a Banach space X is an Asplund space provided each continuous convex
function on X is Fréchet differentiable on a dense Gs-subset of X.

Lemma 6.6.3. If X is an Asplund space, then every nonempty bounded subset of X*
admits weak*-slices of arbitrarily small diameter.

Proof. Let A be anonempty and bounded subset of X*, define the sublinear functional
p(x) = o4(x) = sup{x*(x) : x* € 4}. Then o4(x) < M||x|| where M > 0 is
chosen so that A C MBy+. Now suppose every weak*-slice of 4 has diameter greater
than some ¢ > 0. Then given x € X, the slice S(x, 4, ¢/3n) has diameter greater
than e. Thus we choose x,y € S(x,4,e/n) such that |x; — yi|| > e, it simple
to check x}i, vy € 9¢/,p(x) and so by Smulian’s theorem (4.2.10) p is not Fréchet
differentiable at x. O

Theorem 6.6.4. A separable Banach space X is an Asplund space if and only if X*
is separable.

Proof. 1f X* is separable, then X is an Asplund space by Theorem 4.6.6.
Conversely, suppose X* is not separable. Then neither is By« and so there is an
uncountable e-net, say (x}) C By~ for some ¢ > 0. That is ||x} — xl’g | >¢eifa # B.
Because X is separable it follows that By+ is metrizable in its weak*-topology. Thus
A has at most countably many points which are not weak*-condensation points. Now
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let B denote the set of the weak*-condensation points of A. Consequently any weak*-
slice of B must contain at least two distinct points from (x}) and so its diameter is at
least ¢. O

Lemma 6.6.5. Suppose X is a Banach space, and f : X — R is a continuous convex
function. Let A C X* be such that every bounded subset of A is weak*-denotable.
Let G, be the set of x € X such that there is an open neighborhood V of x such that
diam(3f (V) N A) < 1/n where by convention we let the diameter of the empty set
be 0. Then Gy, is a dense open subset of X.

Proof. Clearly, G, is open by definition, and now we will show it is dense. Letx € X
and let U be any open neighborhood of x. Because f is continuous, by replacing
U with a smaller neighborhood if necessary, we may and do assume that 9/ (U) is
bounded. Now let D := 9f(U) N 4. If D is empty there is nothing further to do as
x € Gy. Otherwise, by hypothesis, let

S:={peD: ¢() > a}

be a slice of D whose diameter is less than 1 /7. Suppose ¢ € S. Then ¢ € 9f (x¢) for
somexg € U and ¢ (z) > . Now fixr > 0 sothatx;:=xo+rz € U.Let A € af (x1).
Then

A@xp —x0) = f(x1) — f(x0) = ¢(x1 — x0)

which implies 7(A — ¢,z) > 0. Consequently, A(z) > ¢(z) > «. Because the
subdifferential map is norm-to-weak™ upper-semicontinuous (Proposition 6.1.1) it
follows that there exists § > OsuchthatBs(x;) C U,anddf (y) C {x* € X*: x*(z) >
a} for any y € Bs(x1). Now, df (Bs(x1))NA4 is a possibly empty subset of S that
has diameter less than 1/n. Thus, x; € G, N U, and the density of G, has been
established. O

Theorem 6.6.6. A Banach space X is an Asplund space if and only if every nonempty
bounded subset of X* admits weak*-slices of arbitrarily small diameter.

Proof. =: This follows from Lemma 6.6.3.

<: Suppose f : X — R is a continuous convex function. Let G, be as in
Lemma 6.6.5 where we take A4 therein to be X*. Now let x € G where G := [ Gy,.
Let (xz) be a sequence converging to x. Let ¢, € df (xx); Now fix k, so that x; € G,
for k > k,. Because we are applying Lemma 6.6.5 with 4 = X*, we conclude that
lpx —@ || < 1/nfork > k,,andso ¢, — ¢.According to Smulian’s theorem (4.2.10),
f is Fréchet differentiable at each x in the dense Gs-set G. O

Corollary 6.6.7. Let X be a Banach space, then the following are equivalent.

(a) X is an Asplund space.

(b) Given any convex open subset U of X, and any continuous convex function
f U — R fis Fréchet differentiable on a dense Gs-subset of U.

(c) Every equivalent norm on X is Fréchet differentiable at least one point.
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Proof. (a) = (b) is Exercise 4.6.11, while (b) = (c) is obvious.

Let us now prove (c) = (a) using a contrapositive argument. Suppose X is not an
Asplund space, then there is a bounded nonempty subset 4 of X* and an ¢ > 0 so
that every weak*-slice of 4 has diameter greater than ¢. Let C := A U —4, and let
B be the weak*-closed convex hull of C 4 By=. It is left as Exercise 6.6.8 to verify
that B is the ball of an equivalent dual norm on X*, and that the predual norm on X
is nowhere Fréchet differentiable. [

Proposition 6.6.8. A closed subspace of an Asplund space is an Asplund space.

Proof. LetY beaclosed subspace of an Asplund space X . According to Theorem 6.6.6
it suffices to show that every bounded nonempty subset 4 of Y* = X* /Y has weak*-
slices of arbitrarily small diameter. Without loss of generality we may assume that 4
is weak*-compact and convex. The quotient map Q : X* — Y* is norm one, onto and
weak*-to-weak™® continuous. Let ¢ > 0. Because Q is an open map, Q(By+) contains
a neighborhood of the origin in Y*. Because 4 is bounded, there is a A > 0, so that
O(ABy+) = AQ(Bx+) D A.According to Zorn’s lemma there exists a minimal (under
inclusion) set with these properties. Let C; be such a minimal set. Because X is an
Asplund space, there is a weak*-slice S := S(x, C1,«) of Cy of diameter less than
€. Because S is relatively weak*-open, the set 41 := Q(C; \ S) is a weak*-compact
convex set, which according to the minimality of Cj is properly contained in 4. If
x7,x; € A\ Ay, there exists y},»5 € S such that Q(y¥) = x} and

Ix7 = x50l = 1007 =¥l < b —x3ll <e.

Thus diam(4 \ 41) < e. The weak*-separation theorem (4.1.22) implies there exists
a weak™-slice of 4 which misses 4, and hence has diameter at most ¢, and we
are done. O

The following outlines a separable reduction argument that allows us to characterize
nonseparable Asplund spaces via their separable subspaces.

Theorem 6.6.9. A Banach space X is an Asplund space if every separable closed
subspace Y of X is an Asplund space.

Proof. We sketch the details as given in [350, Theorem 2.14, p. 23]. Suppose f is
continuous and convex on the nonempty open convex subset D of X and suppose that
the set G of points x € D where f is Fréchet differentiable is not dense in D. We will
construct a separable subspace ¥ of X such that Y N D # @, and the points of Fréchet
differentiability of /|y are not dense in ¥ N D. For each n, let

G,(f) = Ix eD: sup S+ +/0x =0 — &) < l,for some § > O}.

Ihl=1 8 n

Now G := [ Gn(f), and thus for some m € N, G,,(f) is not dense in D. Thus we
let U be a nonempty open subset of D \ G,,(f). Next, we construct an increasing
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sequence Y of separable subspaces of X. First, fix x; € U. It follows that there exists
a sequence (/1) C Sy such that forall § > 0,

sqpf(xl +8h1) +f 1 — 8hyy) — 2f (x1) . 1

] ) 2m’

Let Y; be the closed linear span of x| and {hl,/‘}fil- Then Y] is separable, and x| €
Y1NU. Atthis stage, f |y, fails tobe differentiable atx; € Y1, andthusxy & Go,(fy,)-
Now if Y C ¥, C ... C Y, have been chosen, one can choose a countable dense
subset {x,;}7°, in ¥, N U, and then a countable set of directions {/,x,;} C Sx to
ensure thatx,,; & G2, (fy,,,) where Y, is the closed linear span of Y, and {4, ;}.
Letting Y := | J Y, one can then show that /|y is not Fréchet differentiable at any
point of Y N U. It is left to the reader to more rigorously fill in the details. O

Putting Theorem 6.6.4, Proposition 6.6.8 and Theorem 6.6.9 together, we obtain

Corollary 6.6.10. 4 Banach space is an Asplund space if and only if every separable
subspace has a separable dual if and only if each of its subspaces is an Asplund space.

6.6.2 Radon—Nikodym and Krein—Milman properties

A nonempty subset of a Banach space is said to be dentable if it admits slices of
arbitrarily small diameter. A Banach space X is said to have the Radon—Nikodym
property (RNP) if every bounded nonempty subset of X is dentable. Further we shall
say a nonempty bounded subset 4 of X has the Radon—Nikodym property if all of its
nonempty subsets are dentable.

First, we state some basic facts about dentability and the RNP.

Fact 6.6.11. Let X be a Banach space and suppose A is a nonempty subset of X.

(a) If A has a strongly exposed point, then A is dentable.

(b) If A is not dentable, then neither are conv(4), A, AU (—A), A + By.

(c) A has the RNP if and only if conv(A4) has the RNP if and only if each closed
convex subset of conv(4) has the RNP.

In particular, a closed bounded convex set C has the RNP if each of its closed
convex subsets has a strongly exposed point, and a Banach space has the RNP if and
only if each of its bounded closed convex subsets has the RNP.

Proof. See Exercise 6.6.10 O

A Banach space X is said to be a weak™-Asplund space if every continuous weak™-
Isc convex function on X* is Fréchet differentiable on a dense Gj-set.

Theorem 6.6.12. Suppose X is a Banach space and C is a closed bounded convex sub-
setof X. Then C has the RNP if and only if for each proper Isc bounded below function
f:C — (—00,+400], f* is Fréchet differentiable on a dense Gs-subset of X*.
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Proof. <: Let D C C be closed and convex, then &}, = op is Fréchet differentiable
on a dense Gs-subset of X*, and so D has a strongly exposed point by Lemma 6.6.1.
According to Fact 6.6.11, C has the RNP.

=: Let K > 0 be such that C C KBy. Because f is bounded below, there exists
b € Rso that f > 8¢ + b. Therefore, /* < 6§ — b and so /* has Lipschitz constant
K on X*. Now let G, be the set of ¢ € X* for which there is an open neighborhood
V of ¢ so that 3f* (V) N C has diameter at most 1/n. According to Lemma 6.6.5, G,
is a dense open subset of X*. Also, let f := f**|y. Then dom/ C C and (f)* = f*.
Let ¢ € (2 G, and suppose /* is not Fréchet differentiable at ¢. Then there exist
Vi e Sxr, e >0andt, - 0% so that

S @+ 1) + 17— tayy) — 21 (¢) = et

The Brendsted—Rockafellar theorem (4 3.2) implies range af D domf™* and so we
choose ¢,, ¥, € range Bf say ¢, € af (x) and ¥, € Bf(yn) so that

lpn — (¢ + tny;; W — (& — D)l < 22

< =
)”_SK — 8K

Because /™ has Lipschitz constant K, this implies

3et,
TG +1* W) — 275 (@) = ‘Z .

Then the Fenchel-Young equality (Proposition 4.4.1(a)) implies

3¢ty
B Cin) — £ )+ bu ) —f ) — 25 (@) =

Now using the fact that x,,,y, € KBx, this implies

&ty

(@ + tay) (n) = f ) + (b — tayy) (V) — 27 ($) = 5

This last inequality along with the fact ¢ (x,,) — f (x,) < f*(¢p) and ¢ (v,) —f (yn) <
f*(¢) implies ||x, — y,|| > &/2. Because (¢,) — ¢ and (¢¥,) — ¢ this contradicts
that ¢ € G, whenn > 2/¢. O

We now list several corollaries of the preceding result.

Corollary 6.6.13. Let C be a closed bounded convex subset of a Banach space X.
Then C has the RNP if and only if every closed convex subset of C is the closed convex
hull of its strongly exposed points and its strongly exposing functionals form a dense
Gs-subset of X*.

Proof. Suppose C has the RNP, and let D be a closed convex subset of C. Then
op = 61’5, and so Theorem 6.6.12 implies that op : X* — R is Fréchet differentiable
on a dense Gs-subset of X*. According to Proposition 6.6.2, D is the closed convex
hull of its strongly exposed points. The converse follows easily from Fact 6.6.11. [
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Theorem 6.6.14. For a Banach space X, the following are equivalent.

(a) X has the RNP.

(b) Every weak*-Isc Lipschitz convex function on X* is Fréchet differentiable on a
dense Gg-set.

(¢) X* is a weak*-Asplund space.

(d) For every closed convex subset C of X, the strongly exposing functionals of C
are a dense Gs-subset in X*, and/or C is the closed convex hull of its strongly
exposed points.

Proof. (a) = (b): Let f : X* — R have Lipschitz constant K and be weak*-Isc.
Thenf = (f*|x)* by Proposition 4.4.2(b), and dom(f*) C KBy=+ according to
Proposition 4.4.6. Consequently, dom f C KBy, and f is bounded below because
it is a Isc convex function with bounded domain. According to the Theorem 6.6.12,
f= (f )* is Fréchet differentiable on a dense Gs-subset of X*.

For the remaining implications, observe that (b) = (c) is similar to Exercise 4.6.11,
while (c) = (d) follows from Corollary 6.6.13, and (d) = (a) is in Fact 6.6.11. [J

Before presenting versions of Stegall’s variational principle, we present a simple
general variational principle.

Proposition 6.6.15. Suppose that X is a Banach space and f : X — (—00,+00] is
a proper Isc function such that f* is Fréchet differentiable at ¢ € X*, then

(@) (f*)(¢p) = xo where xo € domf, and
(b) (f — @) attains its strong minimum at x.

Proof. First, Exercise 4.4.2, implies (/*)' (xj) = xo € X and f**(xo) = f(xo),
and the Fenchel-Young equality (Proposition 4.4.1(a)) ensures that f**(xp) < oo.
This shows (a), and moreover implies that f*(¢) = ¢ (xo) — f (x9). Now suppose
(f = $)(xa) < (f — $)(x0) + &, where &, — 07 Then (¢ — /) (x) = f*(¢) — & and

SO
O/* — ¢, xn) = (y* —f3Xn) = — 1, xn)
<fT0") = (f* (o) + n).

Therefore, x, € 9,/ (¢). Because f* is Fréchet differentiable at ¢, Smulian’s
theorem (4.2.10) implies ||x, — xo|| — O as desired. [

Corollary 6.6.16. Suppose that X is a Banach space with the RNP and that f :
X — (—00,400] is a Isc function for which there exist a > 0 and b € R such that
f(x) = alx|| + b forall x € X. Then there is an ¢ > 0 so that the set

{x* € eBy+ : f —x* attains its strong minimum on X}
is residual in eBy+.

Proof. The growth condition implies that /™ is bounded on a neighborhood of the
origin (Fact 4.4.9) and hence is continuous on a neighborhood ¢By+ of the origin
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(Proposition 4.1.4). Thus f™ is Fréchet differentiable on a dense Gs-subset G of
&Bx+. By Proposition 6.6.15, f — x™* attains its strong minimum at ( /*)’(x*) € domf
for each x* € G. |

Corollary 6.6.17 (Stegall’s variational principle). Suppose C C X is a nonempty
closed bounded convex set with the RNP, and suppose that f : C — R is a Isc
function on C that is bounded below. Then the set

S = {x* € X* : f —x* attains its strong minimum on X }

is residual in X*.

Proof. According to Theorem 6.6.12, /* is Fréchet differentiable on a dense Gs-subset
of X*. Hence, like the previous corollary the result follows from Proposition 6.6.15.
U

We close this section by mentioning some related results without proof.

Theorem 6.6.18. A Banach space X is an Asplund space if and only if X* has
the RNP.

We shall not prove this theorem, but let us note that Theorem 6.6.6 immediately
implies X* has the RNP if X is an Asplund space. A nice proof of the converse is
given in [350, pp. 80—82].

A Banach space X is said to have the Krein—Milman property (KMP) if every closed
convex subset of X is the closed convex hull of its extreme points. Because strongly
exposed points are extreme points, it is clear that a Banach space with the RNP has
the KMP. However, the converse is still not resolved. Nevertheless, there are partial
results, for example if X* is a dual space with the KMP, then it has the RNP (see [126,
Theorem 4.4.1]).

Exercises and further results

6.6.1. Use Stegall’s variational principle to give an alternate proof of the following.
Suppose that C C X is a nonempty bounded closed convex set with the RNP. Then
C is the closed convex hull of its strongly exposed points. Moreover, the functionals
which strongly expose points of C form a dense Gs-subset of X*.

Hint. For the second assertion, let
G, :={x"eX*: diamS(x*, C,a) < 1/n for some a > 0}.

Show that G,, is open (easy exercise) and Stegall’s variational principle easily shows
that G, is dense. Then show x* € (") G, if and only if x* strongly exposes C. For the
first assertion, let D be the closed convex hull of the strongly exposed points of C
If D # C, use the second assertion with the separation theorem (4.1.17) to derive a
contradiction. I
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6.6.2. Use Stegall’s variational principle (6.6.17) to derive the ‘only if” implication
in Theorem 6.6.12.

Hint. See Exercise 5.2.12. O

The next exercise exhibits an ingenious variational proof from [207] of a classical
result originally proven with more technology.
6.6.3 (Pitt’s theorem). Suppose 1 < p < g < o0. Show that every bounded linear
operator from £, — £, is compact.

Hint. Let T be such a bounded linear operator. Apply Corollary 6.6.16 to f'(x) :=
IxlId — I 715 to find x € £ and x* € €5 such that

fx+h) —f(x)—(x"h) =0 hel,.
This implies /' (x + A) +f(x — h) —2f (x) > O forall & € £,. Thus forall & € £,
e+ A 4l — hIE = 2024 = 1T+ WL + 1T (e — WL — 2]\ T,

Let (x;) be a bounded sequence in £,, which by passing to a subsequence may be
assumed to converge weakly to some y € £,. Show that || Tx; — Ty|| — 0 asi — oo;
see [121, Theorem 6.3.13] for full details. |

6.6.4.** Using a result of Moors [319] that shows (f) = (a) in Theorem 6.6.19, prove
Theorem 6.6.19.

Hint. Clearly (b) = (c). One can show (c) = (a) by contraposition, i.e. if X fails
the RNP, then X has a closed bounded set that is not dentable. Consequently, X
has an equivalent norm whose unit ball is not dentable. Then the dual norm is not
Fréchet differentiable anywhere. Thus (a) through (d) are equivalent. Finally, itis clear
that (d) = (e) = (f), while, as mentioned, the implication (f) = (a) can be found
in [319]. O

Theorem 6.6.19. Let X be a Banach space. The following are equivalent.

(a) X has the RNP.

(b) X* is a weak*-Asplund space.

(c) Every equivalent dual norm on X* is Fréchet differentiable at at least one point.

(d) Every nonempty closed bounded convex subset C of X is the closed convex hull
of its strongly exposed points, and the strongly exposing functional form a dense
Gs-subset in X*.

(e) The support functionals for every nonempty closed bounded convex set in X form
a residual set in X*.

() The norm-attaining functionals for each equivalent norm on X form a residual
set in X*.

6.6.5.* Verify that x, ) € d;/,p(x) for each n in the proof of Lemma 6.6.3.

Proof. First x}(x) > p(x) — ¢ by definition of a slice. Also, x'(y) < p(y) for all
¥ € X by the definition of p. Therefore, x}(y) — x}(x) < p(y) — p(x) + ¢ for all
vy € X. Similarly, for y}. 0
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6.6.6. Let X be a nonseparable Banach space, show that By contains an uncountable
e-net for some ¢ > 0.

Hint. Suppose not, then consider {x;,;} j°i1 a countable collection of maximal 1/n-nets
in By. This is a countable dense subset of By which is a contradiction. |

6.6.7 (Tang [414]).** Suppose C is a weak™*-closed convex subset of X *. Every subset
of C is weak™ dentable if and only if every continuous convex function f : X — R
such that there exist a > 0 and b € R with /' < ao¢ + b is Fréchet differentiable on a
dense Gs-subset of X. For further related characterizations related to this, see Tang’s
paper [414] on Asplund functions.

Hint. <: Let D be a weak™-closed convex subset of 4. Then op < o¢ and so it is
Fréchet differentiable on a dense subset of X. Conclude that D has strongly exposed
points.

=>: Suppose /' < aoc + b. Then f is Fréchet differentiable on a dense Gs-subset
of X if and only if %(f — b) is. Thus we may assume a = 1 and b = 0. Now f < o¢
implies /*(¢) > o/(¢) = 8c(¢). Consequently, dom /* C C, and so dom df C C.
Now apply Lemma 6.6.5 with 4 = C as in the proof of Theorem 6.6.6. [

6.6.8.* Complete the details for the proof of Corollary 6.6.7.

Hint. For (c) = (a), check that the weak*-slices of B have diameter greater than
&. Now B has no strongly exposed points, and so the predual norm has no point of
Fréchet differentiability. O

6.6.9. Let A be a nonempty set in a Banach space. A point xg € 4 is called a denting
point of A if for every ¢ > 0, there is a slice S of A4 containing xy of diameter
less than €. Show that xg is a denting point of 4 if and only if for every ¢ > 0,
Xo ¢ conv(4 \ Be(xo)).

6.6.10.* Prove Fact 6.6.11.

6.6.11.* Let X be a Banach space.

(a) Suppose that 4 is a closed bounded subset of X, and x¢ € A4 is such that o4(¢) =
¢ (x0). Show that xg € do4(¢).

(b) Let C be a nonempty closed convex bounded set. Suppose xo € doc(¢). Show
that xg € C, and ¢ (x9) = o¢c ().

(c) Let C be a nonempty closed bounded convex set, and suppose y € d.0¢(¢p) for
some ¢ > 0, show thaty € C.

Hint. (a) Let A € X*, then (x9, A — ¢) < 04(A) — P (x0) = 04(A) — 04(¢p) as
desired.
(b) By (c), we know that xg € C. The subdifferential inequality implies

(x0,0 — ¢) < 0¢c(0) — oc(¢)

and so ¢ (xg) > oc(¢), and since xg € C, this means ¢ (xo) = oc ().
(c) Suppose y & C. According to the separation theorem (4.1.17), we can find A €
X* sothat A(y) > sup- A +3¢. Also, we choose z € C such that ¢ (z) > oc(¢) —e.
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Then

0, A —¢) >oc(A) —oc(p) +2¢
which contradicts that y € d.0¢(¢). I
6.6.12 (Anti-proximinal norms [88]).** Two equivalent norms || - || and || - || are said

to form an anti-proximinal pair when neither the problem
inf{llx —z|| : |Ix]| < 1}
nor the problem
inf{flx —z|| = llxl =1}

is ever achieved except trivially — when z lies in the feasible set. Each such norm is
called a companion to the other.

(a) Show that this mutual nonattainment is equivalent to openness of the sum
{x: Ixl < 1} + {x: |lx]| < 1}. Thus we exhibit two closed convex bodies
whose sum is open.

(b) Show than no such pair can exist in a Banach space with the RNP.

(¢) Find a companion norm in ¢g, endowed with the usual norm || - ||cc.

Hint. Find a bounded linear mapping 7" on ¢p whose adjoint sends nonzero support
functionals in £ to nonsupport functionals and consider ||x|| := || 7x] co- O

6.6.13. Show that the closed unit ball of ¢y under its usual norm does not have any
extreme points. Show likewise that the closed unit ball in L1[0, 1] in its usual norm
has no extreme points while the closed unit ball for C[0, 1] in its usual norm has only
two extreme points. In particular, conclude that none of cg, L1[0, 1] or C[0, 1] have
the RNP.

6.6.14. Let X be a Banach space.

(a) Suppose the norm on X is locally uniformly convex, show that the dual norm
is Fréchet differentiable on a dense subset of X*. Conclude that the strongly
exposing functionals of By form a dense Gs-set in X*.

(b) Give an example of a closed convex bounded subset C of a Banach space X such
that the strongly exposing functionals of C forms a dense Gs-subset of X*, yet
C fails the RNP.

Hint. For (a), use the local uniform convexity of the norm along with the dual ver-
sion of Smulian’s theorem (Exercise 5.1.5) to conclude that the dual norm is Fréchet
differentiable at every norm attaining functional. Then apply the Bishop—Phelps the-
orem (4.3.4). For (b), use that fact that the separable space ¢y admits an equivalent
locally uniformly convex norm and Exercise 6.6.13. O

6.6.15 (Special case of Theorem 6.6.12). Let C be a closed bounded convex subset
of X. If C has the RNP, then o¢ is Fréchet differentiable on a dense Gjs-subset
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of X*. Mimic the proof of Theorem 6.6.12 to prove this using the Bishop—Phelps
theorem (Exercise 4.3.6) instead of the Brondsted—Rockafellar theorem (4.3.2).

Hint. Since C is bounded, assume || - || is an equivalent norm on X so that C C By.
Let G, be the set of ¢ € X™* such that there exists an open neighborhood U of ¢ such
that the diameter of doc(U) N X 1is less than 1/n. According to Lemma 6.6.5, G,
is a dense open set in X* for each n € N. Now suppose ¢ € (| G, and ||¢]| < 1,
but that o¢ is not Fréchet differentiable at ¢. Then there exist #, — 0T, y¥ such that
[yill = 1 and

oc(p + tayy) +oc(@p — tyyy) —200(P) = ety.

Using the Bishop—Phelps theorem (Exercise 4.3.6), we choose ¥, and ¢,, that attain
their suprema on C such that

€ €
¢n — (@ + tayy)Il < gl and Y — (¢ - )l < gl

Then let x,,,y, € Sx be points such that ¢, (x,;) = ¥, (y,) = 1. Then

On(xn) + V() — 20¢(9) > %8’"’ which implies
(@ + 1y (on) + (@ — tay) (vn) — 20¢(¢) = %

Then #,y%(xy — yn) = % and 5o |lx, — yull = 5. Now (¢) — ¢ and (¥n) — ¢
therefore ¢ € G, when % < %, which is a contradiction. O

6.6.16 (Smooth variational principles on RNP spaces).”™ Suppose X is a Banach
space with the RNP, and that X has a C*-smooth bump function 5. Given any proper
bounded below Isc function f : X — (—o00, +00], show that there is a C*-smooth
function g and xp € X so that ' (xg) = g(xo) and f > g (i.e. X admits a C*-smooth
variational principle).

Hint. Let ¢ := f +b~2 and apply Corollary 6.6.16; see [205, Theorem 19] for further
details. |

6.6.17 (Smooth variational principles and superreflexivity).** Suppose £ > 1. Show
that X admits a C¥-smooth variational principle if and only if X is superreflexive and
admits a C¥-smooth bump function.

Combined with Exercise 6.6.16, this shows that a Banach space with the RNP that
admits a C2-smooth bump function is superreflexive. Stronger results in this direction
can be found in [312, Proposition 2.3] which built upon [178] to show that the con-
tinuous bump function on a space with the RNP need only have a Gateaux derivative
that satisfies a directional Holder condition at each point, in order for the space to be
superreflexive.

Hint. For necessity, apply the C*-smooth variational principle to 1/| - || to obtain a
C*-smooth bump. To obtain superreflexivity, it is enough to show every separable
subspace Y of X is superreflexive. For that, let | - | be an equivalent locally uniformly
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convex norm on Y. Then apply the variational principle to f* defined by f (x):=1/|x|
if x € Y, and f'(x):=00 otherwise. Use the local uniform convexity of | - | to then
construct abump function on Y with Lipschitz derivative, and hence use Exercise 5.5.7
to conclude Y is superreflexive. The converse follows from Exercise 6.6.16. For more
details, see [205, Theorem 20]. O

6.7 Convex functions on normed lattices

This section assumes the reader is familiar with normed lattices; notions not explained
here can be found in [386]. We write the lattice operations as x v y and x A y for the
supremum and infimum of x and y respectively. As usual, we denote x":=x Vv 0 and
x~:=(—x)T, and |x|:=x V (—x).

In this section, use d%f to denote the algebraic subdifferential of /', that is elements
from the algebraic dual X' that satisfy the subdifferential inequality. The proof of the
next two simple facts are left as Exercise 6.7.2.

Fact 6.7.1. Let X be a topological vector space, and f : X — (—o00,+0o0] a pos-
itively homogeneous convex function. Then for ¢ € X*, ¢ € 9f (X) if and only if

¢ € 9f(0) and ¢ (x) = f (X).
Fact 6.7.2. Let X be a normed lattice. Defineg : X — R by g(x) = ||x||. Forx # 0,

Ig) ={p € X" : gl = 1,¢(x) = lIX|l}, 9g(0) = By~

Proposition 6.7.3. Let X be a normed lattice. Thenx > ||x™ || is a continuous convex
function.

Proof. For x1,x € X and 0 < A < | we have Axf’ > Ax1, 0 and (1 — )\)xzr >
(1 — Mxz, 0. Adding these we obtain Ax; + (I — A)x) > (Axp + (1 — Mx) ™.
Because X is a normed lattice, this yields

[Ox1 + (1= M)t < Iax] + 14— 0|

< A+ A = I,

which establishes the desired convexity. Continuity follows from the continuity of
lattice operations; see [386, Section I1.5.2]. 0

The previous proposition and the max formula (4.1.10) yield

Corollary 6.7.4. Let X be a normed lattice. Define f : X — R by f(x) = |xT|.
Then of (x) # W for all x € X.

Proposition 6.7.5. Let X be a normed lattice. Define f : X — R by f(x) = ||xT|.
Forx ¢ —X4,

W@ ={peX : ¢=0,l8l=10E)=0,0G") = x7]).
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Forx <0,

WE ={peX : ¢=0,l¢l <1¢x =0}

Proof. The positive homogeneity of f* along with Fact 6.7.1 establish that ¢ € 9f (x)
if and only if ¢ € 9f(0) if and only if ¢ (x) = f(x). Now ¢ € 9f(0) if and only if
¢ (x) < |x*|, for all x € X; this is equivalent to ¢ > 0 and ||¢|| < 1. Accordingly,
¢ € 9f (x) ifand only if ¢ > 0, ||¢|| < 1 and ¢ (¥) = ||x*|. This implies ||xT|| =
dGET =x7) <o) < 1olIXT] < XTI, and so the result follows. O

The following makes this more precise when x is not negative.

Proposition 6.7.6. Let X be a normed lattice. Definef,g : X — R by f(x) = ||xT||,
g(x) = ||x|| for all x € X. Then forx ¢ —X,

IE) =agEHN{peX*: ¢=>0,¢(x") =0}

In particular, for x & —Xy, if the norm || - | is differentiable at X, then f is
differentiable at x with the same derivative.

Proof. The formula for df (x) follows from Fact 6.7.2 and Proposition 6.7.5. Also,
if g is differentiable at X+, then dg(x™) is a singleton. Now, Corollary 6.7.4 ensures
Af (%) # @, and thus 9f (¥) = {Vg(h)}. |

Example 6.7.7. As before, let /' (x) := |x*|, forx € X.

(a) Let X = Ly(T,p). For x # 0, Vx|, = ||x||,L*” IxIP~2x (Exercise 6.7.3).
According to Proposition 6.7.6, f is differentiable for x ¢ —X,, and Vf(x) =
[EaPagCaslal

(b) Let X = L{(T, ). From Proposition 6.7.5 it follows that for any x and ¢ €
Loo(T, ), ¢ € 0f (x) if and only if

1 a.e., where x(¢) > 0;
¢ =10 a.e., where x(¢) < 0;
€ [0,1] a.e., where x(¢) = 0.

Thus f is differentiable at x if and only if |x(¢)] > 0 a.e., and in this case,
V(X)) = Xt : x0>0}-

(c) Let X = Loo(T, ) with the weak*-topology. According to Proposition 6.7.5, for
¢ € Li(T,n) and x € —X,, ¢ € 9f (x) if and only if, qu&d;L =1,¢=0
a.e. where x(#) < 0 and [ ¢xTdp = ess sup x*, which is equivalent to ¢ > 0,
¢|TXC = 0 and fo ¢du =1, where Ty = {t € T : x(¢t) = ess sup x}. It follows
that if x(¢) < ess sup x a.e. then 9f (x) = . Also, f is never differentiable at x if
(T, ) is nonatomic.

(d) Let X = C(T) where T is a compact Hausdorff space. For x € X, define
Ty ={t € T : x(t) = max; x(t)}. According to Proposition 6.7.5, for —x € X,
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using the Riesz representation theorem,

afx) ={p e M(T): ¢ =0,6(T) = 1,suppp C T3},

(in other words, probability measures supported on 7). Thus for x ¢ —X,,
f is differentiable at x if and only if 7 is a singleton, {¢p} say, in which case
Vf(x) = &, a unit mass concentrated at 7.

Let us note that a subspace / of X is an ideal if y € I whenever x € [ and |y| < |x|.
Anideal 7 of X is called a band if A C I and sup4 = x € X implies x € /. We denote
the collection of bands in X by X?.

Proposition 6.7.8. Let (X, Y) be a dual pair, with X a vector lattice and Y partially
ordered by (X4)". Supposeyy € Y, yo > 0, and define h : X — R by h(x):=(x", o).
Then h is a positively homogeneous convex function such that, for any x € X,

Ihx)={yeY: 0=<y=<yx .,y =0 "y —y =0
If'Y is an ideal in X then 0h%(x) = dh(x).

Proof. Clearly, h is positively homogeneous. Now let xj,x; € X and 0 < A < 1.
Then )»xT > )»xzr and (1 — )»)xzr > (1 —A)x2, 0, s0

Ox1+ (1 =)t < axf + 0 —x
and then, because yp > 0, it follows that
((xt + (1= Mx2) ™, p0) < A p0) + (1= ) (x5, y0).

This shows # is convex. Now y € 84(0) if and only if (x,y) < (x*, o) forall x € X;
this is equivalent to y € [0,y¢]. According to Fact 6.7.1, y € dh(x) if and only if
y € [0,y0] and (x,y) = (x™,y0). But then

xFoyo) = (x> (x,) = (T, 0).

Thus there is equality throughout and the result follows.

When ¢ € X', ¢ € 0°h(0) if and only if ¢p(x) < (xT,yp) for all x € X. This is
equivalent to ¢ > 0 and yg — ¢ > 0. Thus ¢ € X% and 0 < ¢ <y, forgp €Y
because Y is an ideal. Therefore, 9%4(0) = 04(0), and consequently 0%/(x) = dh(x)
forallx € X. O

Proposition 6.7.9. Let X be a normed lattice, A € X*, A > 0, and define h : X —
R by h(x) := A™). Then h is a continuous convex function, and in particular,
oh(x) # W@ forallx € X.

Proof. The convexity follows from Proposition 6.7.8, and the continuity follows from
properties of normed lattices as in [386, I1.5.2]. The subdifferentiability then follows
from the max formula (4.1.10). O
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6.7.1 Hilbert lattices

A Hilbert lattice is a Banach lattice in which the norm induces an inner product. It
is well known that a Hilbert lattice is isomorphic to L, (S, ) in the usual ordering
for some measure space (S, €2, 1) [386]. Thus, one is in fact looking at spaces like
Ly ([0, 1]), £2(N), £>(R) and their products.

Since convex functions on Hilbert space are so central in applications, we describe
some of the striking order theoretic results characterizing Hilbert lattices within
Banach lattices.

Theorem 6.7.10 (Hilbert lattice characterizations). Let H be a vector lattice Hilbert
space with ordering cone S. Then the following are equivalent.

(a) H is a Hilbert lattice.
(b) Forx,yinS, |lx Ayl|* < (x,y) < [lx Vyllx Ayl

(¢c) Forx,yinH,xANy=0% (x,y) =0,x € S,y €S.
(d S=58".

Proof. (a) = (b): It suffices to verify that

XAy, xVYy) = (x,») (6.7.1)

whenever x,y > 0. Then, as the norm is monotone and x Vy > x Ay >g5 0 we
derive (b). Since the norm is absolute, we have that x Vy +x vy = x + y and
lx Vy—x Ayl = |lx — y|. By the parallelogram law we therefore have that

Ix V212 + lIx AV £200 Ap,x V) = X2+ I3 £ 2(x,2).

Subtraction and cancellation yields the asserted result (6.7.1).

The implication (b) = (c) is immediate.

(a) = (d): Since S C ST ((a) implies (b)) it suffices to show the converse. Fix
x € ST. Since (x™,x™) = 0 ((a) implies (c)) we have

12 4 17 = (e,x) < (7, x) < (eha)

since xT <g x. Hence x~ = 0 and x = x1T € S. Thus we have shown that all
properties hold in a Hilbert lattice. The converse is left as Exercise 6.7.5. O

The self-duality of the semidefinite matrices (Proposition 2.4.9) shows how
strongly this result relies on vector lattice structure.

Example 6.7.11. The Sobolev space W %([0, 1]) of all absolutely continuous func-
tions with square-integrable derivatives on [0, 1], endowed with the a.e. pointwise
order and normed by

Ixl? = [1x113 + |x(0)[?

provides an example of a Hilbert space which is a vector lattice but not a Banach lattice:
the norm preserves absolute values but is not order-preserving on the cone [119].
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Another useful connection between order and geometry is due to Nemeth. We state
it without proof.

Theorem 6.7.12 (Projection characterization [330]). Suppose K is a closed generat-
ing convex cone in a real Hilbert space H, and that Pk is the metric projection onto
K. Then H ordered by K is a Banach lattice if and only if Pk is isotone (y >g x
implies Px(y) >k Pk (x)), and subadditive (Px (x) + Px(y) >x Px(x +y), for all
x,y € H).

Finally, we quote a pretty lattice variant on the classical Pythagorean characteriza-
tion of Hilbert space.

Theorem 6.7.13 (Pythagorean lattice characterization [196]). Let E be a Banach
lattice with norm || - || and ordering cone K. Then E is a Hilbert lattice if and only if

1 1
=lx + 212+ zlx = yI? = Ixl? + Iyl
2 2

forallx,yin K.

Exercises and further results

6.7.1 (The semidefinite order is not a lattice order). Show the Loewner-order is not
a lattice order.

Hint. Suppose there is a matrix Z in S satisfying

1 0 0 0
WZ|:0 01|ansz|:0 1:| S W=>=Z,

in the semidefinite order. By considering diagonal matrices W, prove Z = |: cll ]
a

for some real a. Now using W = I, prove Z = I. Finally derive a contradiction by

2 1
considering WV := 3 |: | 2 ]

It is illuminating to plot this situation. 0

6.7.2.* Prove Fact 6.7.1 and Fact 6.7.2.
6.7.3. Let X := L,(T, ). For x # 0, show that V/|x[, = [lx[, *|xI"~2x.

Hint. See [260, p. 170]. ]
6.7.4. Let H be a Hilbert lattice ordered by S. Show that Pg(x) = x™.

Hint. Using the characterization in Exercise 2.3.17(c) it suffices to show that (x —
xt,s—x*) < Oforalls € S. Since S is a cone this means showing (x*,x~) = 0 and
x~ € ST.ButS C ST by (a) implies (c) of Theorem 6.7.10.

6.7.5.* Finish the proof of Theorem 6.7.10.

Hint. To show (b) implies (a) notice the norm is monotone, and x™ A x~ = 0 implies
the norm is absolute. For (c) implies (b), fix x,y > 0. Letz ;= x Vy,w = x A y.
Thenx +y = w+zand (x —z) A (y — z) = 0. By the parallelogram law (x,y) =
(w,z) < |iz|||lw]l. For (d) implies (c), suppose x,y >g 0. Letz := x Ay >g 0.



334 Further analytic topics

Suppose {(x,y) =0.As S C ST,0 = (x,y) > (z,y) > (z,z) > 0Oandsox Ay = 0.
Conversely, if z = 0 then x + y = x V y = |x — y| one may derive (6.7.1), after first
showing the norm is absolute when S* C S [119]. O

6.7.6 (New norms from old).* In addition to methods already discussed there are
several accessible ways of generating useful new norms from lattice norms. Two
notable constructions are the following.

(a) (Substitution norms [172]). We call a Banach function space X on an index set
S full if |y(s| < |x(s)|, foralls € S and x € X implies y € X; this holds in a
Banach lattice sequence space such as co(N) or £,(N) for 1 < p < co. Let X
be a full function space and for each s in S, let (X, | - ||ls) be a normed space.
Consider

Px(Xy) == {x 1 ¥ (s) = [Ix(9)[ls € X}.

Show that |||x||| := ||y || defines a norm on Py (X;). Show that Py (Xs) so normed
is complete if and only if each component space is.

(b) Suppose each X; is complete. For 1 < p < oo and 1/g + 1/p = 1, define
Pp(Xy) 1= Py, s)(X;) and let m(S) denote the Radon measures on S in the vari-
ation norm. Show that (i) P1(X;*) = Py s)(Xs)*; (ii) P1(Xs)* = Pps)(Xs); and
(iii) Py (X) = Pp(Xy)*.

In particular for 1 < p < oo the space P,(X;) is reflexive if and only if each
component space is.

(c) (Recursive norms on £ [188]). Two fairly general constructions on £ are as

follows.

(i) For 0 < ¥ < ¥u41 < 1 the norm x|, := sup, yu Z,fin llx,]l is an
equivalent norm on £

(if) Let p := (py);2, be a sequence of numbers decreasing to 1 and let
1/g, + 1/p, = 1. Let x = (x,);2, be a real sequence. Let S(x) =
(x2,x3,...,Xp,...) denote the unilateral shift. Define a sequence on semi-

norms v, (p,x) by vi(p,x) := |x1| and
1
Va1 (0, %) = (Jx1 P+ v (Sp, Sx)P1) e

Show that v, 11 (p, -) increases pointwise to a seminorm v, which is equivalent
to the 1-norm if and only if its conjugate v, is equivalent to the supremum
norm on ¢g. In particular, show this is the case if p, := 2"/(2" — 1). Note
the analogy to a continued fraction or radical in this construction.

6.7.7 (Lattice renorms).*™ A striking result is that a Banach lattice has a locally
uniformly rotund (LUR) renorm if and only if order intervals in the lattice are weakly
compact [169]. (Equivalently the lattice is order continuous [169].) Deduce that,
given an order interval [0, x] in such a lattice, the end points are strongly exposed by
positive continuous linear functionals.
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Likewise a Banach lattice is reflexive if and only if it has an equivalent lattice

renorm in which both the norm and the dual norm are simultaneously Fréchet and
LUR [226].
6.7.8 (A weak lattice-like property [51]).** Let X be a Banach space ordered by a
closed convex cone K. The order is directed if given x1,x, € X there exists z € X
with z >k x1 and z >k x,. Clearly every vector lattice order is directed. An element
A # 0 of a convex cone is called an extreme direction if whenever A = A1 4 A, for
k1,ky € K then actually A1, Ay € RyA.

(a) Check that if int K # ¢ then K is directed.

(b) Show that if int K = ( then ext K™ £ (.

(c) Suppose that A € ext KT and that x1,x, € X satisfy (A,x1) < 0and (A, x;) <O0.
Show that for every ¢ > 0 there exists z, € X with x| <g z,xp <g z and
(A,ze) < e

Hint. Consider the abstract linear program
—00 < pu:=1inf{{A,z) : z€ X,z >k x1,z >k x2}.

Compute the dual linear program and justify the lack of a duality gap. Use the
extremal nature of A to deduce that © < 0 [51]. O

(d) Use the point A := (1,1) in (R%ﬁ)Jr and x; := (1, —1),x2 := (—1, 1) to show the
necessity for something like extremality in (c).

(e) Show that for 1 < p < oo the Banach lattice cone in L, ([0, 1]), with respect to
Lebesgue measure, has no extreme directions.

6.7.9 (Cone quasiconvexity [51]).** Let X, Z be Banach spaces with X ordered by a
closed convex cone K. A function F': Z — (X, K) is quasiconvex with respect to a
cone K if, for all x in X, all level sets {z € Z : F(z) <k x} are convex. Clearly all
cone convex functions as in Exercise 2.4.28 — which extends to Banach space — are
cone quasiconvex. Show the following:

(a) Suppose that K is directed and K is the weak*-closed convex hull of its extreme
directions. Then F is K -quasiconvex if and only if A o F is (scalarly) quasiconvex
for every A € extK™.

(b) K™ is the weak*-closed convex hull of its extreme directions if int K # ). Thus
(a) applies whenever K has nonempty interior.

(c) The result in (a) applies in the Banach lattice £,(N) (1 < p < oo) whose cone
has empty interior: F is E;‘—quasiconvex if and only if each coordinate is.

(d) Yet, the sum of two quasiconvex functions on R is usually not.

Hint. (a) Apply Exercise 6.7.8 (c). For (b) Suppose e € intK # . Show that
C:={ueK": (ue = 1}is a weak*-compact base for the cone and use the
Krein—Milman theorem applied to C. (d) Consider the decomposition of any function
of bounded variation into the sum of an increasing plus a decreasing function. 0

6.7.10 (Continuous Hahn—Banach extension theorem for operators [63]).** Show that
a Banach lattice Y is order-complete if and only if it has the continuous Hahn—Banach
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extension property for Banach spaces. (That is, in the definition of Exercise 4.1.52
we require all spaces to be Banach and all mappings to be continuous.)

Hint. Adjust the construction of p from Exercise 4.1.52 so p is defined and continuous
on £1(I). Note one can assume A, B lie in an order interval. O

6.7.11 (The convex geometry of choice [48, 65]).** Let X be a Banach space ordered
by a closed convex cone K. It is proven in [65] for Zermelo—Frankel set theory (ZF)
with the axiom of choice (AC) that every weakly compact set C admits a point,
c*, which is simultaneously extreme and maximal or Pareto efficient.c >g c*, c €
C = ¢* >k c¢. (When K = 0 this is just a version of the Krein—Milman theorem.)
Remarkably, the converse is true. Indeed:

Theorem 6.7.14. The following are equivalent in Zermelo—Frankel:

(a) The axiom of choice obtains.

(b) The closed unit ball of every dual Banach lattice has an extreme point.

(c) The closed unit ball of every dual Banach lattice has a minimal point in the dual
lattice ordering.

Hint. We outline (c) implies (a) [65]. The idea behind (b) implies (a) is similar [48].
We need to construct a choice function for a family of sets {4; : i € I} which may
be assumed disjoint subsets of some set U. Let 4 := U;c7A4; and let X be the normed
space defined by

X:={xeR": |lx| :=)_ sup|x(a)| < oo}.

iel 9€4i

Then, in the language of Exercise 6.7.6 (a), X is the substitution space of the spaces
X; := €5(4;) in £1(]) and has dual

X* o= ' = () ¢ ||| = sup [} l; < oo,x} € X[},
iel
Since each X; is a Banach lattice, X* is a dual Banach lattice with positive cone

K:={"eX*: x(x;) > 0forall x; € £oo(4;)+}.

‘We now build a (multiple) choice function as follows. Let g be a maximal element of
the ball. By maximality g = |g| € K. Set o; := sup, g and let

M@) = {a; € 4; : ga;) > ai/2}.

We will show each M (i) is nonempty and finite from which (a) follows.

(i) To show M (i) # @, it suffices to show «; > 0. Else g(4;) = 0. Fix a; € 4;
and let g’ agree with g except for j = i where g/ = §,, (the Kronecker §). Then
g <k g € Bx= which violates maximality. (ii) M (i) is finite since 2 > 2g(8,,) >
2 Za,-eM(i) g(a;) > a; #(M (i)), while a; > 0. 0
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Recall that weak*-compactness of the dual ball follows from the Boolean prime
ideal theorem and so does not require the full axiom of choice — but combining
the conclusion of the Krein—Milman theorem does! In the same vein, a result of
Luxemburg is that the validity of the Hahn—Banach theorem is equivalent to Luxem-
burg’s even weaker axiom (AL): Every family with the finite intersection property of
weak™-closed convex subsets of the dual ball of a Banach space has a common point.



7

Barriers and Legendre functions

Considerable obstacles generally present themselves to the beginner, in studying the ele-
ments of Solid Geometry, from the practice which has hitherto uniformly prevailed in this
country, of never submitting to the eye of the student, the figures on whose properties he
is reasoning, but of drawing perspective representations of them upon a plane. . ..I hope
that I shall never be obliged to have recourse to a perspective drawing of any figure whose
parts are not in the same plane. (Augustus De Morgan)1

7.1 Essential smoothness and essential strict convexity

This chapter is dedicated to the study of convex functions whose smoothness and
curvature properties are preserved by Fenchel conjugation.

Definition 7.1.1. We will say a proper convex lower-semicontinuous function f :
RN — (—o00, +00] is:

(a) essentially smooth in the classical sense if it is differentiable on int dom f # @,
and | Vf (x,)|| — oo whenever x, — x € bdry domf’;

(b) essentially strictly convex in the classical sense, if it is strictly convex on every
convex subset of dom df;

(¢) Legendre in the classical sense, if it is both essentially smooth and essentially
strictly convex in the classical sense.

The duality theory for these classical functions is presented in [369, Section 26].
The qualification in the classical sense is used to distinguish the definition on R”
from the alternate definition for general Banach spaces given below which allows the
classical duality results to extend to reflexive Banach spaces as shown in [35], which
we follow.

Definition 7.1.2. A proper Isc convex function f : X — (—o00, +00] is said to be

(a) essentially smooth if of is both locally bounded and single-valued on its
domain;

I Augustus de Morgan, 18061871, First President of the London Mathematical Society, quoted in Adrian
Rice, “What Makes a Great Mathematics Teacher?” American Mathematical Monthly, June—July 1999,
p. 540.
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(b) essentially strictly convex, if (3f)! is locally bounded on its domain and 1" is
strictly convex on every convex subset of dom df’;
(¢) Legendre, if it is both essentially smooth and essentially strictly convex.

In finite dimensions, where as usual the situation is both best understood and most
satisfactory, the local boundedness conditions above are superfluous, and conse-
quently the definitions above are compatible in Euclidean spaces as will be shown in
Theorem 7.3.8.

Exercises and further results

7.1.1 (Essential vs. strict convexity). Confirm that
max{(r —2)* +% — 1, —@n) 4,

drawn on p. 4, is essentially strictly convex with a nonconvex subgradient domain
and is not strictly convex. Compute and plot its essentially smooth conjugate.

7.1.2 (An alternating convex inequality [134]). Suppose that f is convex on [0, 5],
withb>a; >a; >--->a, >0while0 < h; < hy, <--- < h,. Show that

Y =0 () = f (Z(—l)"“hkak) :
k=1 k=1

7.2 Preliminary local boundedness results

This section develops rudimentary results that will be used in the next section to
develop the duality between essential strict convexity and essential smoothness.

Fact 7.2.1. Suppose f is a proper Isc supercoercive convex function. Then:

(@) ¢ € 3f (xn) and ||xn|| — o0, imply ||| — 00,
(b) (3f)~" is bounded on bounded sets;
(c) if, additionally, f is strictly convex, then f is essentially strictly convex.

Proof. Fix xo € domf. Because ¢, € 9f (xy,), it follows that ||¢,|| > |f(x,) —
Fxo)l/llxnll; thus ||¢,]] — oo by supercoercivity which proves (a). Now (b) is a
consequence of (a), while (¢) is a consequence of (b) and the definitions involved. [

The next few facts consider boundedness properties of subdifferentials. Related
results for Euclidean spaces were outlined in Exercises 2.1.23, 2.2.23 and
Exercise 2.4.7.

Lemma 7.2.2. Suppose f : X — (—o00,+00] is a proper Isc convex function. Then
af fails to be locally bounded at each x € bdry 9f.

Proof. Suppose df is locally bounded at x € dom df. Then choose x, — x and
¢, € 9f (x,) and |¢,]| < K. Now for some subnet ¢,, —+ ¢, and one can check
that ¢ € df (x). Therefore x € dom df".
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Now suppose x € bdry df, then there exists a neighborhood U of x with 9f (U)
bounded. According to the Bishop—Phelps theorem (Exercise 4.3.6), there exists
z € UNdom df and w* € X* \ 0 such that w*(z) = sup{w*,dom 3f’). Thus, 9f is
locally bounded at z and so by the first paragraph of this proof, z € dom df". Now let
z* € 3f (z). Then, for A > 0,

(Z* +a'x —z) < f&) = f@) + 2w (x —2) < f(x) —f(2)

for all x € domf. Therefore, z* + Aw* € 9f(z) for all A # 0 and so 3f () is
unbounded. This contradiction completes the proof. O

Corollary 7.2.3. Suppose f : X — (—00,400] is a proper Isc convex function and
x € dom df. Then x € intdom f if and only if of is locally bounded at x.

Proof. Supposex € intdom f. Then df is locally bounded at x by Proposition 4.1.26.
The converse follows from Lemma 7.2.2. [

Lemma 7.2.4. Suppose intdomf # @ and x € domdf \ intdomf, then df (x) is
unbounded.

Proof. Letx € dom df \ int dom . Because dom f is convex with nonempty interior,
according to the separation theorem (4.1.15) there exists w* € X™* \ 0 such that
(w*,x) = sup{w*,domf). As in the proof of Lemma 7.2.2, x* + Aw* € 3f (x) if
x* € 9f (x) and A > 0. O

The previous result extends naturally to maximal monotone operators as the reader
can find in [350, p. 30].

Exercises and further results

7.2.1 (Asymptotically well-behaved convex functions [23]).** A proper closed convex
function on R" is said have good asymptotical behavior if for all sequences (xz), (Vi)
such that y; € 9f (xx) and limg_, o0 yx = 0 one has limy_, o f (xx) = Inf{f(x) : x €
R"}. For the following, suppose /', g are proper Isc convex functions on R”.

(a) Show that if / is inf-compact (i.e. for each A, the set {x : f(x) < A} is bounded),
then it has good asymptotical behavior.

(b) Suppose {x : f(x) < A} lies in the relative interior of dom f for all A > inf f.
Show that /" has good asymptotical behavior.

(c) Consider the following example of Rockafellar [369]: f : R? — [0, +00) defined
by f(x,y) := y*/x ifx > 0; £(0,0) := 0, and /' (x,y) := 400 otherwise. Show
that /* does not have good asymptotic behavior.

(d) Let f and g be proper Isc convex functions on R”, and let # := f'og. Suppose
further that /" is inf-compact and for each x € R” there exists y € R” such that
h(x) =f(x —y) 4+ g(»y). Show that g has good asymptotical behavior if and only
if / has good asymptotical behavior.

(e) Does an essentially smooth convex function necessarily have good asymptotical
behavior?
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Hint. For (c), consider the sequence x; = (k%,k). For (d), use the fact that
oh(x) = df (x — y) N dg(y) when h(x) = f(x —y) + g(x). See [23, Proposition
2.9] for more details. For (e), find an appropriate convex function g : R? — [0, +00)
such that g(x,y) = 0 if x > 1 and that f + g is essentially smooth. See [23] for
applications and further properties of asymptotically well-behaved convex functions.

J

7.2.2. Suppose f : X — R is continuous strictly convex and X is reflexive. (a) Is f*
Gateaux differentiable everywhere on X*? (b) What if X = R” and /" is coercive? (c)
What if /" is supercoercive?

Hint. Both (a) and (b) fail even when X = R. Indeed, we can take f(¢) := e’ — ¢
which is strictly convex and coercive, but f* is not defined everywhere.

(c) Because (f™*)* = f is strictly convex, it follows that /* is Gateaux differentiable
on the interior of its domain (see Proposition 5.3.6). Thus, if f is strictly convex and
supercoercive, then * is bounded on bounded sets (see Theorem 4.4.13), and so f*
is Gateaux differentiable everywhere. O

7.2.3. Verify the following relations.

(a) If f is continuous and Gateaux differentiable everywhere, then f is essentially
smooth.
Find examples on finite-dimensional spaces for (b), (c), and (d).

(b) f continuous and strictly convex 7 f* Gateaux differentiable everywhere.

(c) f Gateaux differentiable everywhere % f™* strictly convex on its domain.

(d) f essentially strictly convex # f is strictly convex.

(e) In finite dimensions, f strictly convex = f essentially strictly convex; however,
produce an example showing this is not true in £;.

Hint. (a) is easy. For (b) see the previous exercise. For (¢) see Exercise 5.3.10. (d) the
conjugate /™ of f in (c) is such and example. (¢) See Example 7.3.9 below. 0

7.2.4 (Three classic functions). We revisit the sometimes subtle difference between
strict and essential strict convexity (see the example before Theorem 23.5 and
examples before Theorem 26.3 in [369]). Define on R:

max{l — 2, |s|} ifr > 0;

00 otherwise.

fi(r,s) =

s?/@r) =252 ifr > 0ands > 0;
Sa(r,s) =10 ifr=s5=0;

00 otherwise.
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s?/@2r)+s* ifr>0ands>0;
fr,s) =10 ifr =5=0;

00 otherwise.

Confirm that

(a) dom 9f] is not convex, and f] is not strictly convex on intdomf. Clearly, f] is
not essentially strictly convex;

(b) f> is not strictly convex. However, dom df; is convex, and f; is essentially strictly
convex;

(a) domf; = dom df3 is convex, f3 is strictly convex on intdom f3, but f3 is not
essentially strictly convex.

Finally, f2 below, given in Exercise 7.1.1 and drawn in Chapter 1, is perhaps more
borderline than any of the functions above:

max{(r —2)* +s> — 1, —()"/*} ifr = Oands = 0;

otherwise.

fa(r,s) =

0.3 1

0.0
0.05 05

Figure 7.1 The functions f1, />, /3.
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Then f4 is not strictly convex, dom dfs is not convex, yet f4 is essentially strictly
convex! (Note that the conjugates of f1, . . ., fa are worth computing with respect to
essential smoothness.)

Figure 7.1 illustrates the first three functions of Exercise 7.2.4.
7.2.5. Suppose y € intdomf and x € domdf. Choose M > 0,r > 0 such that
fw) < f(x)+ M forall u € y + rBy, and so that ||¢| < M for some ¢ € If (x).
Show that

(@) For0 < A < L, let Uy, := (1 — A)x + A(y + rBx). Show that f(x) — AM <
fw) <f(x)+ M forall u € U,.

() Let up, = (1 — A)x + Ay for 0 < A < 1. Show that 9f (u;) # @, and
f ) C Y By

7.3 Legendre functions
This section highlights the satisfactory duality theory that exists for Legendre func-

tions in reflexive spaces, and also shows the compatibility of the classical and general
definitions in finite-dimensional spaces.

Lemma 7.3.1. Supposef : X — (—o00,400] is a Isc proper convex function. Then:

(a) of is single-valued on its domain if and only if f* is strictly convex on line
segments in range f .

(b) Forallx,y e X, x £y = 9f (x) N 3f (y) = ¥ & f is strictly convex on line
segments in dom 9f .

Proof. (a) =: We proceed by way of contradiction. Thus we assume there exist
Y1,y € range df such that y # 3, [¥],»5] C rangedf and 11,2 € (0,1) with
Aitrr = landf*(hiy] +223) = Af (V] +A2f " (3). Now lety* = A1y] +22y5.
Then there exists x € X such that y* € 9f (x). Hence

2
0=/()+/*0") = 0% = Y L(f @) +*0%) — (7,x) = 0.

i=1

It follows that both y} and y3 belong to df'(x), which is a contradiction.
«<: Choose y7,y; € df (x). Then f(x) + f*(y}) = (},x), fori = 1,2. For all
nonnegative reals A1, Ay that add up to 1, we have:

S+ 2" + 2af "(03) = (My] + A2y3,x)
<f) +F T+ A2p3)
SFO) + 2O + A" (0).
Therefore equality holds throughout. It follows that x € 9f*([y,»5]) and that

f*|[yT’y§] is affine. Consequently, yi = y;.
(b) is proved analogously. -
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Theorem 7.3.2. Suppose X is a reflexive Banach space. Then f is essentially smooth
if and only if f* is essentially strictly convex.

Proof. This follows from Lemma 7.3.1 and the fact (3f) ™! = 3f™ in reflexive spaces.
|

Exercise 5.3.10 provides a function f : R?> — (—00, +-00] such that f* is smooth,
but (f*)* = f is not strictly convex. So the theorem above highlights a nice tight
duality for the ‘essential’ case. See also Exercise 7.2.2 for more information when f
is strictly convex.

The following corollary is immediate from the previous theorem and the definition
of Legendre functions.

Corollary 7.3.3. Suppose X is reflexive. Then f is Legendre if and only if f* is.

Exercise 7.3.5 shows the previous corollary can fail outside of reflexive Banach
spaces.

Theorem 7.3.4. Suppose X is a Banach space and f : X — (—00,4-00] is a proper
Isc convex function. The following are equivalent.

(a) f is essentially smooth.

(b) intdomf # ¥ and df is single-valued on its domain.

(c¢) dom df = intdomf # @ and of is single-valued on its domain.

(d) intdomf # 0, f is Gdteaux differentiable on intdomf and |Vf (x,)|| — oo for
every sequence (x,) in intdom f converging to some point in bdry domf.

Proof. (a) = (b): By the Brondsted—Rockafellar theorem (4.3.2), domdf # @.
Thus we fix x € domdf. By assumption, df is locally bounded at x. According
to Corollary 7.2.3, x € intdom, and so intdomf # ¢.

(b) = (c): First, intdom f C dom df (Proposition 4.1.26). Suppose x € dom(3f).
According to Lemma 7.2.4, x cannot be a boundary point of domf. Hence x €
int dom f and thus dom df = intdomf".

(c) = (d): f is Gateaux differentiable where it is continuous and df is single-valued
(Corollary 4.2.5). Let x € bdry f and (x,) C intdom f be such that x, — x. Suppose
by way of contradiction that lim inf,, | Vf (x,)|| < oo. Pass to a subnet (x,) of (x,)
such that Vf (x,) —+ x*. Because x, — x, it is easy to check that x* € 37 (x). Thus
x € (dom 9f) N (bdry dom f) which contradicts (c).

(d) = (a): The Gateaux differentiability of / implies single-valuedness of df and
Proposition 4.1.26 guarantees the local boundedness of df on intdomf. Thus it
suffices to show that df (x) = @ for all x € bdry domf. So, suppose 9f (x) % @ for
some x € bdry domf'. Applying Exercise 7.2.5, the sequence x, = uy,, converges to
x, and lim sup,, | Vf (x,)|| < oo. O

Lemma 7.3.5. Suppose X is a Banach space and f : X — (—o0,+00] is a proper
Isc convex function. Suppose both dom df and dom f™ are open. Then f is essentially
strictly convex if and only if f is strictly convex on int dom f.
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Proof. First, int dom f™* C dom 9f™ (Proposition 4.1.26). By the openness of dom f*
and Corollary 7.2.3, we deduce that 9™ is locally bounded on its domain. In particular,
(df)~! is locally bounded on its domain. Again intdom f C dom 3, but the latter
set is open and so both sets are equal, and convex. The equivalence now follows
easily. |

The next results lists some properties of essentially strictly convex functions on
reflexive spaces.

Theorem 7.3.6. Suppose X is reflexive and f is essentially strictly convex. Then:

(a) Forallx,y e X,x #y = 3f (x) N df (y) = 0.
(b) range 3f = dom 3f™* = intdom /* = dom V™.
(¢c) Forally € domdf, 3f*(3f (v)) = {»}.

Proof. (a)Follows from Lemma 7.3.1(b). The first equality in (b) is trivial. The others
follow from Theorems 7.3.2 and 7.3.4. Lastly, (c) follows easily from (a). [

Theorem 7.3.7. Suppose X is reflexive and f : X — (—00, +00] is Legendre. Then
Vf :intdomf — intdom ™

is bijective with inverse (Vf)~™! = Vf* : intdomf* — intdomf. Moreover, the
gradient mappings Vf, Vf* are both norm to weak continuous and locally bounded
on their respective domains.

Proof. Since f is Legendre, it is both essentially smooth and essentially strictly con-
vex. Therefore f is differentiable on intdomf #  (Theorem 7.3.4) and df is a
bijection between int dom /" and int dom /* (Theorem 7.3.6). The norm-to-weak con-
tinuity follows from Smulian’s theorem (4.2.11), and derivative mappings are locally
bounded on their domains because /" is continuous where it is Gateaux differentiable
(Proposition 4.2.2) and the subdifferential is locally bounded at points of continuity
of /" (Proposition 4.1.26). O

Theorem 7.3.8. Suppose X is a Euclidean space. Then

(a) f is essentially smooth if and only if f is essentially smooth in the classical sense.
(b) f is essentially strictly convex if and only if f is essentially strictly convex in the
classical sense.

In particular, the classical notion of Legendre is compatible with the general notion
on Euclidean spaces.

Proof. (a) This follows from Theorem 7.3.4.

(b) If f is essentially strictly convex, then f is essentially strictly convex in the
classical sense. Now suppose f is essentially strictly convex in the classical sense.
According to Lemma 7.3.1(a), 9f * is single valued on its domain (which is nonempty).
Then f* is Fréchet differentiable on its domain because it has unique subgradients
there (Theorem 2.2.1), and hence f is continuous on the domain of 3™ and, as before,
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af™* is locally bounded on its domain. Therefore, /* is essentially smooth, and hence
f is essentially strictly convex according to Theorem 7.3.2. |

In contrast to the previous theorem, the classical and general notions of Legendre
are not equivalent in general Banach spaces.

Example 7.3.9 (Strictly convex does not imply essential strictly convex). We first
show that the classical Legendre notions do differ from the general ones outside
finite-dimensional spaces.

Let X := ¢; and let 2 < p, < oo be given with p,, converging to co as n — 00.
Define f : X — Rby

1
X Z — |xuP", where x := (x,).
Pn
n

Itis easy to check that f is everywhere differentiable and strictly convex. It is therefore
Legendre in the classical sense. Hence, the function f is essentially smooth.

Define the index conjugate to p, through an + qin =1.Then2 > g, — 1T,
and f*(y) = ), ql_n [yn|9. In particular, ™ is not essentially smooth in the classical
sense. Moreover, df*(y) = {(sign(y,,)|y,,|q"_1)}, provided this element lies in £;.
Consequently, df™ is single-valued on its domain but is not locally bounded according
to Theorem 7.3.2. Thus the function f is not essentially strictly convex. Further details
are discussed in [35, Example 5.14].

The example thus shows that the following three implications, which are always
true in finite-dimensional spaces, all can fail in infinite dimensions:

(a) ‘f essentially strictly convex in the classical sense = int dom /™ £ (.
(b) “9f™ is single-valued on its domain = f™ is essentially smooth’.
(c) ‘f is strictly convex = f is essentially strictly convex’.

Exercises and further results

7.3.1.* Prove Lemma 7.3.1(b). Verify that (3/)~! = 9f* in reflexive spaces and fill
in any remaining details in the proof of Theorem 7.3.2.
7.3.2. Letf : R” — (—o0,+00] be a convex function. Suppose x € domf.

(a) Show that df'(x) is a singleton if and only if f is differentiable at x.
(b) Show that this fails in every infinite-dimensional WCG space.

Hint. There are several approaches to showing if df (x) is a singleton at x € domf,
then f is differentiable at x on a finite-dimensional space. See Theorem 2.2.1 or [369,
Theorem 25.1]. Alternatively, if the affine hull of the domain of /" is all of R”, then
the domain of /" has nonempty interior. Now use Lemma 7.2.4. If the affine hull of the
domain of /" is not all of R”, then the subdifferential mapping is not single-valued at
any point where it is nonempty. For (b) consider the indicator function of a symmetric
closed convex set whose span is dense but not closed. ]
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7.3.3 (Coercivity and essential strict convexity vs strict convexity). LetX beaBanach
space, and suppose f : X — (—o0, +00] is Isc.

(a) If f is essentially strictly convex, is it coercive?

(b) If 1 is strictly convex and coercive, is it necessarily essentially strictly convex?

Hint. (a) No. Consider the strictly convex real function /' := exp. This is essentially
strictly convex since the space is finite-dimensional, but it is not coercive.

(b) Yes in reflexive spaces; with the following reasoning. Suppose f : X —
(=00, +0o¢] is coercive. Then 0 € intdom /™ according to the Moreau-Rockafellar
theorem (4.4.10). In particular, intdomf* # . According to Lemma 7.3.1(i),
af ™ is single-valued on its domain since f = (f*)* is strictly convex. Now The-
orem 7.3.4 ensures that f* is essentially smooth (since condition (ii) is satisfied).
Then Theorem 7.3.2 shows that f is essentially strictly convex.

In general spaces the following example shows the property can fail. Consider
X := ¢y and let f(x) := ||x||; and

|2
. 2 i
g) == (1 —1)" + E_Z 2

where x = (x;). Next, let A := (1,1,1,...) € €o, and define 7 = f 4+ g. Then / is
coercive because f is, and it is strictly convex because g is strictly convex.

Now h(e;) = 1 and so A € dh(ey) since h(e;) = A(er) and A(x) < |lx]1 < A(x)
forall x € X.

Now consider x, = e] + ney, then A € 3f (x,) and ¢, € dg(x,) where ¢, = %en.
Then A + ¢, € dh(xy), A + ¢, — A but ||x,|| — 00 s0x, € 3~ 'h(A + ¢,,) and
A € dom 3~ !4 and so 3~/ is not locally bounded at A in its domain. O

7.3.4 (Fréchet-Legendre functions). Let X be a Banach space, and /" be a Isc proper
convex function on X. We will say f is essentially Fréchet smooth if it is essentially
smooth and Fréchet differentiable on the interior of its domain.

(a) Suppose X isreflexive. Show that f is essentially Fréchet smooth if and only if f*
is essentially strictly convex and every point of range(df’) is a strongly exposed
point of /™.

(b) Suppose X is reflexive. We will say that /" is a Fréchet-Legendre function if f and
f* are both essentially Fréchet smooth.

(1) Show that f is Fréchet-Legendre if and only if /* is.

(i1) Suppose f is continuous and cofinite. Show that /" is a Fréchet-Legendre
function if and only if it is Fréchet differentiable and locally uniformly
convex.

(iii) Suppose X is a Euclidean space. Show that /" is a Fréchet-Legendre function
if and only if it is a Legendre function in the classical sense.

Notice that a Banach space is automatically reflexive if it has a continuous convex
function f* such that both f and /™ are Fréchet differentiable (Exercise 5.3.16).

Hint. (a) Supposef is essentially Fréchet smooth. Then /™ is essentially strictly convex
by Theorem 7.3.2. Suppose ¢ € 9f (x). Thenx € intdom f by Theorem 7.3.4 and so f*
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is Fréchet differentiable at x. According to Proposition 5.2.4, f* is strongly exposed by
x at¢. For the converse, f is essentially smooth by Theorem 7.3.2. Fix xo € intdom f.
Then f is Gateaux differentiable at xo. Let ¢ € 9f (xo) and ¢, € 9f;, (xp) where
gy, — 0. Follow the argument of (iii) implies (i) in Theorem 5.3.7(b) to deduce that
[ is Fréchet differentiable at xg.

(b) Part (i) follows because /** = f; (ii) follows because Exercise 5.3.17 shows f
is locally uniformly convex if f and f* are Fréchet differentiable; (iii) follows because
Gateaux differentiability and Fréchet differentiability coincide for convex functions
on Euclidean spaces (Theorem 2.2.1). O

7.3.5. In contrast to Corollary 7.3.2, find an example of a Legendre function f/ on a
nonreflexive Banach space such that /* is not Legendre.

Hint. Let X := £;. Deduce that there is anorm | - || on X such that | - || is both smooth
and strictly convex (Exercise 5.1.25). Show that /' := %||| JPisa Legendre function.
Compute /™ and conclude it is not essentially smooth because X* = ¢, does not
admit any equivalent smooth norm (Exercise 4.6.7(b)). O

7.3.6 (Convolution with an essentially smooth function). Suppose /" and g are closed
proper convex functions on a Euclidean space and that f* is essentially smooth. Show
that if ri(dom ™) N ri(domg*) # @ then fog is essentially smooth. See [369,
Corollary 26.3.2] for further details.

7.3.7 (Legendre transform). Suppose f is a (finite) everywhere differentiable convex
function on a Euclidean space E. Show the following:

(a) Vf is one-to-one on F if and only if f is both strictly convex and cofinite.
(b) Inthis case, f* is also everywhere differentiable, strictly convex and cofinite; and

FH6 = (N ) = f (9N ).

There is of course a dual formula for £, see [369, Theorem 26.6].

7.4 Constructions of Legendre functions in Euclidean space

This section begins with a direct proof of the log-convexity of the universal barrier
for an arbitrary open convex set in a finite-dimensional Banach space considered
by Nesterov and Nemirovskii in [331]. Then we explore some refinements of this
result.

Theorem 7.4.1 (Essentially smooth barrier functions). Let A be a nonempty open
convex set in RN. For x € A, set

F@) = v (A4 —x)?),

where Ay is N-dimensional Lebesgue measure and (A — x)° is the polar set. Then F
is an essentially smooth, log-convex, barrier function for the set A.
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Proof. Without loss of generality, we assume 4 is line free (else we can add the square
of the norm on the lineality subspace [369]). In this case the universal self-concordant
barrier b4 is a multiple of log F'. (As described in [331], self-concordance is central
to the behavior of interior point methods. Because barrier properties (without con-
sidering concordance) are applicable more generally, it seems useful to exhibit the
strengthened convexity and barrier properties directly as we do below.)

Now observe that F' is finite on 4, because eBry C 4 — x for some ¢ > 0.
Moreover, F'(x) = oo for x € bdry 4. Indeed, this follows by translation invariance
of the measure since (4 — x)° contains a ray and has nonempty interior as 4 is line
free. (So we really need Haar measure which effectively limits this proof to finite
dimensions.) Therefore, F is a barrier function for 4.

Now, by the spherical change of variable theorem

1 1
Fix)=—

N Js, @ — o (74.1)

where du is surface measure on the sphere. Because the integrand is continuous on
A and the gradient is locally bounded in 4 it follows that that F is essentially smooth.
It remains to verify the log-convexity of F. For this we will use (7.4.1), indeed:

x+y 1 1
F( 2 >=N T — N
e 3300 — {u, 5))
1 1

= — du
N Jsy (sj(u)2—<u,x>

+ 5 (u)z— (u,y) )N

1
= /SX (85 () — (u, x))N/2(85 — (u, y)N/?

1 1
=< —_— du/ ——du  (74.3)
\//SX & — (wx)V  Jsy 83 — (u,x)N
= VE@F(y)
where we have used the arithmetic-geometric mean inequality in (7.4.2) and Cauchy—

Schwartz in (7.4.3). Taking logs of both sides of the preceding inequality completes
the proof. ]

du (7.4.2)

We now refine the above example to produce an essentially smooth convex function
whose domain is a closed convex cone with nonempty interior. We restrict ourselves
to the case of cones here because the most important applications have been in abstract
linear programming over cones which are built up from products of cones of positive
definite matrices, orthants and other simple cones. Moreover, the technical details
for the case of general closed convex sets appeared to be more involved (and we
will revisit this more generally with less explicit methods in Section 7.7). Before
proceeding, we will need the following lemma.
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Lemma 7.4.2. Let g(x,u) > 0 be concave in x, let ¢ be convex and decreasing on
R and consider

Gx) :=¢~! ( / P (g(x, u))u(du))

for a probability measure ji. Assume additionally the mean Hy defined by H(a,b) =
—1 -1
¢ (M) is concave. Then G is concave.

Proof. Using the fact that g (x, u) is concave in x and ¢ is decreasing in (7.4.4) below,
and then Jensen’s inequality with the concavity of Hy in (7.4.5) below, we obtain:

o(6(757)) = [o(e(57) ) meaw
< / " (g—(x’ “) erg(y : ”)> w(du) (7.4.4)

= /H¢(¢(g(x,u)),¢(g(y, u))) p(du)

< Hy (/((b(g(x, u)u(du),/¢(g(y, u)u(du)> (7.4.5)

= Hy(¢(G(x),p(G(»))
_ <¢>1<¢>(G<x»+¢‘<¢<6<y»>
= ¢ >

=¢<G(x)—£G(y)).

Because ¢ is decreasing, the previous inequality implies

G <x +y> - G(x) +G(y)’
2 - 2

and so G is concave. [l

The next fact follows from properties of the Hessian, whose computations are left
as Exercise 7.4.1, but are easily checked in a computer algebra system.

Fact 7.4.3. Let ¢(¢t) = t* with o < 0. Then

—1 —1 b
Hy(a,b) := ¢ (W)
is concave.

We now have the tools in hand to prove

Theorem 7.4.4. Given F(x) := Ay((A — x)°) as above, and letting A be an open
convex cone, we define G by G(x) := —(F(x)™P) where 0 < p < 1/N is fixed. Then
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G is convex, essentially smooth, vanishes on bdry(A) and has domain equal to the
closure of A (where (A — x) = (A — x)—, the negative cone).

Proof. Let¢(t) = t~; then ¢ is convex and decreasing on R*. Moreover, Fact 7.4.3
ensures that Hy is concave. Consequently,

Glx) =F(x) ¥ =¢~! (f O (85 w) — (u.x)) du)

is concave by Lemma 7.4.2 because g (x, u) = &% (u) — (u,x) is concave in x. Because
t* is concave and increasing for 0 < o < 1, it follows that G“ is concave. Because
G = —5“, we know that G is convex. Also, G is smooth on A because F is smooth
and does not vanish there. Moreover, G vanishes on bdry(4) because F is infinite
there.

Therefore, it remains to show that G is essentially smooth, where we, of course,
have defined G(x) := 400 forx & 4. To do this, we will check that | VG (x,)|| — oo
as x, — x where x € bdry(4) (see Theorem 7.3.4).

Now, we have (normalized):

IVF = / (h,u) / ()™ gy ()
heANSy ucAtNSy

where Sy is the unit sphere and A™ is the positive polar cone. Interchanging the order
of integration, we write

IVF@)| = / () )N ),
ucA+tNSy

where
1w = / () (B
heANSx

It suffices to observe, by continuity, that inf{n(u) : u € AT NSy} > 0 (since A™ is
pointed) and so for some constant K > 0

1

1+
KIVF® = / ()™ M(du)} :

ucA+t NSy

()™ () = [ /

cATNSy
on applying Hoélder’s inequality (Exercise 2.3.2). Thus,
KVIVF@IY = FooN+.

A direct computation of VG(x) shows that ||VG(x,)|| — oo as x, — X € bdry(4).
|

Constructions of Legendre barrier type functions on convex sets with nonempty
interior in Banach spaces are explored in Section 7.7. The current results rely heavily
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on the existence of Haar measure on a Banach space and as such seem fundamentally
finite-dimensional, as the space is then necessarily locally compact.

Exercises and further results

7.4.1. Prove Fact 7.4.3.

The next two exercises derive from [332].
7.4.2 (Rogers—Holder inequality). Suppose —oco <p < 1,p #0Oand 1/p+1/g=1.
Show that for all complex numbers ay, by and all n € N one has

n n 1/p n 1/q
> laxbil = (Daﬂf’) (Dbkﬂ)
k=1 k=1 k=1

Hint. Appeal to the Fenchel-Young inequality (Proposition 2.3.1). O

7.4.3 (Brun—Minkowski inequality). Let H and K be convex bodies in n-dimensional
Euclidean space. Show that, if 7, denotes Lebesgue volume, the function ¢ —
V,(tH + (1 — H)K)1/" is concave on [0, 1]. Deduce for 0 < ¢ < 1 that

V,(tH + (1 — HK)Y" > tV,(ED'" + (1 — 6V, (K)'/",

with equality only if H and K are equal after dilation and translation.

Hint. First appeal to homogeneity to reduce to the case V,(H) = V,(K) = 1.
Then write V), as an integral and first establish and then apply the integral analog
of the Rogers—Holder’s inequality of Exercise 7.4.2. (See [332, pp.158-159] for
more details.) [

7.4.4 (Universal barriers). With F as in Theorem 7.4.1 compute log F'(x), for 4 the
strictly positive orthant in N-dimensional Euclidean space. Perform the correspond-
ing computation for the positive semidefinite cone. Compare log F (x) to va log(x;)
and log Det.

7.4.5 (Second-order cone). Show that

N
(x1,x2,...,xN,7) — log (r2 — Zx,%)

k=1

is a concave, continuously twice-differentiable barrier function on the Bishop—Phelps
(or second-order) cone: {(x,r) : |x|2 < r}.

The next two exercises illustrate the benefits of a variational formulation of repre-
sentatives of two quite distinct classes of problem. The benefits are three-fold: in the
efficiency of proof it can provide, in the insight it offers, and in the computational
strategies it may then provide. In each case, the barrier property of the objective is
fundamental to the attainment of the infimum.
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7.4.6 (Matrix completion [242]).** Fix aset A C {(i,j) : 1 <i <j < n}. Suppose
the subspace A of symmetric matrices with (i,/)-th entry zero for (i,j) in A has a
positive definite member. By considering the problem

inf{(C,X) —logdetX : X e ANSY,},

(for C positive-definite) prove there exists a positive-definite matrix X in A with
C — X~ ! having (i, /)-th entry zero for all (i,/) not in A.

7.4.7 (BFGS update for quasi-Newton methods [219]).** Fix a positive definite matrix
C in §" and vectors s, y in R” with s7y > 0. Consider the problem

inf{{(C,X) —logdetX : Xs=y, X € 8|, }. (7.4.6)

(a) For small § > 0 show

P 8s)T

81
To—o)

is feasible for (7.4.6).

(b) Prove (7.4.6) has an optimum. Determine the solution. It is called the BFGS
update of C~" under the secant condition Xs = y, and was originally proposed
for nonvariational reasons.

7.5 Further examples of Legendre functions

This section presents some explicit constructions of Legendre functions.

Example 7.5.1 (Spectral Legendre functions). Suppose as in Section 3.2 that E is
the Euclidean space of n x n self-adjoint matrices, with (x,y) = trace(xy), for all
x,y € E. Suppose g : R/ — (—o0, +00] is proper convex, Isc and invariant under
permutations. Let A(x) € R” denote the eigenvalues of x € E ordered decreasingly.
Most satisfactorily Lewis [288] has shown that

g o A is Legendre if and only if g is.

For extensions of much of this framework to self-adjoint compact operators, see
Section 6.5. This construction allows one to obtain many useful Legendre functions
on X: for instance, the log barrier x + —logdetx is immediately seen to be a
Legendre function on E (with the positive definite matrices as its domain) precisely
because —log is a Legendre function with domain (0, co).

Lemma 7.5.2. Setf := }7|| -|I” for I < p < oo. Let ¢ be given by}? + é = 1. Then
* _ 1y g
=1,
P=2Jx  ifx #0; 92T ifx* £ 0;
oy — | A G [ it

ifx =0, 0 ifx" =0
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where J is the duality mapping. Consequently:

(a) | - || is smooth < f" is essentially smooth;
(b) | - || is rotund < £ is essentially strictly convex;
(c) || - || is smooth and rotund < f is Legendre.

Proof. The formulas for the subdifferentials are immediate since 0 % | - ||2 =J.

(a): || - || is smooth < J is single-valued on X < 9f is single-valued on X < f"is
essentially smooth.

(b): || - || is strictly convex < || - 12 is strictly convex < %H - |I? is strictly convex
& f is essentially strictly convex.

(c): is now clear from (a) and (b). O

The following two constructions are much simpler than those given in Section 7.4
because we work with balls rather than more general convex bodies.

Example 7.5.3 (Legendre functions on balls). Suppose X is reflexive and its norm
is smooth and strictly convex, and rotund so that %H - ||? is Legendre (Lemma 7.5.2).
In particular, X can be any £, space for I < p < oco. Define

=V 1= |x[? if x|l < 1;
S = .
00 otherwise.
Then f is strictly convex, dom f = By, and /*(x*) = /||x*||2 + 1. Moreover,
J J* k
Vi) = ———— and V/*(r*)= al

V1= x| VI 1

for every x € dom V = dom df = int By, and every x* € dom Vf™* = X*, It follows
that /" is Legendre with dom f = By.

Example 7.5.4 (A Legendre function with bounded open domain). Suppose X is a

reflexive Banach space with strictly convex smooth norm || - ||. Define f by
1 .
— > iflxl <1
S =1 1=l
00 otherwise.
Hence f is strictly convex, Vf(x) = —(QJx)/(1 — |Ix||*)? for every x €

domf and dom Vf = intBy, so f is essentially smooth (Theorem 7.3.4). Since
domf < 1- By, f* is 1-Lipschitz on X* by Proposition 4.4.6. By Theorem 7.3.4
(applied to /™), the function f* is differentiable on the entire space X*. Hence ™ is
essentially smooth. Also by Theorem 7.3.4 (applied to /*), the functionf is essentially
strictly convex. Altogether, /' is Legendre with dom /" = int By.

Example 7.5.5. In[364], Reich studies ‘the method of cyclic Bregman projections’in
areflexive Banach space X under the following assumptions: (a) dom f = dom Vf =
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X (hencef is essentially smooth) and so /* is essentially strictly convex; (b) V/ maps
bounded sets to bounded sets, Vf is uniformly continuous on bounded sets (hence f
is Fréchet differentiable, and /™ is supercoercive); (¢) f is uniformly convex (hence
£ is strictly convex on X).

According to Fact 5.3.16, the uniform convexity of /' implies that

liminf L&)

5 > 0
[|x||— 400 ||x||

(hence f is supercoercive and so f* is bounded on bounded sets and 9™ maps bounded
sets to bounded sets by Theorem 4.4.13). Altogether, f is Legendre and Vf : X — X*
is bijective and norm-to-norm continuous.

Exercises and further results

7.5.1. Suppose X is a Banach space with uniformly convex and uniformly smooth
norm || - ||, and suppose f = || - ||°, where 1 < s < oo. Then f is uniformly convex
and uniformly smooth on bounded sets, and in particular, f is Legendre.

Hint. See Exercise 5.3.2 and Example 5.3.11. 0

7.5.2 (Multiplicative potential and penalty functions [302]).T The functions Py 1
and P, defined in Euclidean space by

(e,x) — dy"*!
P =
w0 [T (la,) = &)
and
Pox) = ({e,x) —d)

[TZ1 ((ayox) — )

form barrier functions for the corresponding linear program
min{{c,x) —d : {(aj,x) > b;,1 <j < m}.

LetV :={x: (¢,x) > d,{a;,x) > b;,1 <j < m}.

(a) Show that P, is convex on ¥ and that P, is convex on V if V' is bounded.
(b) More generally, define P for » € R and strictly positive x by

¥
P(r,x) = L L

Show that P is convex if 1 + Zj aj <yanda; >0,...,a, > 0. Hint. Compute

P* and observe that it has the same general form. Hence, P = P**; details are
given in [95, Exercise 13, p. 94]. Alternatively, find an proof by inducting on the
dimension of the space as in [302]. ]
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(c) Suppose x is restricted to a simplex ({x : {s,x) = o,x > 0} where ¢ > 0 and
s has positive coordinates). Then P is convex as soonas y > 1 4+ (n — 1)||a|lc
(see [302]).

(d) Note that P, and P, are both compositions of affine functions with
specializations of P.

Another useful barrier or penalty-like tool is to write a given convex set C as the

set of minimizers of a smooth convex function fc. This is explored in the next two
exercises.
7.5.3 (Constructible convex sets and functions [117]).** A (closed convex) set in a
Banach space is constructible if it is representable as the intersection of countably
many closed half spaces, and we call a convex function constructible if its epigraph
is. The term is justified by the observation that C is the limit — in various senses — of
a sequence of polyhedra.

Proposition 7.5.6. A4 closed convex subset containing the origin is constructible if
and only if its polar is weak*-separable.

Proof. =: Since 0 € C we can write C = ()02, ¢, (—00,1]. Let W :=
W*({qﬁn} U {0}). Because ¢,(x) < 1 for all x € C, note that ¢p(x) < 1 for
allx € C,and all ¢ € W; thus W C C°. If W # C°, there exist ¢ € C° \ W and
X0 € X suchthat¢(xg) > 1 > supy xo (we know this since 0 € W). Thus ¢, (xo) < 1
for all n and so xg € C. This with ¢ (xg) > 1 contradicts that ¢ € C°. Consequently,
W = C°, and so C° is weak™-separable.

<: Suppose that C? is weak™-separable. Choose a countable weak™*-dense collec-
tion {¢,}°°, C C°. Clearly, C C (52, ¢, ' (—00, 1]. Moreover, if x) ¢ C, then
thereisa ¢ € X* suchthat ¢ (xp) > 1 > sup. ¢. Then ¢ € C°. The weak*-density of
{¢n}°2 in C? implies there is an nsuch that ¢, (xo) > 1. Thus C = (32, ¢, ! (—00, 1]
as desired. [

(a) In particular, all closed convex subsets of a separable space are constructible.
The situation in general is quite subtle and under set theoretic axioms additional
to ZFC there are nonseparable spaces, including a C(£2) due to Kunen under the
continuum hypothesis, in which all closed convex sets are constructible [117].

(b) Show that the Hausdorff limit of a sequence of constructible sets is constructible
if the limit has nonempty interior.

(c) A dual space is separable if and only if every norm closed convex subset is
constructible (see [117]).

(d) Every weakly compact convex set in X is constructible if and only if X™* is
weak™*-separable (see [117]).

7.5.4 (Constructible convex sets and argminima [26, 117]).** Every constructible set
arises as the argmin of a C°°-smooth function:

(a) Suppose C is a constructible set. Show there is a C°°-smooth convex function
fc 1 X — [0,00) such that C = £ (0).
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Figure 7.2 The function fp associated with a pentagon P.

Hint. Write C = ﬂ;‘il ¢n_1(—oo, o, ] where ||¢, || = 1 foreachn, and then choose
6 : R — [0,00) to be any C*°-smooth convex function such that () = 0 for
allt <0,0(t) =t+bforallt > 1 with —1 < b < 0. The requisite function is

defined by

o0

0 (@) —ap)
folx) == Z—(l PPN (7.5.1)

n=1

Also, the sets C,, in (b) are C*°-smooth convex bodies as a consequence of the
implicit function theorem (4.2.13). O

Figure 7.2 illustrates this construction for a pentagon.

(b) Suppose f : X — [0,00) is a C*°-smooth convex function. Show that C,, :=
{x: f(x) < 1/n}are C*°-smooth convex bodies, and the sequence (C,,) converges
Mosco to C := £~1(0). In particular, every constructible set is a Mosco limit of

C®°-smooth convex bodies.
Slice convergence in (b) may fail in the nonreflexive setting:

Example 7.5.7. In any separable nonreflexive Banach space there is a C°°-smooth
convex function f¢ : X — [0,00) as in (7.5.1) such that C,, := {x : fc(x) < 1/n}
does not converge slice to {x : fc(x) = 0}.

Hint. Let {¢,}32, be a collection in By that is total but not norm dense in By,
and such that {0} = ﬂ;’;l q)n_l (—00,0]. Now let f'(x) be defined as in (7.5.1). Then
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C = {0} and (C,,) converges Mosco to C. However, if x € By is such that ¢ (x) = 0
fork=1,...,n,then f(x) < Z,f‘;n+lz—k < 1/n.

Thus, C,, contains F, := {x € Bx : ¢x(x) =0, k = 1,2,...,n} and so the proof
of [92, Theorem 1] shows that (C,,) does not converge slice to {0}. Indeed, choose
¢ € Sy \ Y where Y = span({¢,};,2 ). Choose F' € Sx+ such that F'(Y) = {0} and
F(¢) > 0.Let§ besuchthat 0 < § < F(¢). Nowlet W = {x € By : ¢(x) > 6§},
and apply Goldstine’s theorem (Exercise 4.1.13) to show that d(W, F,;) = 0 for all

n, while clearly d(W, C) > §. Thus (C,) does not converge slice to C. O

7.6 Zone consistency of Legendre functions

This section considers Legendre functions whose domains have nonempty interior on
reflexive Banach spaces, and explores some of their properties relevant to optimiza-
tion. We begin by more carefully investigating Bregman functions first met in Exercise
2.3.29 and finish with defining and establishing properties of zone consistency in
Corollary 7.6.9.

Definition 7.6.1 (Bregman distance). The Bregman distance corresponding to f is
defined by

D =Dy : X x intdomf — [0,00] : (x,y) > f(x) —f(») + /' (y;y — x).

Thus, the Bregman distance of x, from x| is the distance at x, between the function
value and tangent value at x| as Figure 7.3 shows for the Kullback—Leibler divergence
of 1 from e. Bregman ‘distance’ is a misnomer since it is really a divergence measuring
how far away a second point is away from a reference point and is rarely symmetric. It
is easy to check that when /" := || - ||% then Dy (x,y) = % |lx —y||% (see Exercise 7.6.2).

For studies of Bregman distance and their fundamental importance in optimization
and convex feasibility problems, see [129, 140, 147] and the references therein.

Figure 7.3 The Bregman distance associated with x log(x) — x.
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The rationale for considering Bregman distances in optimization/approximation is
that we may build some of the constraints directly into the objective function and
exploit nonlinear geometry. The relevant algorithmic theory is developed in detail in
[36]. Things are especially nice when the corresponding distance is jointly convex as
explored in Exercises 2.3.29 and 2.3.30.

We begin with a quite different example of a Legendre function:

Example 7.6.2 (Hilbert space projections). Suppose X is a Hilbert space, y > 0,
and for a closed convex set C consider

S ) = —II I? —-dc(X),

where P denotes the (orthogonal) projection map onto C, and x € X. Then Vf'(x) =
yx + Px, Dy (x,y) = 5(yllx = yI* + x — Py|* — l|lx — Px]|*), and

1 1+vy 1

* 2 2
-_—,_— d —

f = 201 )”y” 2)/ C (1 J’),

for all x,y € X. Both f and /™ are supercoercive Legendre functions.

Proof. As we saw (see part (b) of Exercise 4.1 46) a0 = %d2(~) is convex and
Fréchet differentiable with gradient P. We thus readily obtam the formula for Vf, and
also conclude that f is strictly convex everywhere. The expression for the Bregman
distance is a simple expansion. Now lety = Vf (x) = yx+Px. Then ; 1 yis aconvex

combination of x and Px: ﬁy lerx + 7 Px It follows that P( lery) = Px.
Hence we can solve y = yx + Px = yx + P( lery) for x:

1 1 1
Vf*(y)=x=—y——P< y)

vy v \l+vy
Thus dom f* = X is open and f is cofinite. Consequently f is a Legendre function.
Hence /™ is a Legendre function as the ambient space is reflexive. In fact, since P is
nonexpansive, the gradient mapping Vf™* clearly maps bounded sets to bounded sets,
and so /™ is bounded on bounded sets. Thus, by Theorem 4.4.13, f is supercoercive.
The same argument shows that /™ is supercoercive. Integrating Vf™(y) with respect
to y yields

1+y < 1 )
* 2 2
—d R +k,
ST = 2(1+ )II yI© + 2y 1+yy

where k is constant that we shall determine from the equation f'(x) + f*(Vf (x)) =
(Vf (x),x). Using the identity dc(ﬁy) 155 dc (), we find k = 0. O
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We next turn to the basic properties of the Bregman distance.

Lemma 7.6.3. Suppose x € X and y € intdomf. Then:

(@) D(x,y) =f(x) =f(y) + max(df (y),y — x).

(b) D(-,y) is convex, lsc, proper with dom D(-,y) = domf.

() Dx,y) =f()+f*(y*)— (*,x), forevery y* € 9f (y) withmax(9f (y),y —x) =
(y*’y - x>~

(d) If £ is differentiable at y, then D(x,y) = f(x) — f(y) — (Vf(¥),x —y) =
J @) +/*(Vf(») = (Vf(y),x) and dom VD(-,y) = dom Vf.

(e) Iff is essentially strictly convex and differentiable at y, then D(-,y) is coercive.

(f) Iff is essentially strictly convex, then: D(x,y) =0 < x = y.

(g) If f is differentiable on intdomf and essentially strictly convex, and x €
intdomf, then Dy (x,y) = D« (Vf (y), Vf (x)).

(h) Iff is supercoercive and x € intdomf, then D(x, -) is coercive.

(i) If X is finite-dimensional, dom /™ is open, and x € intdomf, then D(x,-) is
coercive.

(j) If (yn) is a sequence in int dom f* converging to y, then D(y,y,) — 0.

Proof. (a)—(e) are left as part of Exercise 7.6.2 as are some of the justifications below.

(f): Pick y* as in (¢) and assume 0 = D(x,y) = f(x) + f*(»*) — (y*,x). Then
x € af*(y*) C af*(3f (»)) = {y}. The converse is trivial.

(g): Using item (f) above, we obtain the equalities Dr+(Vf(y), Vf(x)) =
D) + L)) — (V@)L V) = X D) + &) —
(x, V() = Dr(x,).

(h), (1): Fixx € int dom f and let () be a sequence in int dom f such that (D(x, y;,))
is bounded. Then it suffices to show that (y,) is bounded.

Pick (see (c)) ¥} € 8f (yu) such that D(x,y,) = f(x) +*(}) — (¥}, x), for
every n > 1. Then (y}) is bounded since /* — x is coercive. To prove (h), note that
supercoercivity of /" implies that 3/ maps the bounded set {y;; : n > 1} to a bounded
set which contains {y, : n > 1}. The coercivity of D(x, -) follows. It remains to prove
(1) in which X is finite-dimensional and dom f™ is open. Assume to the contrary
that (y,,) is unbounded. After passing to a subsequence if necessary, we may and do
assume that ||y,|| — oo and that (y}) converges to some point y*. Then (f*(y})) =
(D(x,yn) — f(x) + (v}, x)) is bounded. Since /™ is Isc, y* € domf™* = intdomf™*.
On the one hand, 9™ is locally bounded at y*. On the other hand, y} — »* and
yn € 0f*(y}). Altogether, (1) is bounded — a contradiction!

(G): By (c), select y; € df (yn) such that D(y,yn) = f(3) + /() — W>»),
for every n > 1. The sequence () is bounded, since df is locally bounded at y.
Assume to the contrary that D(y,y,) /4 0. Again, after passing to a subsequence,
there is some ¢ > 0 such that ¢ < D(y,y,) = f(») +/*(¥}) — (v, »), for every
n, and that (y)) converges weakly to some y* € 9f(y). Since y} € 9f (y,), the
assumption implies that/* (y) = (v, y) —f () = (%,3) —f (). Hence f* () <
liminf, f*(y}) = lim, f*(3}) = ¢ ») —f(») <f*(»*), which yields the absurdity
0<e=<DW.y) =W+ = ) = SO +/70 =050 =0 O
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Remark 7.6.4. Itisnotpossibletoreplace ‘y, — y’inLemma7.6.3(j)by ‘v, = ¥’:
consider f := %H - || on X = 3, let y, denote the n-th unit vector. Then y,, — 4, 0,
but D0, y,) = 3110 — yul? = 3.

Recall that we say that a function is cofinite when the domain of the conjugate is the
whole dual space. Some connections between cofinite and supercoercive functions
were explored in Exercise 4.4.23.

Example 7.6.5 (More about f cofinite =% f supercoercive). Let X = ¢, and define
h(y) =2, % yZ", foreveryy := (y,) € X* = X. Then # is strictly convex, proper,
with dom 4 = X*. Moreover, 4 is everywhere differentiable with VA(y) = (ny,%"_l).
Now setg := h + %H - |I>. Then g is strictly convex, proper, with domg = X* =
int dom g, everywhere differentiable with Vg = Vh + I, and supercoercive. Since
dom Vg = X*, again g is essentially smooth. Now let /' := g*. Then f is essentially
strictly convex, and dom f = X (since /' = h*D%” - |I%). The strict convexity of g
implies that df is single-valued on its domain. Since X = intdomf C dom df, f
must be differentiable everywhere and hence f is essentially smooth. To sum up,

f is Legendre and cofinite with dom f = dom Vf = X, and
[* is Legendre and supercoercive with domf* = dom V/™* = X*.

Denote the standard unit vectors in X™* by e, and fix x € X arbitrarily. Then
e, = 0, but [V/* (e =n+1— oo.

Now lety, = Vf*(e,) = (n+1)e,, foreveryn > 1. Onthe one hand, ||y, || = co0.On
the other hand, by Lemma 7.6.3 (iv), D(X,y,) = f (X) +f*(Vf (yn)) — (Vf(¥n),X) =
SX) 7 (en) — (en,X) < f(X) + g(en) + llenlllIx]] < f(x) + 1+ [Ix]|. Altogether:

there is no x € X such that Dy(x, -) is coercive.

In view of Lemma 7.6.3(h), f" is not supercoercive.

Remark 7.6.6. It follows from the above example that ‘f is supercoercive’ in
Lemma 7.6.3(h) cannot be replaced by ‘f is cofinite’. Let us also observe that the
existence of a cofinite, yet not supercoercive function actually characterizes spaces
that do not have the Schur property as is shown in Theorem 8.2.5. However, in
Example 7.6.5, such a function is constructed explicitly.

The following fundamental ideas go back to Bregman [129].

Definition 7.6.7 (Bregman projection). Suppose C is a closed convex setin X . Given
y € intdomf, the set Pcy := {x € C : D(x,y) = inf.ec D(c,y)} is called the
Bregman projection of y onto C. Abusing notation slightly, we shall write Pcy = x,
if Pcy happens to be the singleton Pcy = {x}.
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Theorem 7.6.8. Let X beareflexive Banach space and supposef : X — (—00, +00]
is a Isc proper convex function with int dom f* # @. Suppose C is a closed convex set
with C Ndomf # J, and y € intdom f. Then:

(a) If f is essentially strictly convex and Gateaux differentiable at y, then Pcy is
nonempty and Pcy N intdom f is at most a singleton.

(b) Iff Gateaux differentiable at y and strictly convex, then Pcy is at most a singleton.

(c) Iff is essentially smooth and C N intdomf # ¢, then Pcy C intdomf.

Proof. (a): By Lemma 7.6.3(b) and (e), D(-,y) is convex, lsc, coercive, and
C NdomD(-,y) # ¥. Hence Pcy = argmin .- D(x,y) # @. Since /' and hence
(Lemma 7.6.3(c)) D(-, y) is strictly convex on int dom f, it follows that PcyNint dom f
is at most a singleton.

(b): By Lemma 7.6.3(d), D(x,y) = f(x) +*(Vf(»)) — (Vf(y),x). Hence D(-,y)
is strictly convex and the result follows.

(c): Assume to the contrary that there exists x € Pcy N (domf \ (intdomy)). Fix
¢ € CNintdomf and define

@ :[0,1] = [0,00) : t > D((1 — DX + 1c, y).

Then, using Lemma 7.6.3(b), ® is Isc convex properand @' (t) = (Vf (k+t(c—%)), c—
X) — (Vf(»),c — X), forall 0 < ¢ < 1. By Theorem 7.3.4, lim,_, g+ ®'(¢) = —o0.
This implies ® () < ®(0), for all ¢ > 0 sufficiently small (since ®'(#)(0 — 7) <
D (0) — D(1), i.e. D(f) < D(0) + tD'(¢), for every 0 < ¢ < 1). It follows that for
such ¢, (1 — H)x 4+ tc € C Nintdomf and D((1 — t)x + tc,y) < D(x,y), which
contradicts x € Pcy. The entire theorem is proven. ]

In the terminology of Censor and Lent [146], the next result states that every
Legendre function is zone consistent; see p. 364 and Exercise 7.6.6. This result is of
crucial importance, since — as explained below — it makes the sequence generated by
the method of cyclic Bregman projections, discussed in the next subsection, well-
defined under reasonable constraint qualifications.

Corollary 7.6.9 (Legendre functions are zone consistent). Let X be a reflexive
Banach space. Suppose f is a Legendre function, C is a closed convex set in X
with C Nintdomf # @, and y € intdomf. Then:

Pcy is a singleton and is contained in int domf".

Proof. This is immediate from Theorem 7.6.8 (a) and (c). O

7.6.1 The method of cyclic Bregman projections

We now demonstrate the power of Legendre functions by studying a specific optimiza-
tion problem (as a generalized best approximation problem). Suppose Ci,...,Cy
are closed convex sets (‘the constraints’) in RM with C = ﬂfvzl C; # (. The
convex feasibility problem consists of finding a point (‘a solution’) in C. Suppose
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further that the orthogonal projection onto each set C;, which we denote by P;, is
readily computable. Then the method of cyclic (orthogonal) projections operates as
follows.

Given a starting point yg, generate a sequence (y,) by projecting cyclically onto
the constraints:

P P P3 Py P P
Yo —> Y1 > Yo > -+ > Yy —> YN 4] —> - .

The sequence (y,) does indeed converge to a solution of the convex feasibility
problem [121] as was first proved by Halperin.

In some applications, however, it is desirable to employ the method of cyclic
projections with (nonorthogonal) Bregman projections [129]. For example, if we
know a priorithat we wish all solutions to be strictly positive we might well wish to use
the Kullback-Leibler entropy. As we have implicitly seen, the Bregman projections
are constructed as follows. Given a ‘sufficiently nice’ convex function /', the Bregman
distance between x and y is

Dy(x,y) =f(x) =f () = (Vf(»),x = y),

Figure 7.4 The method of cyclic projections: x > y > z > - - .

N \ energy vs negative entropy
0

(0,0

A

Figure 7.5 Infeasible cyclic projection (L) and entropy analog (R).
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where y € intdomf is a point of differentiability of /. Then the Bregman projection
of y onto the i-th constraint C; with respect to /" is defined by

argmin,c ¢, Dy (x, ). (7.6.1)

Here we have implicitly assumed that y is a point of differentiability so that Dy (x, y)
is well defined. More importantly, to define the sequence of cyclic projections
unambiguously, the following properties are required:

e the argmin is nonempty (‘existence of nearest points’),

e the argmin is a singleton (‘no selection necessary’),

e the argmin is contained in intdomf (in order to project the argmin onto the next
constraint Cj41).

These three properties together define zone consistency.

The valuable punch-line is that if / is a Legendre function, then these good proper-
ties automatically hold [32] and so in the terminology of Censor and Lent [146], every
Legendre function is zone consistent (see Exercise 7.6.6). Moreover, the Legendre
property is the most general condition known to date that guarantees zone consistency.
Note that when £ is %H . ||% we recover the classical orthogonal case. The trade-off
for better control of the problem’s geometry is that unlike the orthogonal case there
is typically no nice closed form for the Bregman projection and it must be computed
numerically. This and much more may be followed up in [37].

Exercises and further results

7.6.1 (Other entropies). Two other entropies with famous names are the Fermi—Dirac
and Bose—Einstein entropies given, respectively, by

x> (I —x)log(l —x) +xlog(x) and x — xlog(x) — (1 + x) log(1 + x).
Show that their conjugates are respectively y — log (¢ + 1) andy — —log (1 — &)

with domain R and (—o0, 0) respectively. (See also Table 2.1.) Confirm that all these
functions are of Legendre type. They are shown in Figure 7.6.

02 04 06 08 1 12 14
6
-0.2
—0.4 5
-0.6 4
-0.8
-1 3
-1.2
-14 l/
-1.6
-2 -1 0 1 2

Figure 7.6 Fermi—Dirac and Bose—Einstein entropy (L); conjugates (R).
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7.6.2 (Bregmania).*

(a) Establish the missing details in Lemma 7.6.3.

(b) Iff(x1,x2,- -+ ,xp) == Y 1/ (xk), show that Dy (x,y) = Y y_; Dy, (x, yk)-

(c) Confirm that when f = || - [|3 then Dy (x,y) = 1 [lx — y|3.

(d) Check that when f := x > xlog(x) — x then D¢ (x,y) = xlog(x/y) — (x — ).

(e) Explore the barrier and Legendre properties ofx — (2x—1) {logx — log(1 — x)}.
Compute the corresponding Bregman distance.

(f) Explore the barrier and Legendre properties of x — x logx + (1 —x) log(1 —x).
Compute the corresponding Bregman distance.

(g) Explore the barrier and Legendre properties of x — log(1 4 x) —x. Compute the
corresponding Bregman distance.

7.6.3 (Fisher information [99]).T Lemma 2.1.8 forms the basis for some very useful
alternatives to Bregman distance. Given an appropriate convex function ¥: R —

(—o00, +00] and probabilities p := (p1,p2,---,Pn), ¢ = (q1,92,--.,qn) W& may
define the discrete Csiszdr divergence from p to g by

Cy.q) =Y pk¥ (q—k)
P P

and correspondingly for densities in L1 (X, ) we may consider

Iy(p.q) = /X P (%) (o).

Exercise 2.3.9 specifies how 0/0 is to be handled.

(a) Unlike the Bregman distance, Cy, and /y, are always jointly convex, but does not
recapture the Euclidean distance.

(b) Note for ¥ (t) := —logt we recover the Kullback—Leibler divergence and
¥ (t) := |t — 1| recreates the L or variational-norm. A nice one-parameter class
is obtained from ¢ — (¢ — 1)/(a(a — 1)) interpreted as a limit fora = 0, 1. For
example, o = 1/2 gives 4h* := 2 [ (/P — ﬂ)z du, where & is the Hellinger
distance, see [228, 227]. A detailed discussion of related ideas can be followed
up in [291].

(c) If we start with v/ (¢) := ¢>/2 we obtain

R RRO)
F(p,q) = 5 /Xp(_t)'u(dt)’

which makes sense for any strictly positive functions in L. Relatedly

Py L [ GO
(Z) _5 X Z(t)

wu(de),

defines the Fisher information functional and provides a convex integral func-
tional which penalizes one for large derivative values (oscillations or variances).
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This function has been exploited as a replacement for the Shannon entropy
in various thermodynamic and information theoretic contexts [142]. See also
Exercise 7.6.4.

7.6.4 (Duality of Csiszér entropy problems, I [98, 99]).T The Csiszar best entropy
density estimation program is the convex program:

minimize I, (x) = / X)W (x/(t)> dt
LS /o x(0)
(P) subject to x>0, x e AD),

/ ap()x(@) dt = by fork =0,1,...,n.
T

More precisely xy (x/x) := 0" (x) for x = 0 and is infinite otherwise; and A(T)
denotes the absolutely continuous functions on an interval 7. The weight func-
tions may be trigonometric, ai(¢) := exp{ikt} on [—m, ], algebraic polynomials
(orthonormalized), ay (¢) := t* on T = [0, 1], in which case the b; are known Haus-
dorff (Legendre) moments of the unknown x(¢). As in many image reconstruction,
seismology, or in small angle neutron scattering or other problems in plasma physics,
the a; might be an appropriate wavelet basis, and the b; known wavelet coefficients
of x(1).

One discovers in this case that the concave dual problem (D) has an integral-
differential form that is suppressed when only function values are measured as in
Corollary 4.4.19.

n n
maximize — Z Ajb;  subject to v+ yYt) = ijaj,
Jj=0 j=0
(D) v(to) = v(t) =0, v e CN(T).

Proposition 7.6.10 ([98, 99]). Suppose  is strictly convex and supercoercive and
(P) is feasible. Then:

(a) Problem (P) has a unique optimal solution X which is strictly positive on T =
[to, t1] and satisfies X' (ty) = X'(t;) = 0.

(b) Problem (D) has a unique optimal solution (0, 1), from which the primal optimal
solution x may be recovered by means of

X0

= y¥ () and Ax=b (7.6.2)
x(1)

where A represents the moment measurements.

This dual problem is passing odd: it requires one to know for which parameter
values the driving differential equation has a solution with v(f9) = v(¢;) = 1 but not
what the solution is. The next exercise shows how to extract more information.
7.6.5 (Duality of Csiszar entropy problems, I1 [98, 99]). T By assumption v is strictly
convex and supercoercive so that ¢* is everywhere finite and differentiable. Consider
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the differential equation with initial condition

VO +Pe0) = Y Nai), (i) =0. (7.6.3)

Jj=0

In the Fisher case ¥ (v) = ¢¥*(v) = %02, (7.6.3) is a Riccati equation. Let Q2 be the
set of A € R"*! for which (7.6.3) has a unique solution v(%, -) on the whole interval
T = [to,11]- Clearly 0 € €, and it is relatively straight forward that 2 is an open
domain in R"t!. Define k : @ — R by k(X)) := v(X, t1). Then £ is of class C'on Q
and (D) of Proposition 7.6.10 becomes

n
(D)  maximize — ) ;b subjectto k(A) =0, re€Q, (7.64)
j=0
which has an optimal solution A satisfying v(t;) = v(,#) = k(1) = 0.

(a) Consider the Lagrangian associated with (B). Fori,j=0,...,n

il 0
—k(X) = —v(A, 1) = vi(A, t 7.6.5
3)\11. ( ) 8)\,[’0( > 1) vl( > 1)3 ( )
82 2
k() = A t1) =: vii (A, 1).
EYVET () ax,-a/\_,-v( 1) =t v(d, 1)

The functions v;(A, -) solve the initial value problems

;A0 + ¥ (A, 1) vi(h, 1) = a;(1), vi(A, 10) = 0, (7.6.6)
fori=0,...,n,and for 0 < i,j < n the functions v;;(A, -) solve the initial value
problems

v (0 1) + 9 (06, 1) ik, D) v O 1) + Y (0, D) v (A, 1) = 0,
v (hs 1) = 0.
(7.6.7)

(b) Let us now define
t
a(t) :=exp { A GIO)) ds} , (7.6.8)
to

where o = v(k, ). Then a(fg) = 1, a(t;) > 0, and &’ /o = ¥* (). Thus, « is
an integrating factor for each equation in (7.6.6), and so o'v; + via = g, i =
0,...,n. On integrating over T = [f, t1], we get

f

2 (7.6.9)
F

3l
/ a(s)a;(s) ds = a v;
to

d —
= alt) 5-kG) =

to
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Choosing i = 0 gives ¥ > 0. Conclude that:

Proposition 7.6.11. Suppose (5) has optimal solution A. If C = 7/a(t;) > 0
then (P) has an optimal solution x with explicit form

t
X(1) = C exp {/ v (0(s)) ds}, (7.6.10)
to

where & = v(X, ), and (A7) is a Kuhn—Tucker point of(ﬁ).

(c) Also, «(?) is an integrating factor for the equations in (7.6.7). Hence
—a ¥ () viv; = o' vy —l—av;j. (7.6.11)

On integrating over 7 we obtain

/ Ly ds = v = ). (1.612)
- — v) v v ds = vy = . .6.
o o) Y ST o

Use this formula to prove the strict concavity of &:

Proposition 7.6.12. Suppose r is differentiable and * is of class C*-smooth.
Then k is strictly concave on its domain Q.

Hint. The Hessian quadratic form for k£ at & € € is given by

n o n azk t o n 2
) pipy = —/ —— " (v) wrvg ] ds <0,
lg; dridN i o at) v /;

for 4 € R"!; it suffices to show that, with the possible exception of A =
(¥*(0),0,...,0), the term above is strictly negative for u # 0. O

Surprisingly, we have now found a finite-dimensional concave dual problem

n
(D*) maximize — » Ajb;  subjectto k(1) =0, 1e€Q. (7.6.13)
j:O

The work in solving (D*) directly, via a constrained Newton method, is significant
[98], but there are remarkably rapid heuristics discussed in [97].

7.6.6 (Zone consistency). Suppose f is a Legendre function, C is a closed convex
set in reflexive Banach space X with C Nintdomf # ¢4, and y € intdomf. Confirm
that /" is zone consistent.

7.7 Banach space constructions

This section explores constructions of essentially smooth functions and of functions
of Legendre type in various classes of Banach spaces on convex sets with nonempty
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interior. The first result gives us conditions on a Banach space under which we can
quite generally construct Legendre functions.

Theorem 7.7.1. Suppose X is a Banach space such that distance functions to closed
convex sets are B-differentiable on their complements. Let C be a closed convex subset
of X having nonempty interior. Then there is a convex function f that is continuous

on C and B-differentiable on int(C) such that

(@ |If'Gn)ll — 00 as x, € C and dee(x,) — 0;
(B) 3f (x) = B if x € bdry(C).

Proof. Without loss of generality, we may assume 0 € int(C). Let C,, = {Ax : 0 <
A <1—-27"x e C}. Fixe > 0 such that B, C C. First, we observe that

d(Cp, C) > 2i for all . (1.7.14)

Indeed, if x € C,,, then x = (1 — 27")z for some z € C. Now suppose ||/]|| < ¢, then
h € C. Therefore,x +27"h = (1 —2"")z+27"h € C. Thus, x + B;»-» C C which
proves (7.7.14).

The hypothesis implies that d% is B-differentiable whenever D is a convex set, and
in particular, | - || is B-differentiable. The desired function is then defined by

n2n+2
— dg. (x).

f@) = lx*+ )
n=1

(Note if for some § > 0, we have dc, (x) > 6 for all n, e.g. if x € int(C®) then this
sum diverges.)

To see that f is B-differentiable on int(C), fix xo € int(C). Now for some N,
xp € int(Cy) and dc, (x) = 0 for all x € Cy and for all » > N. Consequently, on
int(Cy), f is a finite sum of B-differentiable functions. Therefore f is B-differentiable
on int(C).

Consider Dy := {x € C: |lx|| < N}. Forx € Dy, we have dc,(x) < N27" for all
n. Therefore,

o oo
n2"t? 4Nn?
ng_l 8—2an @) < ng_l g2 for all x € Dy.

By the Weierstrass M-test, f is continuous on D,, for each »; and, in particular, f is
defined on bdry(C).

To prove (a), suppose x; € C and dce(xz) — 0. Now f is supercoercive, and
so if ||xg]] — oo, then ||f"(xx)| — oo (by Fact 7.2.1). Therefore, by standard
subsequence arguments, we may assume that (x;) is bounded, say |[xx|| < M for
all k. Choose n; — 0o such that dce(x;) < €2~ +D and so (7.7.14) implies that
dc, (xx) > 27" +D Now choose 1 — 27" < iy < 1 such that Axxy € bdry(Cy,).

nj
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Because 0 € C,, for each n, it follows that d¢, (xx) > dc, (Axxx) for each n. Therefore

[0 —f Qo) m2" 2 d? (g, C) i
Ixe — dxell  — &2 (I—d)M — M

Therefore ||/’ (xp)|l > "W" Notice that (b) follows from the same argument since
dce(x) = 0 for x € bdry(C). O

Remark 7.7.2. Suppose the dual norm on X* is locally uniformly convex (resp.
strictly convex), then the above theorem applies with Fréchet (resp. Gateaux) differ-
entiability. On L (£2) where 2 is a o -finite measure space, the above theorem applies
with weak Hadamard differentiability.

Proof. 1If the dual norm on X* is locally uniformly convex (resp. strictly convex),
then distance functions to closed convex sets are Fréchet differentiable (resp. Gateaux
differentiable) on their complements (Exercise 5.3.11). The case of L1(£2) where Q
is a o-finite measure space, [82, Theorem 2.4] shows that there is an equivalent
norm || - || on L (2) such that its dual norm || - [|* on Lo (€2) satisfies x, —¢, x in
the Mackey topology of uniform convergence on weakly compact subset of L1 (£2)
whenever |x*[* = 1, |x;[I* < 1 and |x* + x|* — 2 (this dual norm is Mackey-
LUR). Because the dual norm is Mackey-LUR, it can be shown as Exercise 5.3.11
that using this norm, distance functions to convex sets on (L1 (€2), || - ||) will be weak
Hadamard differentiable on their complements. O

A characterization of open sets admitting certain essentially S-smooth convex
barrier functions is presented in the next result.

Theorem 7.7.3. Let X be a Banach space, and C be an open convex set containing
0. Then the following are equivalent.

(a) There is a B-differentiable convex function f whose domain is C such that
f @) = 00 and || )l = 00 if dce () = 0, or if [xll — oo,

(b) There is a coercive convex barrier function f that is B-differentiable on C.

(c) There are continuous gauges (y,) such that y, is B-differentiable when v, (x) # 0
andyy, | yc pointwise where yc is the gauge of C, and X admits a B-differentiable
norm.

(d) X admits a B-differentiable norm and there is a sequence of B-differentiable
convex functions (f,,) that are bounded on bounded sets and f,, | yc pointwise
where yc is the gauge of C.

Proof. (a) = (b): This portion is obvious.

(b)=(c): Let C;, = {x : f(x) < n} for all n such that £ (0) < n. Then C,, C int(C)
and Fact 7.2.1 implies that yc, is B-differentiable at all x where yc, (x) # 0. It is
not difficult to check that yc, | yc pointwise. Because C, is bounded with 0 in its
interior, it follows that || - || defined by |Ix|| = yc,(x) + yc,(—x) is an equivalent
B-differentiable norm on X .

(¢) = (d): Let 1, : R — R be nondecreasing C°°-smooth convex functions such
that 4, (¢) = 2/nift < 1/n and h,(¢) | ¢t for all t > 0. Because /4, is constant on
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a neighborhood of 0 and y¢ is differentiable at x where yc(x) > 0, it follows that
Jfn = hy o yc is B-differentiable everywhere, and that f; | yc pointwise.

(d) = (a): Given f, | yc pointwise, it follows that g, | yc pointwise where
g =0+ %)fn. Now let 4, be a C*°-smooth nondecreasing convex function on R
such that 4,(¢) =0ift < 1,and h,(t) > nift > 1 + 217 Let || - || be an equivalent
B-differentiable norm on X and define /" by

S = %0+ ha(gu()).

n=1

Then f is convex, because 4, is convex and nondecreasing and g, is convex. Also, if
xo € C, then yc(xg) < 1. Therefore, g,(xo) < gn(x0) < a < 1 foralln > N and
some «. Let O := {x : gy(x) < a} then O is an open neighborhood of x¢ and

N—-1
@) =1xI?+ ) ha(ga(x) forallx € O.

n=1

Therefore f is S-differentiable on O.

Now suppose dce(x;) — 0. Because f is supercoercive, as in the proof of The-
orem 7.7.1, we may assume that (xx) is bounded. Let F), = {x : g,(x) > 1 + %}.
Since gy, is Lipschitz on bounded sets, and g, > 1 + % on C¢, it follows that x;, € F),
for all £ > N. Therefore, f (x;) > h,(g,(xx)) = nforall k > N. Thus f(x;) — o0
and, by the subgradient inequality, ||f”(x;)|| — oo since {xx};=, is bounded. [

Corollary 7.7.4. Suppose X is a Banach space that admits an equivalent norm whose
dual is locally uniformly convex (resp. strictly convex). Let C be an open convex set
in X. Then there is a convex function f that is C'-smooth on C (resp. continuous and
Gateaux differentiable on C) such that:

(@) f(xp) — oo and ||f (x,)|| = 00 as x, € C and dce(x,) — 0,
(b) ifx, € C and ||x,|| — oo, then f (x,) — oo and ||’ (x,)| — oo.

Proof. If X* admits a dual locally uniformly convex norm, then every Lipschitz
convex function can be approximated uniformly by C'-smooth convex functions
(Exercise 5.1.33(a)). Then we can apply Theorem 7.7.3(d) to obtain the desired
conclusion. The proof for the case of dual strictly convex norms is analogous. O

Let us note that our constructions can be made log-convex by considering &/ . The
following theorem relates the existence of various essentially smooth or functions of
Legendre type to the existence of certain norms on the Banach space.

Theorem 7.7.5. Let X be a Banach space.

(a) Suppose X admits an essentially B-smooth Isc convex function on a bounded
open convex set C with 0 € C. Then X admits a B-differentiable norm.

(b) Suppose X admits a strictly convex Isc function that is continuous at one point.
Then X admits a strictly convex norm.
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(c) Suppose X admits an essentially S-smooth Isc convex function f on a bounded
convex set C with 0 € int(C) that additionally satisfies ||f’ (x,)|| — oo if
dpdry(c)(xn) — 0. Then X admits a B-differentiable norm.

(d) If X admits a Legendre function on a bounded open convex set, then X admits
an equivalent Gdteaux differentiable norm that is strictly convex.

(e) If X admits an equivalent strictly convex norm, and if every open convex set is
the domain of an essentially B-smooth function, then every open convex set is the
domain of some -Legendre function.

(f) Suppose X admits an equivalent strictly convex norm whose dual is strictly convex
(resp. locally uniformly convex), then every open convex set is the domain of some
Legendre function (resp. Fréchet differentiable Legendre function).

Proof. (a) Let h(x) := f(x) + f(—x) on B := C N (—C). Notice that 4 is B-
differentiable on int(B). It follows that 4 is S-differentiable on the open convex
set B, and also /1(x) = oo forx ¢ B. Choose f(0) < a < 00. Because f is continuous
atOthesetD = {x : f(x) < o} has nonempty interior and D C B. The bounded con-
vex set D is also symmetric, and so the implicit function theorem for gauges (4.2.13)
implies that the norm, defined as the gauge of D, is an equivalent S-differentiable
norm on X.

(b) Suppose f is strictly convex, and continuous at xo. By replacing / with f* — ¢
and translating as necessary, we may assume xo = 0 and f/(0) = 0 is the minimum
of f. Also, replacing f with f + || - || gives us a function that is both strictly convex
and coercive (the sum of a convex function and a strictly convex function is strictly
convex). Now since f is continuous at 0, so is 4 where 4 is as in (a). Because 4 is
continuous at 0 and coercive, B = {x : h(x) < 1} is a bounded convex set, with
nonempty interior. Because / is strictly convex and symmetric, the gauge of B is a
strictly convex equivalent norm on X

(¢) As in (b), we may assume f(0) = 0 is the minimum of f. Now let 2 and B
be as above; we next observe that inf{A(x) : x € bdry(B)} > 0. Indeed, suppose
Xp € bdry(B) and A(x,) — 0. Notice that x,, or —x,, is in the boundary of C. Without
loss, assume that x,, € bdry(C). We know thatf (x,) — 0 (since 0 is the minimum of /
and #). Thus, the Brendsted—Rockafellar theorem (4.3.2) implies there is a sequence
vy € C with ||x, — y,ll = 0 and ¢, € 9f(y,) while ||¢,]| — 0. This violates
the condition ||f”(y,)|| — oo as dpary(B)(¥n) — 0. Hence there is an « such that
0 <o < inf{h(x) : x € bdry(B)}, and we may apply the implicit function theorem
for gauges (4.2.13) as in (a).

(d) Construct 4 and B as in (a). Because # is strictly convex on B O D, the norm
constructed in (a) is strictly convex.

(e) Let B be the unit ball with respect to an equivalent strictly convex norm || - ||, and
let C be the interior of B. Because C is bounded and open, there is an essentially §-
smooth convex function whose domain is C that satisfies Theorem 7.7.3(a). According
to Theorem 7.7.3(c), there are B-differentiable gauges y, decreasing pointwise to || - ||.
By letting || - ||, := %[y,, (¥)+yn(—x)] we get B-differentiable norms ||- ||, | ||-]|. Now
II-1l1 < K|l | and so the norms || - ||, are equi-Lipschitz. Following the John—Zizler
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proof [268] for Asplund averaging (see Exercise 5.1.24), we define || - | by

lxll :=

This norm is B-differentiable because of the uniform convergence of the sum of
derivatives. Moreover, it is strictly convex, because if |x| = [y = 1 and 2]x[|> +
212 — Ix + > = 0 we must have 2||x||5 +2||y||ﬁ —Ix +y||% = 0 for all n. Because
|- Il. = |l - |l pointwise, we have 2||x[|> + 2|ly[|> — lx + ylI> = 0 and so x = y by
the strict convexity of || - ||. Then adding | - I? to any essentially S-smooth convex
function, produces a supercoercive essentially S-smooth strictly convex function
whose domain is C. Hence Fact 7.2.1(c) implies this function is 8-Legendre.

(f) This follows from (e) and Corollary 7.7.4. O

The previous result shows that many spaces do not have functions of Legendre
type, while many others have an abundance of such functions. We make a brief list
of some such spaces in the following:

Example 7.7.6. (a) The spaces £~,/co and £+, (I") where I is uncountable, admit no
essentially strictly convex, and hence no Legendre functions.

(b) If X is a WCG space, then every open convex subset of X is the domain of a
Legendre function.

(c) If X* is WCQG, or if X is a WCG Asplund space, then every open convex subset
of X is the domain of a Fréchet differentiable Legendre function.

Proof. 1f the spaces in (a) were to have such functions, then they would have strictly
convex norms by Theorem 7.7.5(b). It is well-known (see [180, Chapter II] that these
spaces do not have equivalent strictly convex norms. In [180, Chapter VII] it is shown
that WCG spaces have strictly convex norms whose duals are strictly convex, and so
(b) follows from Theorem 7.7.5(f). Similarly, [180, Chapter VII] shows that spaces
as in (¢) have locally uniformly convex norms whose duals are also locally uniformly
convex, and so (c) follows from Theorem 7.7.5(f). |

If / is essentially smooth with domain C, then |/’ (x,)|| — oo if x, — X where
X € bdry(C) see Theorem 7.3.4(iv). However, this does not ensure that ||/’ (x,)| —
0o when dypdry(cy(xz) — 0 (as was required in Theorem 7.7.5(c)), even for bounded
sets as is shown in the following example.

Example 7.7.7. There is an essentially smooth convex function f whose domain is
a closed convex set C such that ||f"(x,) || # 00 as dpdry(c)(xs) — 0.

Proof. Let X := c¢ with its usual norm and let C be the closed unit ball of ¢g. Let
hy : [=1,1] = R be continuous, even and convex such that 4 is C!-smooth on
(—=1,1), and (h,)_(1) = 00, h,(1) = 1 and &, (t) =0 for |¢| <1 — ﬁ Now extend
hy, to an Isc convex function on R by defining /(¢) = oo if |¢| > 1. Define f on ¢y
by f(x) := Zflil hp(x,) where x = (x,)52 ;. Then f is C!-smooth and convex on
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int C because it is a locally finite sum of such functions there. Since (%,)’, (1) = oo,
it follows that df (x) = @ if ||x|| = 1, and clearly f(x) = oo if ||x|| > 1. Therefore,
f is essentially Fréchet smooth. However, if we consider v, = (1 — %)en, we have
f(vy) = 0andf’(v,) = 0 for each n while dpgry(c)(vs) — 0. [

Exercises and further results
7.7.1. Letf : £, — R be defined by

00 x-2
f@ =35
i=1

Show that

(a) f is smooth and strictly convex.
(b) f is not essentially strictly convex.

Hint. f'(x) = Y22, 2x;/2" ¢;. Note that f'(0) = 0, and f”(ne,) = n/2" 'e, — 0
and so (f7)~! is not locally bounded at 0 which is in its domain. Therefore, f is not
essentially strictly convex.

A less direct but instructive path to the failure of essential strict convexity is as fol-
lows. First, f is not coercive, so 0 ¢ int dom f* by the Moreau—Rockafellar theorem
(4.4.10). Also, given any ¢ € X*, one can show f — ¢ is not coercive, and so
¢ ¢ intdom /™ according to the (translated) Moreau—Rockafellar theorem (4.4.11).

Indeed, let ¢ := Y oo, aye, € £2. Then a, — 0. Let b, = max{n,|1/ay|}. Then
lbrenll = oo, but (f —¢)(bye,) < n27"+1and so f — ¢ is not coercive. Therefore,
¢ ¢ intdom ™. Because ¢ was arbitrary, we obtain that int dom /™ = ). According
to Theorem 7.3.4, f* is not essentially smooth. Then by Theorem 7.3.2, f = (f™)* is

not essentially strictly convex. O

7.7.2.* Verify the weak Hadamard case of Remark 7.7.2.
7.7.3 (Totally convex functions [141]).** A proper convex function f on a Banach
space X is totally convex atx € domf if its modulus of total convexity at x defined by

vr(x, 1) :=inf{Dy(y,x) : y € domf, |y —x|| = ¢}

is strictly positive for all # > 0. Then f is said to be totally convex if it is totally
convex at each point of its domain.

(a) Show that in Euclidean space a strictly convex function with closed domain is
totally convex when it is continuous on its domain.

(b) Show that if f is totally convex throughout dom f* then f is strictly convex on its
domain.

(c) Show that uniform convexity of f at x € domf (see Exercise 5.5.3) implies total
convexity of / at x. Hence a locally uniformly convex function is totallyconvex.

(d) Suppose f is Isc. Show that when f* is Fréchet differentiable at x then £ is totally
convex at x if and only if it is uniformly convex at x.
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(¢) Show that g defined on £ by

o0

gl) =y |tk

k=1

is nowhere uniformly convex but is totally convex throughout the set {x €
£y : limsup |xe|'/* < 13.

(f) Fix 1 < s < oo. Show that when X is uniformly convex and uniformly smooth
x = ||x||* is Legendre, is uniformly convex (on closed balls) and is totally
convex; see Example 5.3.11 and Exercise 5.3.2.

(g) Show that in a reflexive space a proper closed convex function which is totally
convex throughout dom df is essentially strictly convex.

Totally convex functions at x are well-tuned to Bregman algorithms since they are
precisely the convex functions with the property at x that for any sequence ()”) in
domf one has [y — x|| — 0 whenever Dy(y",x) — 0 as n — oo. More examples
and details on notions such as that of a totally convex Banach space may be found in
[141], [37] and [35, 36].

7.7.4. Contrasting Theorem 7.7.5(c) with Example 7.7.7 leads naturally to the
following questions to which we are unaware of the answer.

(a) If X admits an essentially 8-smooth convex function on a bounded convex set
with 0 in its interior, does X admit a 8-differentiable norm?

(b) Relatedly, if X admits an essentially 8-smooth convex function on a bounded
convex set with 0 in its interior, does X admit a -differentiable convex function
on a bounded convex set with 0 in its interior such that ||/’ (x,)|| — oo whenever

dbdry(C) (xy) — 0?

7.7.5 (Legendre transform). Suppose f is a (finite) everywhere differentiable convex
function on a reflexive Banach space X. Consider the following:

(a) Vf is one-to-one on X.
(b) f is both strictly convex and cofinite.
(c) f* is everywhere differentiable, strictly convex and cofinite; and for all x* € X*

£H6 = (N ) = f (9N @),
In Euclidean space, Exercise 7.3.7 establishes that (a) and (b) coincide and imply (c).
Determine what remains true in a reflexive Banach space.

Let us return to a few examples in the spirit of earlier sections of the chapter.
7.7.6 (A self-conjugate function). Let

t < -1

o) {t—log(l +1) > -1,

Show that g is convex and has the conjugate g*(s) = g(—s).
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7.7.7 (A trace-class barrier).* In [210] the author looks at self-concordant barriers in
an operator-theoretic setting. A number of the details can be understood quite clearly
in terms of the spectral theory developed thus far. We start with the Taylor expansion
14

12 13
10g(1+t)=t—§t + - ——t

The function g of Exercise 7.7.6 is convex with conjugate g*(s) = g(—s). Now
induce a convex rearrangement invariant function " on £, by

SO0 =" glx).

i=1

Clearly, f is finite and continuous at 0 since |g(¢)| < k2 if 7] < 1 /2. Define a
function ¢ on B, by

¢:=f o

Apply Theorem 6.5.11 to show ¢*(T) = ¢(—T'). Then show for T' € B, (the Hilbert—
Schmidt operators) with 7 + T > 0, that

¢ (T) = tr(T) — log(det(d + T)).

Hence, show that ¢ is a Fréchet differentiable and strictly convex barrier on the open
convex set {T' € By : [+ T > 0}.

7.7.8.** The previous construction can be extended to B, (the Schatten p-spaces) for
appropriate p by subtracting more terms of the series for log(1 +¢). This alternatingly
will be convex or concave. Consider for example g(¢) := log(l +¢) — (¢ — 12/2).
Confirm that g’(t) = /(1 + ) and g"(t) = 1 — 1/(1 4+ £)*> and so for ¢ > 0, g is
increasing and convex. Confirm that the conjugate of g is

g5 (s) = st(s) — log(1 + £(s)) + £(s) — %(s)/2,

where #(s) 1= (s + +/s2 + 4s)/2. Since |g(t)| < k¢* for ¢ small, the (permutation
invariant) function

)= gx)

i=1

is well defined, Isc and convex on £3. Show that ¢ := f o X is a Isc unitarily invariant
convex function on B3. Deduce that ¢* = f™ o A is a Isc unitarily invariant convex
function on B3>, where /*(x) = >, g*(x;). Determine the domain of ¢.
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Convex functions and classifications of
Banach spaces

A mathematician is a person who can find analogies between theorems; a better mathemati-
cian is one who can see analogies between proofs and the best mathematician can notice
analogies between theories. (Stefan Banach)1

8.1 Canonical examples of convex functions

The first part of this chapter connects differentiability and boundedness properties of
convex functions with respect to a bornology B (see p. 149 for the definition) with
sequential convergence in the dual space in the topology of uniform convergence on
the sets from the bornology. In some sense, many of the results in this chapter illustrate
the degree to which linear topological properties carry over to convex functions. This
chapter also examines extensions of convex functions that preserve continuity, as
well as some related results.

Also, given any bornology g on X, by tg we intend the topology on X* of uniform
convergence on S-sets. In particular, 1y is the Mackey topology of uniform conver-
gence on weakly compact sets, usually denoted by u(X™, X) in the theory of locally
convex spaces. Following [77], when we speak of the Mackey topology on X*, we
will mean pu(X*,X).

We begin with constructions of convex functions that seem to be central to
connecting convexity properties with linear topological properties in the dual.

Proposition 8.1.1. Let (¢,)2, C By«. Consider the functions that are defined as
follows

1 o0
S (x) = sup {«z)n(x) - —,0} gl) =sup ($a ()™ h(x) =Y (¢a(x)*".
n n n

n=1

Then f, g and h are proper Isc convex functions, where f is additionally Lipschitz.
Moreover

(a) [ is B-differentiable at 0 if and only if ¢ — <, 0.

1 Stefan Banach, 1892—1945, quoted in
www hi st ory. nts. st -andrews. ac. uk/ Quot ati ons/ Banach. htm .
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(b) g and h are bounded on B-sets if and only if ¢n —+, 0 and, if this is the case,
both functions are continuous.

Proof. 1t is clear that the functions are Isc and convex as sums and suprema of
such functions, and f is Lipschitz since ||¢,|| < 1 for each n. We outline the other
implications.

(a) Suppose f is B-differentiable at 0. Now f(0) = 0 and f(x) > O for all x € X,
thus 0 € 9/(0). Consequently, /(0) = 0. Suppose by way of contradiction that
®n 7> 14 0. Then we can find a B-set W and infinitely many » such that w, € W and
¢n(wy) > 2. For such n,

1 _
f(,,wn)l S(0) o <1wn> . n(qbn (ﬂ) B l) -
n

This contradicts that //(0) = 0 as a B-derivative.

Conversely, suppose ¢, —r; 0. Given any ¢ > 0 and any f-set IV, there is an
no € N such that ¢, (w) < e foralln > ng and w € W. Let M > 0 be chosen so that
W C MBy. Now for [t| < 1\#0 we have

1 1 1
Pp(tw) — — < —M — — <0 forallw € W, n < ny.
n  Mng n

Therefore,

1 1
0 <f(tw) —f(0) < max {0, sup |t|le — —} = |t|e for [t] < —.
n Mng

n>no

tw) — f(0
Consequently, HH(I)M = 0 for each w € W which shows f is
t—

B-differentiable at 0 with 1/ (0) = 0.

(b) Suppose ¢, —1, 0, and let W be a B-set. We select ng € N such that |¢, (x)| <
1/2 for all x € W and n > ng. Let M be defined by My = supy ¢ for k =
1,2,...,n9. Then forx € W,

0<g() <h(x) <MM+MP"+...+MMN+1,

which provides bounds for g and /# on . Also, as finite-valued Isc convex functions,
f and g are continuous (Proposition 4.1.5).

Conversely, if ¢, />4 0, then we can find a B-set W such that ¢, (w,) > 2 for
infinitely many n where w, € W. Then h(w,) > g(wy,) > (¢pn(wy))** > 22", and so
both g and /4 are unbounded on . [

We refer to the previous examples as ‘canonical’ because they are natural examples
that capture the essence of how convex functions can behave with respect to comparing
boundedness or differentiability notions as we now show.
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Proposition 8.1.2. Let X be a Banach space. Then the following are equivalent.

(a) Mackey and norm convergence coincide sequentially in X*.

(b) Every sequence of Isc convex functions that converges to a continuous affine
function uniformly on weakly compact sets converges uniformly on bounded sets
to the affine function.

(c) Every continuous convex function that is bounded on weakly compact subsets of
X is bounded on bounded subsets of X .

(d) Weak Hadamard and Fréchet differentiability agree for continuous convex
functions.

Proof. (a) = (b): Suppose ( f,) is a sequence of Isc convex functions that converges
uniformly on weakly compact sets to some continuous affine function 4. By replacing
(fn) with (f, —A) we may assume that 4 = 0. Now suppose ( f,;) does not converge to
0 uniformly on bounded sets. Thus there are K > 0, (xx)x>1 C KBy and ¢ > 0 so that
Jn, (X)) > & for a certain subsequence (n) of (1) (using convexity and the fact that
Jn, (0) = 0). Now let Cy := {x : f, (x) < e} and use the separation theorem (4.1.17)
to choose ¢ € Sy+ such that supc, ¢r < ¢r(xx) < K. We observe that (¢ ) does not
converge to 0 in 7y by (a). Find a weakly compact set C C X so that supc ¢y > K
for infinitely many k. We have sup- ¢y = @i (cx) for some ¢, € C, and ¢ & Cy (so
Jn, (ck) > €) for infinitely many &, which contradicts the uniform convergence to 0
of (fy) on C.

Now (b) implies (d) follows because difference quotients are Isc convex functions,
and (d) implies (a) follows from Proposition 8.1.1.

Finally, (c) implies (a) follows from Proposition 8.1.1, so we conclude by establish-
ing (a) implies (c). For this, we suppose (c) is not true. We can find then a continuous
convex function f that is bounded on weakly compact subsets of X and not bounded
on all bounded subsets of X. We may assume f(0) = 0 and we let (x,) be a bounded
sequence such that ' (x,) > n, and let C, := {x : f(x) < n}. By the separation the-
orem (4.1.17) to choose ¢, € Sx+ such that supc @n < ¢u(x,). Now choose K > 0
such that K > ¢,(x,) for all n. If ¢, /#+,,, 0, then there is a weakly compact set
W C X and infinitely many » such that ¢, (w,) > K and w, € W. In particular,
w, ¢ C, for those n and so f is unbounded on W. Thus (a) is not true when (c) is
not true. [

We conclude this section with a natural bornological extension of the previous
result that also addresses the situation for equivalent norms.

Theorem 8.1.3. Let X be a Banach space with bornologies f1 C pa. Then the
following are equivalent.

(a) tp, and tg, agree sequentially in X*.

(b) Every sequence of Isc convex functions on X that converges to a continuous affine
function uniformly on B1-sets, converges uniformly on B,-sets.

(c) Every continuous convex function on X that is bounded on B1-sets is bounded on
Bo-sets.
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(d) Bi-differentiability agrees with B,-differentiability for continuous convex func-
tions on X.
(e) Bi-differentiability agrees with By-differentiability for equivalent norms on X.

Proof. (a) = (b): As in Proposition 8.1.2 we may suppose ( ;) is a sequence of Isc
convex functions that converges uniformly to 0 on 8;-sets, but not uniformly on S,-
sets. Thus there is a Bp-set W C KBy withx; € W and ¢ > 0 for that f;,, (x,,) > &.
Now let Cx = {x: fn, (x) < ¢} and choose ¢y € Sx+ sothatsupe, ¢ < ¢k (xy,) < K.
If (¢x) does not converge uniformly to 0 on Bi-sets, then there is a §1-set C such
that sup- ¢ > K for infinitely many k. Thus (f,,) does not converge uniformly to
0 on C. This contradiction shows that (¢,,) converges uniformly to 0 on Bi-sets.
We now show that (¢, ) does not converge uniformly to 0 on B;-sets. For this, let
F,:={x € X : fr(£x) < ¢ for all £k > n}. Since (f;,) converges pointwise to 0,
U,>1 F» = X. The Baire category theorem ensures that Fj; has nonempty interior
for some 71 € N , and because F7j; is a symmetric convex set, for some § > 0 we have
that §By C Fj. Consequently, for ny > n, supc, Pr > 8. Thus ¢ (x,,) 7 0 which
shows (¢y) does not converge uniformly to 0 on the B-set .

(b) = (d): Follows as in Proposition 8.1.2.

(d) = (e): is trivial, for (¢) = (a) one can use the following construction (a more
elegant proof can be found in [77, Theorem 1]).

Suppose ||, || = 1 for all n, and ¢, — 15, 0 but ¢, 7@,52 0. Let¢ € Sy+ be anorm
attaining functional, say ¢ (x9) = 1 where xo € Sy. By passing to a subsequence we
may and do assume |, (xg)| < # for each n. Define || - | by

We will show that || - || is B-differentiable at xo but not B,-differentiable at x.
First, observe that [xoll = 1, ¢(x9) = 1 and ¢(x) < 1 if x| < 1. Consequently,

¢ € dlxoll.

Next we observe, || - || is not By-differentiable at x¢. Indeed, since ¢, 74>rﬁ2 0,
there is a By-set W C By and h, € W so that ¢,(h,) > & for all n (passing to a
subsequence). Then

1
= lIxoll — <¢, _hn>
n
(l — iz) ¢ (xo + lh,,) —1—-9¢ (lhn> + én (xo + lh,,)
n n n n
1 - iz - 1+¢<lhn> (1 - %) _¢(lhn> +¢n <x0+lhn)
n n n n n

1
Ixll := max {EIIXII, ¢ ()1,

1
L= — ) @)+ ¢u(®)
n

1
X0 + —hy
n

v

v
|
!
|
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It follows from this that || - || is not B;-differentiable at xg.

To show that | - || is B;-differentiable at xo we first observe that if ¢ is sufficiently
small, then |¢ (xo + th)| = ¢ (xo + th) and so |p (xo + th)| — 1 — ¢ (th) = 0. Now, for
¢ sufficiently small

‘(1 - niz) ¢ (xo + th) + $ulxo + th)‘ — 1 —h)

= <1 — ni2> @ (xo + th) + ¢dn(xo + th) — 1 — ¢ (th)

1o
=—— - _2¢(rh) + ¢u(x0) + Pn(th)

n
5__+ﬂ+2i2+¢n(rh>
o |z|

Let ng be chosen so that ¢,(h) < ¢ for n > ng. Now consider the above when
1
[t| < 4’%.Then

1
Ixo + thll — Ixoll — ¢ (th) < sup {o, it %(rh)}

n>ngo

< ¢nlth) < |tle.

This completes the proof of (a) = (e).

The equivalence of (a) and (c) is also similar to the proof of Proposition 8.1.2.
Indeed, we prove (a) = (c) by contraposition. Suppose (c) is not true. The we can
find a convex function f* with ' (0) = 0 and that /" is bounded on §;-sets, but not on
Ba-sets. Let W be a B-set on which f is unbounded. Then we choose x,, € W such
that f'(x,) > nand let C,, := {x : f(x) < n}. Because f(0) = 0 and f is continuous,
it follows that there is a § > 0 so that By C C; C C, for each n. By the separation
theorem (4.1.17), we choose ¢, € Sy« so that § < supc, ¢n < Pn(xp). As in (a) =
(b) we can show that (¢,) converges to 0 uniformly on 8;-sets. However, (¢,) does
not converge uniformly to 0 on the B,-set . Thus (a) is not true.

The implication (¢) = (a) follows from Proposition 8.1.1. |

Exercises and further results

8.1.1. LetX := ¢, for 1 <p < oo orcoand write x € X asx = (xx)2 ;.

(a) Show that /' : X — R defined by f(x) := > ;o x]%k is a continuous convex
function that is unbounded on some bounded set of X.

(b) Show that g : X — R defined by g(x) := sup{xy — % .k > 1} is Gateaux
differentiable but not Fréchet differentiable at 0.

(c) When X := £1, deduce that the function g in (b) is weak Hadamard differentiable,
but not Fréchet differentiable at 0.
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8.1.2. Construct a continuous function on £, that is everywhere Gateaux differen-
tiable but fails to be Fréchet differentiable at some point(s).

Hint. See Exercise 5.1.26, and consider the norm squared. [

8.1.3. Let X be a locally convex vector space and let H C X be a dense convex set.
Let f and g be closed proper convex functions on X such that /' > g and |z = gl#.
Show that f = g.

Hint. Fixx € domf and r € R with f(x) > r. Let W := {z : g(z) > r} and select an
open convex neighbourhood V := ¥, of x with V C {z: f(z) > r}.Then VNH C W
andso VNH =V, C W.Hencex € ¥, € W and so g(x) > r. O

8.2 Characterizations of various classes of spaces

In this section we provide a listing of various classifications of Banach spaces in
terms of properties of convex functions. Many of the implications follow from Theo-
rem 8.1.3 or variants of the arguments upon which it is based. We will organize these
results based upon when two of the following notions (Gateaux, weak Hadamard
or Fréchet) differentiability coincide for continuous convex functions on a space,
and then for continuous weak*-Isc functions on the dual space. First we state the
Josefson—Nissenzweig theorem proved independently by the two authors.

Theorem 8.2.1 (Josefson—Nissenzweig [271, 333]). Suppose X is an infinite-
dimensional Banach space, then there is a sequence (x);) C Sx+ that converges
weak* to 0.

We shall call a weak™*-null unit norm sequence a JosefSon—Nissenzweig sequence
or a JN-sequence. At first glance, one might say that this result is expected. After
all, the norm and weak* topologies are different for infinite-dimensional spaces,
therefore, it should be possible to extract such a sequence. However, this is not an
easy theorem, and we refer the reader to [183, Chapter XII] for a proof. In fact, when
comparing the usual topologies, norm, weak and weak™*, the Josefson—Nissenzweig
theorem is the exception. That is weak and norm convergence can agree sequentially
in some spaces that are not finite-dimensional, and weak and weak* topologies can
agree sequentially in duals of certain spaces that are not reflexive. The results from
this section are built upon the sequential agreement of various topologies. Indeed,
it has already been shown in Theorem 8.1.3, many important properties of convex
functions are connected to the sequential convergence in the topology induced by a
given bornology. These connections will be listed explicitly.

First, we consider when Géateaux and Fréchet differentiability coincide for
continuous convex functions.

Theorem 8.2.2. For a Banach space X, the following are equivalent.

(a) X is finite-dimensional.
(b) Weak* and norm convergence coincide sequentially in X*.
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(c) Every continuous convex function on X is bounded on bounded subsets of X.
(d) Gateaux and Fréchet differentiability coincide for continuous convex func-
tions on X.

Proof. The equivalence of (a) and (b) is the Josefson—Nissenzweig theorem (8.2.1).
The equivalence of (b) through (d) is a direct consequence of Theorem 8.1.3 with the
Gateaux and Fréchet bornologies. [

In particular, on every infinite-dimensional Banach space there is a continuous
convex function that is unbounded on a ball and that assertion is equivalent to the
Josefson—Nissenzweig theorem (8.2.1). By far, the most difficult part in that asser-
tion is the construction of a weak™-null sequence of norm one elements in the dual.
However, it is relatively easy to construct such sequences in certain spaces; see
Exercise 8.2.13.

Next, we consider when Gateaux and weak Hadamard differentiability coincide.
As in [78], we will say a Banach space possesses the DP*-property, (x};,x,) — 0
whenever x, — 0 and x] —4+ 0. It is straightforward to check that a Banach
space has the DP*-property if and only if weak* and Mackey convergence (uniform
convergence on weakly compact subsets of X) coincide sequentially in X*. Recall
that a Banach space X is said to be a Grothendieck space if weak™ and weak conver-
gence coincide sequentially in X™; alternatively X is said to have the Grothendieck
property. A Banach space is said to have the Dunford—Pettis property if (x},x,) — 0
whenever x, —, 0 and x} —, 0. The term DP*-property derives from the fact
that weak convergence is replaced with weak™ convergence in the dual sequence in
the Dunford—Pettis property. Therefore, it follows immediately that a Banach space
with the Grothendieck and Dunford—Pettis properties has the DP* property (but not
conversely, e.g. £1). Consequently, the spaces £ (I") for any index set I" have the
DP*-property (see [184]).

Theorem 8.2.3. For a Banach space X, the following are equivalent.

(a) X has the DP*-property.

(b) Gdteaux and weak Hadamard differentiability coincide for all continuous convex
functions on X.

(c) Every continuous convex function on X is bounded on weakly compact sub-
sets of X.

Proof. This is a direct consequence of Theorem 8.1.3 using the Gateaux and weak
Hadamard bornologies. 0

Because € has the DP*-property, the previous theorem applies in spaces where the
relatively compact sets and relatively weakly compact sets form different bornologies.
Recall that a subset L of a Banach space X is called /imited if every weak*-null
sequence in X* converges to 0 uniformly on L. Then RK C £ C B, where RK is
the collection of the relatively compact subsets, £ of the limited subsets and 5 of
the bounded subsets. The Josefson—Nissenzweig theorem (8.2.1) says that in infinite-
dimensional Banach spaces, £ # B. A Banach space is called Gelfand—Phillips if
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RK = L.1f By is weak*-sequentially compact, then X is Gelfand—Phillips (for these
results, see [183, p. 116, 224 and 238]), while £, is not Gelfand—Phillips. Moreover,
for a given bornology $ in X, tg and weak*-convergence agree sequentially if and
only if 8 C L. In particular, a Banach space has property DP* if and only if W C L,
where as before W denotes the bornology of weakly compact subsets of X. Recall
that a Banach space has the Schur property if its weakly convergent sequences are
norm convergent. If a Banach space is DP* and Gelfand—Phillips (for example, the
space £1) then it is Schur, and every Schur space has the DP* property.

We now turn to spaces where weak Hadamard and Fréchet differentiability coincide
for continuous convex functions.

Theorem 8.2.4. For a Banach space X, the following are equivalent.

(@) X P L1.

(b) Mackey and norm convergence coincide sequentially in X*.

(c) Weak Hadamard and Frechet differentiability coincide for continuous convex
functions on X.

(d) Every Isc convex function on X bounded on weakly compact sets is bounded on
bounded sets.

Proof. See [77, Theorem 5] or [338] for the equivalence of (a) and (b). The
equivalence of (b) through (d) is in Proposition 8.1.2. O

We now consider analogous situations for weak*-Isc convex functions. Questions
of differentiability require some care on the conjugate case because, in general, there
is no guarantee that the derivative is in X.

Theorem 8.2.5. For a Banach space X, the following are equivalent.

(a) X has the Schur property.

(b) Gdteaux differentiability and Fréchet differentiability coincide for weak*-Isc
continuous convex functions on X*.

(c) Each continuous weak*-Isc convex function on X* is bounded on bounded
subsets of X*.

(d) Every proper Isc cofinite convex function on X is supercoercive.

Proof. (a) = (c): Follow the argument of (a) = (c) in the proof of Proposition 8.1.2
using a weak*-continuous separating functional.

(¢) = (d): Suppose f is cofinite, then /™ is defined everywhere and therefore /™ is
continuous (Proposition 4.1.5). Now the hypothesis of (c) says that /* is bounded on
bounded sets; consequently f is supercoercive (Theorem 4.4.13).

(d) = (a): Suppose that X is not Schur, then we choose x, € Sx such that (x;)
converges weakly to 0 (and hence (x,) converges weak™ to 0 when considered as a
sequence in X**). Define g on X* by g(x*) := sup, ((x,,x*))*". Then g is weak*-Isc
and Proposition 8.1.1 implies g is continuous but is not bounded on bounded sets.
Moreover, g = f™* where f = (g*|x) (Proposition 4.4.2). Then f is cofinite, but /" is
not supercoercive because /™ is not bounded on bounded sets (Theorem 4.4.13).
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(a) = (b): Suppose x, € 3,/ (x*) N X where &, — 0T and f : X* — R is
weak*-Isc and Gateaux differentiable at x*. By Smulian’s theorem (Exercise 4.2.10)
Xn —w f'(x*). We claim that (x;) is a norm convergent. Indeed, if it is not norm
convergent, then it is not norm Cauchy and so there is a subsequence (x,,;) and § > 0so
that ||x,, —x,,,, || = 8. However, this is a contradiction because y; — 0 weakly where
Yi = Xu; — Xp;,,. Consequently, x, is norm convergent and by Smulian’s theorem
(Exercise 4.2.10), 1" is Fréchet differentiable at x*.

(b) = (a): Suppose X does not have the Schur property. Then there is a sequence
(xn) C Sy that converges weakly to 0 (hence (x,) converges weak™ to 0 as a sequence
in X**). Define f : X* — R by f(x*) := sup{x*(x,) — 1/n : n € N}. Then [ is
Gateaux but not Fréchet differentiable at 0 according to Proposition 8.1.1. O

Theorem 8.2.6. For a Banach space X, the following are equivalent.

(a) X has the Dunford—Pettis property.

(b) Weak and Mackey convergence coincide sequentially in X*.

(c) Gdteaux differentiability and weak Hadamard differentiability coincide for
continuous weak*-Isc convex functions on X*.

(d) Each continuous weak™*-Isc convex function on X* is bounded on weakly compact
subsets of X*.

Proof. The proof is similar to that of Theorem 8.2.5; see Exercise 8.2.4. 0

Our last result regarding classes of differentiability for weak*-1Isc convex functions
is as follows.

Theorem 8.2.7. For a Banach space X, the following are equivalent.

(a) Every sequence in X considered as a subset of X** that converges uniformly on
weakly compact subsets of X*, converges in norm (i.e. Mackey convergence in
X** agrees with norm convergence for sequences in X).

(b) Weak Hadamard and Fréchet differentiability coincide for continuous weak*-Isc
convex functions on X *.

(c) Every weak*-lsc convex function on X* that is bounded on weakly compact
subsets of X* is bounded on bounded subsets of X*.

Proof. (a) < (b): This is similar to the proof in Theorem 8.2.5.

(a) = (c): Suppose /' : X* — R is weak*-Isc, f(0) = 0 and f is unbounded on
By«. Let C, = {x* : f(x*) < n}, now there are x, € By and x; € By so that
1 > x,(x;;) > supg, Xxn > €&, where ¢ > 0 is such that eBy+ C C, for all n. Thus
Ixxll 7 0 and so x, /¢, 0. Then find a weakly compact set /' C X* such that
supy x, > 1 for infinitely many », and deduce that /" is unbounded on /. To prove
(c) = (a), apply Proposition 8.1.1 with functionals x,, —+,,, 0 but [|x,[| 4 0. |

Note that the previous theorem applies to spaces X such that X does not have the
Schur property and X* D £;: for example X = €1 @ €. So this provides information
that cannot be deduced from Theorem 8.2.5 or Theorem 8.2.4.
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Finally, we will consider two further classes of spaces. That is the Grothendieck
spaces because of their significance to the continuity of bi-conjugate functions, and
we will consider dual spaces with the Schur property.

Theorem 8.2.8. For a Banach space X, the following are equivalent.

(a) X is a Grothendieck space.

(b) For each continuous convex function f on X, every weak™*-Isc convex extension
of f to X** is continuous.

(c) For each continuous convex function f on X, f** is continuous on X**.

(d) For each continuous convex function f on X, there is at least one weak*-Isc
convex extension of f to X™* that is continuous.

(e) For each Fréchet differentiable convex function f on X, there is at least one
weak*-Isc convex extension of f to X** that is continuous.

Proof. For(a) = (b), see Exercise 8.2.9(a). Now (b) = (¢) = (d) = (e) are all trivial.
For (e) = (a) see Exercise 8.2.9(b). |

For another characterization of Grothendieck spaces concerning weak*-Isc convex
extensions that preserve points of Gateaux differentiability see Exercise 8.2.5. For
further information on Grothendieck spaces and related spaces, see [183, 184, 251].

Theorem 8.2.9. For a Banach space X, the following are equivalent.

(a) X* has the Schur property.

(b) X P £ and X has the Dunford—Pettis property.

(¢) If f : X — R is a continuous convex function such that f** is continuous, then
[ is bounded on bounded sets.

Proof. See [183, p. 212] for the equivalence of (a) and (b); see also Exercise 8.2.2.
(a) = (c): According to Theorem 8.2.5(c), /** is bounded on bounded sets and
thus /" is bounded on bounded sets by Fact 4.4.4.
(c) = (a): See Exercise 8.2.10. O

Figures 8.1 and 8.2 illustrate the containments between many of the key classes of
spaces discussed in this section and earlier.

Separable c WCG < GDS

Schur Euclidean

Reflexive  Asplund ¢l g X

Grothendieck

Figure 8.1 Relations between classes of Banach spaces.
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Schur DP* DP
Grothendieck

Figure 8.2 Relations between DP and DP* spaces.

Exercises and further results

8.2.1 (Theorem 8.2.4 in Asplund space). Part (a) and (b) below outline an elementary
proofby V. Montesinos (private communication) that the norm and Mackey topologies
coincide sequentially in X* when X is an Asplund space; this proof does not use
Rosenthal’s £;-theorem.

(a) Let X be a Banach space. Show that the following are equivalent:

(i) The norm and Mackey topologies agree sequentially in X*.
(ii) Given a weak*-null sequence (x}) in X* such that (x,,x}) — 0 for every
weakly null sequence (x,) in X we have x} — . 0.

(b) Let X be an Asplund Banach space. Then the Mackey and norm topologies agree
sequentially on X*.

(c) Deduce that if X is an Asplund space, then Fréchet differentiability and weak
Hadamard differentiability are equivalent for continuous convex functions.

(d) Provide an example of a continuous convex function f : ¢cg — R that is Gateaux
differentiable at some point, but fails to be Fréchet differentiable at that point.

Hint. (a) (1) = (ii): Let (x);) be a sequence as in (ii). Assume that x;; /4 ,,, 0. Find
an absolutely convex and weakly compact subset # of X, a sequence (wy) in W,
a subsequence (n) of (n) and some ¢ > 0 such that (wk,x;jk) > ¢gforall k. Wis
weakly sequentially compact, so we may and do assume that wy —,, wq for some
wo € W. Then (w; — wo,x;';k) # 0 and we reach a contradiction. So x}; — )y 0 and
from (i) we have x}; — . 0.

(i)= (i) Let x; —+,, 0. Given a weakly null sequence (x,) in X, {x,}>>, U {0}
is a weakly compact subset of X, and so is its absolutely convex hull. Then (x)
converges to 0 uniformly on {x,}°2,. In particular, {(x,,x;) — 0. From (ii) we get
xj; |-l 0.

(b) From part (a) it is clearly enough to prove the result for Banach spaces X
such that X* is separable. We shall check that in this case (ii) holds. Let (x}
be a sequence in X* as in (ii). Assume that |[x}|| 4 0. Without loss of gener-
ality we may take ||x’|| = 1 for all n. We can find then a sequence (x,) in By
such that (x,,x}
so there exits a subsequence of (1), denoted again by (n), and some x** € By
such that x, — ¢+ x™*. Using this with the fact that (x}}) is weak*-null, we may

)y > 1/2 for all n. Now (By=,w™*) is compact and metrizable,
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and do assume that for some subsequence of (n), denoted again (n), we have that
Xon — X24—1 18 a weakly null sequence with the property that (x2,, —x2,—1,x}) /4 0,a
contradiction.

To prove (c), use (b) and Proposition 8.1.2; for (d), see Exercise 8.1.1. 0

8.2.2.* Show the equivalence of (a) and (b) in Theorem 8.2.9. (You may use any other
theorem in this chapter, and you may use the result if X D £1, then X* does not have
the Schur property.)

8.2.3.* Prove the equivalence of (a) and (b) in Theorem 8.2.7.

Hint. (a) = (b): Suppose f : X* — R is weak*-Isc, convex (and continuous) and that
f is weak Hadamard differentiable at x*. Now suppose x, € 9,/ (x*) where &, — 0.
By Smulian’s theorem (Exercise 4.2.10), x,, converges to f/(x*) uniformly on weakly
compact sets in X *. Suppose that (x,) is not norm convergent. Then there is a subse-
quence x, and § > 0 so that ||y,|| > & for all k where y; = x| —xp,. Now yy — 0
uniformly on weakly compact subset of X*, and so by the hypothesis of (a), yy — 0
in norm. This contradiction shows that (x,) is norm convergent. Applying Smulian’s
theorem (Exercise 4.2.10) again ensures that f if Fréchet differentiable at x*.

(b) = (a): can be done by appropriately applying Proposition 8.1.1. [

8.2.4.* Suppose X is a Banach space with the Dunford—Pettis property.

(a) Letf : X* — R be a continuous weak*-Isc convex function. If f/ is Géateaux
differentiable at x*, then is it true that /' (x*) € X?

(b) Suppose (x,) C X C X* and (x};) C X* are such that x, — x™ € X™* in the
weak*-topology on X** and x; — x* in the weak topology on X*. Show that
X5 () — X (x").

(c) Prove Theorem 8.2.6.

Hint. (a) No. Consider the usual norm on £1.
(b) Suppose that x(x,) / x™*(x*). By passing to a subsequence and re-indexing
we may and do assume

X () — X**(x*)| > 38 for all n,and some § > 0.
Because x} —, x* we fix ng such that
IX** () — x**(x*)| < § foralln > ny.

Now fix n; > ng, and suppose n;, has be been chosen. We use the fact that x,, — + x**
to choose n41 > ny so that

e (o) — x5, ()] < 8.
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Consequently, |x;';k (Xngy) — X (x*)] < 28. Now let u = x:‘,k and uy = Xy, — Xpy.
Then u} — x* and uy — 0. However,

lug ()| = Py, Gong ) — X () + 3™ (x%) = x;, ()|

> |y, (o) — X )] = gy, (o y ) — X > 36 — 28 =6,

which violates the Dunford—Pettis property.

(c) We begin with (a) = (b): Suppose x;; —, 0 but that the convergence is not
uniform on weakly compact sets. Then there are a weakly compact set W, x, € W,
and § > 0sothat |x)(x,)| > 8. Using the Eberlein-Smulian theorem (see, e.g. [199, p.
85]) passing to a subsequence we may and do assume x,, —, x. Thenx (x,,) /4 (0,x)
and so the Dunford—Pettis property is violated.

(b) = (a): Suppose x,, = x and x;; —, x*. Then W = {x,}, U {x} is weakly
compact. Therefore, x; — x* uniformly on W. Now choose n¢ such that

I () — X ()] < g and | (w) — x*(w)| < ; forallw € W, n > no.
Thus for n > ng we have

Iy (xn) — X* ()| = |x) (x0) — X% () 4+ X" (xp) — x* ()|

< x5 en) — x|+ IXF () —x¥ ()] < €.

Thus the Dunford—Pettis property is satisfied.

(a) = (c): We will use part (b) of this exercise and Smulian’s theorem in a similar
fashion to the proof of Theorem 8.2.5. Suppose x, € ¢,/ (x*) N X where ¢, — 0.
Then x, —>w+ f/(x*) by Smulian’s theorem (Exercise 4.2.10). Suppose the con-
vergence is not uniform on weakly compact sets. Then there is a weakly compact
set W C X* and x} € W such that |(x} — (f'(x*),x¥)| > ¢ for all n and
some ¢ > 0. By passing to a subsequence usmg the Eberlein-Smulian theorem
(see e.g. [199, p. 85]), we may and do assume x}; —,, ¢ for some ¢ € W. Now,
(f'(x*), x5y — (' (x*), ¢). Therefore,

11m1nf|x — ' (x"), )| > e.

This contradicts part (b) of this exercise. Consequently, x} — f’(x*) uniformly on
weakly compact sets in X*. According to Smulian’s theorem (Exercise 4.2.10), f is
weak Hadamard differentiable at x*.

(c) = (b) and (d) = (b) can be shown using Proposition 8.1.1.

(a) = (d): Suppose f : X* — R is weak™*-Isc, convex, continuous and unbounded
on some weakly compact set W. Let C, := {x* : f(x)* < n}. Since we lose no
generality assuming f(0) = 0, we may choose § > 0 so that §By+ C C, for all n.
Now choose x} € W so that f(x}) > n. By the weak*-separation theorem (4.1.22)
we choose x, € Sy so that x' (x,) > supc, Xn > 0. Again, by Eberlein—Smulian we
may assume x;; —, x* for some x* in ¥. As in analogous results, x,, —, 0 for if not
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Jf would not be defined on all of X. However, x}; (x,) # 0 and so the Dunford—Pettis
property is not satisfied. |

8.2.5 (Godefroy [232]). Let X be a Banach space, and let G( f) denote the points of
Gateaux differentiability of /. Show that the following are equivalent.

(a) X is a Grothendieck space.
(b) G(f) = G(f**) NX for each Isc convex function f : X — (—o0, +00].
() G(v) = G(w*) NX for each continuous norm on X.

Hint. (a) = (b): Suppose f is Gateaux differentiable atxo € X with Gateaux derivative
¢ € X*. Now f™** is continuous at xo € X** according to Fact 4.4.4(b). Let ¢, €
g,/ ™ (xo) where ¢, — 0 and ¢, € X*. Then ¢, € 9,/ (x0), and by the Gateaux
differentiability of £, ¢, —w+¢ (Smulian). Then by the dual version of Smulian’s
theorem, /** is Gateaux differentiable at xp € X.

(b) = (c) is trivial. Note that (b) = (a) can be deduced using a canonical example.
See [232] for further details. [

8.2.6 (Godefroy [232]). Suppose f is a continuous convex function on X and f**
is Gateaux differentiable at all points of X. Show that /** is the unique weak*-Isc
extension of f to X**,

Hint. Use Exercise 4.3.12(b). See [116, Theorem 3.1] for further details. O

8.2.7 (Godefroy [232]). Supposef : X — Ris a Fréchet differentiable convex func-
tion. Show that every weak™-Isc convex extension of / to X ** is Fréchet differentiable
on X. In particular, there is only one such extension, namely f/™**.

Hint. The Fréchet differentiability assertion follows as in the proof of Exercise 4.4.22.
Uniqueness then follows from Exercise 8.2.6. |

8.2.8 (Godefroy [232]). Letf : X — (—o00,400] be Isc and convex, and let £(f)
denote the convex weak™-1sc extensions of f : X — (—o0, +00] to X**. Show that
E(f) has a largest element, that £(f) is convex, but that, in general, £(f) has no
smallest element.

Hint. Convexity and existence of a largest element are straightforward. Following
[232,p. 372], letf : £1 — R be the usual norm, i.e. f (x) = |x||;. Define

Cr:={(an) € loo : (an)lloo = 1, lim a, = O},
n—oo

Gy i={(an) € lo : l(@n)llc = 1, lim a, = a1}.
17— 00

Let oc; : £ — R denote the support function of C;. Then o¢, € £(f), however,
each convex function f* : £7* — (—o00, +00] minorizing o¢, and o¢, vanishes at
e1 € £1. To see this, let ¢ be the closed subspace of convergent sequences in £, and
let ¢ € €% be the functional such that ¢ (x;) = — lim;_, x; for each (x;) € c. Then
check that oc, (e; + ¢) = 0 while o¢, (e — A¢) = 1 for each A € R and consider
er ="t (e1 +¢) + y(er — (n—1g). O
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8.2.9.* (a) Prove the implication (a) = (b) from Theorem 8.2.8.
(b) Prove the implication (e) = (a) from Theorem 8.2.8.

Hint. (a) Suppose some weak*-Isc convex extension of f, say f is not continuous on
X**. Take ® € X™* such thatf(cb) = 00. Consider C,, = {A € X** : f"(A) < n}.
Using the weak*-separation theorem (4.1.22) find ¢, € Sx+ such that sup, ¢, <
(¢n, ). Show that the sequence (¢,) converges weak™ to 0, but not weakly to 0.

(b) Suppose X is not a Grothendieck space, and choose (¢,) C Sy that con-
verges weak™ but not weakly to 0. Show that the function 4(x) in Proposition 8.1.1
is such that #** is not continuous on X** and note that this is the unique weak*-lsc
extension to X **, 0

8.2.10.* Prove the implication (¢) = (a) in Theorem 8.2.9.

Hint. Suppose X* is not Schur, and choose (¢,) C Sx+ that converges weakly to 0.
Then the function # : X — R in Proposition 8.1.1 is continuous but not bounded on
bounded sets. It then remains to verify that #** is continuous. O

8.2.11. (a) Suppose that By« is weak*-sequentially compact. Prove that X is a
Gelfand—Phillips space.

(b) Suppose a Banach space has the DP*-property and is Gelfand—Phillips. Show
that it is Schur.

(¢) Suppose X has the DP*-property and Y is a subspace of X that is Gelfand—Phillips
but not Schur. Show that there is a continuous convex function on Y that cannot
be extended to a continuous convex function on X.

Hint. (a) Suppose K C X is notrelatively compact. Then there is a sequence (x,) C K
and ¢ > 0 such that dg, (x,4+1) > & where E, = span{xy,...,x,}. Thus choose
¢n € Sy such that ¢, (E,) = {0} while ¢,(x,+1) > &. By the weak*-sequential
compactness of By, we have that ¢,, —+ ¢ forsome ¢ € By+. Now ¢, converges
pointwise to ¢ on K, but not uniformly.

(b) Suppose X has the DP*-property, then weakly compact sets are limited. But
because X is Gelfand—Phillips, this implies weakly compact sets are norm compact.

(c) By part (b), Y does not have the DP*-property. Therefore, there is a continuous
convex function on Y that is not bounded on weakly compact subsets of Y. Such a
function cannot be extended to a continuous convex function on all of X |

8.2.12 (Explicit Josefson—Nissenzweig sequences). (a) Show thatfor 1 < p < oo the
canonical basis in £, forms a JN-sequence. (b) Construct a JN-sequence in L,[0, 1].

8.2.13. Prove the special case of the Josefson—Nissenzweig theorem (8.2.1) in the
event that By+ is weak™*-sequentially compact. Prove it also for Banach spaces X with
a separable (infinite-dimensional) quotient space.

Hint. Suppose By is weak*-sequentially compact. Using the separation theo-
rem (4.1.17), construct a system {x,, x}'} such that ||x}|| = ||Ix,|| = 1 andx}(x,) > 1/2
while x} (x,,) = 0 for m < n. Now, x,";j — o+ X*, and so (x:j — x*) =+ 0 while
(x:j —x*,xn;) > 1/2. Thus ||ij —x*|| > 1/2 for all ;.

Suppose T : X — Y is a bounded linear onto operator where Y is separable (or
more generally has weak*-sequentially compact dual ball). Let ¢, € Sy+ be such that
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¢n —>w+ 0. Then T*¢, —>+ 0. By the open mapping theorem (Exercise 4.1.23)
(T*¢,,) does not converge in norm to 0. O

8.2.14.** Prove that on every nonreflexive Banach space, there is a Lipschitz function
that is weak Hadamard but not Fréchet differentiable.

This shows, for example, that Theorem 8.2.4 does not extend to Lipschitz functions.
It can be shown with substantially more work, that it it does not extend to differences
of continuous convex functions; see [114].

Hint. See [78]. O

8.2.15. Show the existence of a sequence in Sy that converges weak™ to 0 implies
for any x € Bx+ with |x|| < 1, there is a sequence in Sy that converges weak™ to x.

Hint. Let ||x|| < 1. Choose ¢ > Osuchthat ||x||+& < 1. Now (x+&x;,) —> 4+ x where
Xp =+ 0. Find ¢, > & so thatx + #,x, € Sy. LetXx, :==x + t,x, Nowe < t, <2/¢
for each »n and so X, —,* x as desired. O

8.3 Extensions of convex functions

This section considers the question of extending convex functions to preserve continu-
ity, which in some sense can be thought of as a nonlinear variant of the Hahn—Banach
theorem.

Question 8.3.1. Suppose Y is a closed subspace of a Banach space X. Iff : Y — R
is a continuous convex function, is there a continuous convex function{}; X >R
such that f ly = f? That is can | be extended to a continuous convex function on
X ? Relatedly, when can a convex function continuous on a spanning closed convex
subset of X be extended continuously to X ?

The following example shows that such extensions are not always possible.

Example 8.3.2. LetY :=cpor £, with1 < p < oo. Letf : ¥ — R be defined by

f) =) ()™

n=1

where e are the coordinate functionals. If Y is considered as a subspace of £, then
f cannot be extended to a continuous convex function on £.

Proof. Because e;; —+ 0, Example 8.1.1 shows f is a continuous convex function.
However, f is not bounded on the weakly compact set {2e,}7> ; U {0}. Now £ is a
space with the DP*-property and so Theorem 8.2.3 shows every continuous convex
function on £, is bounded on weakly compact subsets of £,. Therefore, / cannot be
extended to a continuous convex function on £. |

We refer the reader to Exercise 8.2.11 for a more general formulation of
Example 8.3.2. We should also point out that in the case ¥ = cg, the preceding
provides an example of a continuous convex function / whose biconjugate fails to be
continuous; see [392]. Before proceeding, observe that there are natural conditions
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that can be imposed on f that allow it to be extended to any superspace. For example,
if f is Lipschitz or more generally, is bounded on bounded sets (see Exercise 8.3.4).
However, our present goal is to find conditions on X and/or Y for which every con-
tinuous convex function on Y can be extended to a continuous convex function on
X. A well-known natural condition where this is true is recorded as

Remark 8.3.3. Suppose Y is a complemented subspace of a Banach space X. Then
every continuous convex function on Y can be extended to a continuous convex
function on X.

Proof. Letf : Y — R be continuous convex. Then f x) :==f(P(x)) where P : X —
Y is a continuous linear projection provides one such extension. |

In light of Example 8.3.2, the above remark doesn’t extend to quasicomplements
because cg is quasicomplemented in £; see [199, Theorem 11.42]. We now develop
results that will allow extensions in the case X /Y is separable. First, we will consider
‘generalized canonical’ examples which will allow us to in some respects capture the
essence of all convex functions on the space. In this section, all nets (¢4 )neNed,
will have their index sets directed by (n,«) > (m, 8) if and only if n > m. Thus
Ono —w+ 0if for each e > 0 and x € X, there exists no € N such that |¢, o (x)| < &
whenever n > ny.

Proposition 8.3.4. Let (¢,o) C X* be a bounded net. Consider the Isc convex
functions [ : X — (—00, +00] that are defined as follows

() = sup{dpa(®) — ane,0)  and  g(x) := sup n(gnqe (x)*

where b, < ayo < c,and b, | 0, ¢, | 0. Then:

(a) | is PB-differentiable at O if and only if ¢pno —5 0. Moreover [ is
Lipschitz on X .
(b) gisboundedon B-setsifand only if pn g —> 4 0. Ifthis is the case, g is continuous.

Proof. This is a straightforward exercise: one can modify the proof of
Proposition 8.1.1. 0

We will also use the following fact.

Lemma 8.3.5. Let Y be a closed subspace of a Banach space X, and let ¢ > 0.
Suppose f : Y — R is continuous and convex, and suppose f X > Risa
continuous convex extension of . If ¢ € 9:f (yo), then there is an extension ¢ € X*
such that ¢ € Bgf(yo).

Proof. By shifting /', we may without loss of generality assume that /(0) = —1. Let
¢ € 3.f (yo) and leta := ¢ (yo) —f (yo) + €. It is easy to check that @ > 1. Moreover,
for (¢, —1) € Y* x R we have (¢, —1)(v,1) = ¢(») — < $(») —f(») < a forall
(y,1) € epif. Now define the continuous sublinear function p : X x R — [0, c0)
by p = Y i where Vepif is the gauge functional of the epigraph of ]7 . Then
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(¢,—1) < ponY x R. According to the Hahn—Banach theorem (4.1.7), (¢, —1)
extends to a continuous linear functional (¢, —1) on X x R that is dominated by p.
Therefore, (¢, —1)(x, 1) < a if (x,) € epif which implies ¢ € 3.1 (). O

Corollary 8.3.6. Suppose Y is a closed subspace of a Banach space X. Suppose
f:Y —> Randg : X — R are continuous convex functions such that f < gly. If,
for some ¢ > 0 we have ¢ € 9.f (o) then ¢ can be extended to a continuous linear
functional & such that f (yo) + dlx — vo) < gx)+eforallxeX.

Proof. Let ¢ € Bgf(yo);Then ¢ € 9,gly(yo) where r := g(yo) — f (30) + €. Apply
Lemma 8.3.5 to obtain ¢ such that

$(x) — P(o) < gx) — g(30) +&(y0) —/ (y0) + &,
from which the conclusion is immediate. O

Lemma 8.3.7. Let Y be a closed subspace of X, and suppose f : Y — R and
g : X — R are continuous convex functions such that f < gly. Then [ can be
extended to a continuous convex function f : X — R such thatf < g.

Proof. For eachy € Y, choose ¢, € df(y). Let qSy be an extension as given by the
Corollary 8.3.6. Now define f'(x) := sup,cy f(¥) + (;By(x — ). O

The following theorem provides a useful condition for determining when every
continuous convex function on a given subspace of a Banach space can be extended
to the whole space.

Theorem 8.3.8. Suppose Y is a closed subspace of a Banach space X. Then the
following are equivalent.

(a) Every continuous convex function f : Y — R can be extended to a continuous
convex function f X > R

(b) Every bounded net (¢no) C Y* that converges weak* to 0 can be extended to a
bounded net ((f)n,a) C X™* that converges weak* to 0.

Proof. (a) = (b). Suppose (¢« ) is a bounded net in Y* that converges weak™ to 0,
and without loss of generality suppose ||¢,« || < 1 for all n,«. Now define

£() = sup (¢na ()™

Then f : Y — R is a continuous convex function (as in Proposition 8.3.4), so we
extend it to a continuous convex function f X > R.NowletC, :={x e X: f x) <
22"}, Observe that f (0) = 0, and so the continuity of f at 0 implies that there is an
g >0so0 thatf(x) < 1 forall ||x|] < e. Then

eBy C C, and CinNY Cix: ¢pax) <2}

Define the sublinear function p, := 2yc,. Then ¢, (y) < py(y) forally € Y. By
the Hahn-Banach theorem (4.1.7), extend ¢, o to (5,,,,1 so that &n,a (x) < pu(x) for all
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x € X. Then ||¢;,,,a || <2/e. Now let us suppose that (¢~>n,a) does not converge weak*
to 0. Then we can find xo € X, a subsequence (n;) of (r) and a sequence (a) such
that d;nk,ak (x0) > 2 for all k. Thus xo € C), for infinitely many #n, and so f (xg) > 22"
for infinitely n. Thus f (x0) = oo which contradicts the continuity of f .

(b) = (a): Suppose /' : ¥ — R is a continuous convex function. Without loss
of generality we may assume f(0) = 0. Now define C, := {y € Y : f(y) < n}.
Because ' is continuous, there is a § > 0 such that §By C C, for each n € N. Thus
we can write

Ci=(reY: ¢ = 1)

where ||@pq|| < 1/ foralln € N and o € 4, (4, can be chosen as a set with
cardinality the density of V). Also, (¢,,«) converges weak™ to 0, otherwise there would
beayg € Y, asubsequence (n;) of () and a sequence (o) such that ¢, o, (o) > 1 for
all k. Consequently, yo ¢ C, for infinitely many » which would yield the contradiction
f(y0) = oo. Thus, by the hypothesis of (b), (¢,,,«) extends to a bounded net (&n,a) -
X* that converges weak™ to 0. Now define

2(x) 1= sup n(Pne ()" + 1.

Then g : X — R is a continuous convex function (Proposition 8.3.4). Moreover,
g(y) = f(y) forall y € Y; this is because g(x) > 1 forallx € X, andifn — 1 <
f(y) <nwheren > 2,theny ¢ C,—1 and 50 ¢,—1,4,(y) > 1 for some og which
implies g(y) > (n— 1)+ 1 > f(y). According to Lemma 8.3.7, there is a continuous
convex extension f X > Rof f. O

Using a theorem of Rosenthal’s [381] we next outline that Theorem 8.3.8(b) is
satisfied when X /Y is separable. For this, recall that a Banach space is said to be
injective if it is complemented in every superspace, and it is said to be /-injective if it
is complemented by a norm-one projection in every superspace; see Zippin’s article
[449] for further information concerning this subject.

Theorem 8.3.9. Let X be a Banach space, Y a closed subspace such that X /Y is
separable. Let (¢no)aed, neN be a weak™-null net in Y* such that ||pnq || < 1 for all
a € Ap,n € N . Then, for every ¢ > 0 there exists a weak*-null net ((/J;n,a)aeAn,neN of
elements in X* such that ||<]3,,,a | <2+e¢eand (Z),,,a extends @ for alla € A,,n € N.

Proof. Define a bounded linear operator 7 : ¥ — (£oo(dn))e, by T(y) =
((Dna(¥))aeca,)n; then |T]| < 1. Now use the following extension theorem of
H. P. Rosenthal (see [381], [449, Theorem 3.5]): Let Z1,Z;,... be I-injective
Banach spaces, X, Y be Banach spaces with Y C X and X /Y separable, and
set Z =: co(Z1,2>,...). Then for every nonzero operator T : Y — Z and
every ¢ > 0, there exists a T:X > Z extending T with ||f"|| < 2+ )T
According to this result, T defined above extends to T:X —> (boo(4n))e, With
IT| <2+ e. Now let e,  denote the coordinate functional so that e}, , (x) = x, for

no

x = (Xi)ied, € Loo(An). Then e, ,(T(y)) = ¢na(y) for all y and qgn’a = €py O T
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extends ¢, . Because T (x) € (bool(An))c,, it follows that ¢~>n,a — .+ 0; moreover,
nall < HITI <2+e. O

Our main application of Theorem 8.3.8 is

Corollary 8.3.10. Suppose X is a Banach space and Y is a closed subspace of X
such that X /Y is separable. Then every continuous convex functionf : Y — R can
be extended to a continuous convex function f : X — R.

Proof. Apply Theorem 8.3.8 and Theorem 8.3.9. |

Observe that Example 8.3.2 shows the previous corollary can fail if X /Y is not
separable, it also shows it is not always possible to extend a continuous convex
function from a separable closed subspace of a Banach space X to a continuous
convex function on the whole space X. However:

Corollary 8.3.11. Suppose Y is a separable closed subspace of a WCG Banach space
X. Then every continuous convex function on Y can be extended to a continuous
convex function on X.

Proof. There is a separable space Y| D Y such that Y| is complemented in X; see
e.g. [247]. Extend the continuous convex function to Y1 by Theorem 8.3.10 and then
use Remark 8.3.3 to extend it to X . O

In fact, the previous result holds in any Banach space X such that every separable
subspace Y of X lies in a complemented separable subspace of X. Some further
information concerning spaces with this property may be found in [247]. Also, if ¥
is an injective Banach space, then any continuous convex function can be extended
to any superspace by projections (Remark 8.3.3). Another class of spaces that allow
extensions to superspaces is as follows.

Proposition 8.3.12. Suppose Y is a C(K) Grothendieck space. Then any continuous
convex function f : Y — R can be extended to a continuous convex function f :
X — R where X is any superspace of Y.

Proof. Write Y C X. Then Y** = Y1+ c X** According to [116, Theorem 2.1]
(cf. Theorem 8.2.8), f can be extended to a continuous convex function on Y**. Now,
Y** as the bidual of a C(K) space is isomorphic to a C(K) space where K is compact
Stonian (i.e. K is extremally disconnected); see [386, p. 121]. Therefore, Y** is
injective; see [386, Theorem 7.10, p. 110]. According to Remark 8.3.3 the extension
of f to Y- can further be extended to X** which contains X . O

Observe that the previous proposition doesn’t work for general C(K) spaces, e.g.
co C £, and doesn’t work for reflexive Grothendieck, e.g. €2 C £oo. More signif-
icantly, using some deep results in Banach space theory one can conclude that the
above proposition applies to some cases where Y is not a complemented subset of X

Remark 8.3.13. There are Grothendieck C(K) spaces that are not complemented in
every superspace.
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Proof. Let X be Haydon’s Grothendieck C(K) space that does not contain £, [251].
Because X 2 {~, X is not injective by a theorem of Rosenthal’s ([380], [294,
Theorem 2.£.3]). |

We have focused on preserving continuity in our extensions. One could similarly
ask whether extensions exist preserving a given point of differentiability. Again,
negative examples in the same spirit of Example 8.3.2 have been constructed. We
sketch one such example similar to [78, Example 3.8].

Example 8.3.14. Let Y :=cg or £, with 1 < p < oo. Letf : ¥ — R be defined by
f () :=sup{e;(y) — ,ll, 0} where e are the coordinate functionals. Then there is no
continuous convex extension of f to £, that preserves the Gateaux differentiability
of f at 0.

Proof. This follows because Gateaux and weak Hadamard differentiability coincide
for continuous convex functions on £, (see Theorem 8.2.3); however f is not weak
Hadamard differentiable at O as a function on Y. O

A positive result that is analogous to Theorem 8.3.8 is as follows.

Theorem 8.3.15. Suppose Y is a closed subspace of a Banach space X. Then the
following are equivalent.

(a) Every Lipschitz convex function f : Y — R that is Gateaux differentiable at
some yo € Y can be extended to a Lipschitz convex function f : X — R thatis
Gateaux differentiable at y.

(b) Every bounded net (¢,) C Y* that converges weak* to 0 can be extended to a
bounded net (an,a) C X* that converges weak* to 0.

Proof. (a) = (b): Let (o) C Y* beabounded net that converges weak™ to 0. Define
S (x) = sup{¢po(x) — %, 0}. Then f is a Lipschitz convex function that, according
to Proposition 8.3.4, is Gateaux differentiable at 0 (observe, too, that £(0) = 0 and
f(y) > 0forally € ¥,sof’(0) = 0). Then extend f to a Lipschitz convex function f
that is Gateaux differentiable at 0 with Gateaux derivative f "(0) = ¢, where ¢ € X*.
Now ¢|y = f7(0) which implies ¢|y = 0. Thus f — ¢ is a Lipschitz convex function
extending /', and whose Géateaux derivative is 0. Replacing f with f — ¢, we can and

do assumef(x) > 0forallx € X andf'/(O) = 0. Clearly ¢, € 91/(0), thus by
Lemma 8.3.5 there is an extension &n,a € X* of ¢« such that q;n,a € 0d1 /; (0). Thus

||¢~>,,,a | < K + 1/n, where K is the Lipschitz constant for f . Moreover, f x) > gx),
where g(x) = supn,a{qsm x) — %,O}. The Gateaux differentiability of f at 0 now
forces the Gateaux differentiability of g at 0. Use again Proposition 8.3.4 to obtain
the weak™-convergence of (qgn’a) to 0.

(b) = (a): By subtracting off a derivative and translating /', we need only to consider
the case where f/(0) = 0 and /(0) = 0. For each u € Y, fix ¢, € 9f (), and define
gy = Qu(u) — f(u) + % Then, using properties of subgradients, it follows that
S() = sup{ek u(¥) —axu,0 : u €Y,k € N}. Now, from the fact that /" is Lipschitz
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(with Lipschitz constant L) we have 1/k < ay, < 2L|u|l + 1/k for every k € N and
ueY.Put

1 1
A, = {(k,u) : keNueV, suchthat — < gy, < —1}
n n—

forn=2,3,...and
Ay :={(k,u) : ke N,ueY, suchthat1 < ay,}.

It is plain that (n,0) € A4, and so 4, is nonempty, for every n € N. Moreover,
Nx Y = UflilAn. To each (n, (k,u)) € {n} x A, we associate Y, (ku) ‘= Pu
and b, (kuy) = aku- Then f(¥) = sup{¥on,cku) (V) — bnkuy)- 0 (n, (k,u)) €
U;il {n}xA4,}. According to Proposition 8.3.4, Y, (k) —>w* 0becausef is Gateaux
differentiable at 0. The Lipschitz property of /' guarantees that (Y, (x,.))) is bounded.
According to (b), we can extend (Y, (x,4))) to abounded net (1/}(,,,(/(,,4))) that converges
weak™ to 0. Then f x) = sup{t}(,,,(k,u)) () = b(n,(ku))» 0} is a convex Lipschitz function
that is Gateaux differentiable at 0 by Proposition 8.3.4, and ]7 extends f. [

Let us remark that in contrast to this, Zizler ([450]) has shown that extensions
of Gateaux differentiable norms from a subspace of a separable space to a Gateaux
differentiable norm on the whole space are not always possible.

Finally, let us conclude by stating a bornological version that combines
Theorems 8.3.8 and 8.3.15.

Theorem 8.3.16. Suppose Y is a closed subspace of a Banach space X. Then the
following are equivalent.

(a) Every continuous convex functionf : Y — R bounded on B-sets can be extended
to a continuous convex function f : X — R that is bounded on B-sets in X.

(b) Every Lipschitz convex function f : Y — R that is B-differentiable at some
point yo can be extended to a Lipschitz convex function f : X — R that is
B-differentiable at yy.

(c) Every bounded net (¢po) C Y* that converges tg to 0 can be extended to a
bounded net (q;,,,a) C X™ that converges tg to 0.

Let us mention that if S is the bornology of bounded sets, then (c) is always
possible according to the Hahn—Banach theorem. Thus this recaptures the results:
(1) a convex function that is bounded on bounded sets can always be extended to a
convex function bounded on bounded sets; (ii) Lipschitz convex functions can be
extended to a superspace while preserving a point of Fréchet differentiability.

Exercises and further results
8.3.1 (Finite-dimensional extensions).* A convex function f : R" — (—o00, +00] is

finitely extendable if there is an everywhere finite convex function g with /" = g|dom -

Theorem 8.3.17 ([388]). A4 function [ is finitely extendable if and only if there is
a multifunction k such that: (a) Q2(x) C R" is nonempty convex compact for every
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x € domf; (b) 9f (x) = Q(x) + 08dom s (x) for every x € domf, (c) for all sequences
(x;) and (x*) satisfying x7 € Q(x;) fori = 1,2,--- and lim; ||x}|| = oo one has
lim; ((x}, x;) — f )/ Ix] || = oo. For any such

ga @) =sup{f(x) + (x*,z —x): x € domf,x* € Q(x)}

defines a finite extension gq of f.

It is interesting to look at how various functions from Chapter 7 behave with respect
to this result.
8.3.2. Let X be a Grothendieck space. Suppose (¢,o) C X* is a bounded net that
converges weak™ to 0. Use the Grothendieck property to show that (¢, o) converges
weak™ to 0 when considered as a net in X***.
8.3.3.* Prove Proposition 8.3.4.
8.3.4. (a) Suppose C is a closed convex subset of a Banach space X, andf : C — R
is a Lipschitz convex function with Lipschitz constant M, show that there is a convex
extension f of f to X that also has Lipschitz constant M.
(b) Suppose Y is a closed subspace of a Banach space X, and suppose f is a continuous
convex function on Y. Then there is a Isc convex extension f off such thatsup, 5 f =
sup,p, f for all » > 0. In particular, any convex function bounded on bounded sets
can be extended to a convex function bounded on bounded sets on any superspace.

Hint. (a) Consider the infimal convolution of /" with M| - ||.

(b) Foreachy € Y, let ¢, € 9f (), and let (]3y be a Hahn—Banach norm preserving
extension of ¢, to all of X. Define £, (x) = f(y) + (qu,x —y), and letf(x) =
sup,.cy /1y (x). See [116, p. 1801] for further details. O

8.3.5. (a) Is there a Banach space X and a continuous convex function f : X — R
that can be extended to a continuous convex function f : X — R, such that there
is no continuous weak*-lsc extension of f/ to X **.

(b) Suppose X is not reflexive, show that there is a continuous convex function
f : By — R such that /** is not continuous on By+.

Hint. (a) Yes, try a non-Grothendieck space that is complemented in its bidual. For
example, L or the James space [199].

(b) By James’ theorem, take a linear functional ¢ € Sy+ that does not attain
its supremum on By. Consider f(x) = 1/(1 — (¢,x)). For more details, see [116,
Example 2.2]. 0

8.3.6.* Prove Theorem 8.3.16.

8.3.7. Show by example that Lemma 8.3.5 may fail for proper Isc convex functions
in the case ¢ = 0.

Hint. Letf : R — (—o00,400] be defined by f* := §[0,00] and consider 0 € 37(0).
Now define f : R?> — (—o00,400] by f(x,y) := —/y ifx > 0 and y > 0, and
‘/;(x,y) := +o00 otherwise. Then 8f(0, 0)=0. [
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8.3.8 (Phillips [352]). (a) Show that £,,(T") is 1-injective for any nonempty index
set I

(b) Show that if X is an injective Banach space, then it is A-injective for some A > 1,
i.e. for every Z D X, there is a projection P : Z — X, with |P| < A.

Hint. (a) Let £oo(I') C Z. For each y € T, let e, be the evaluation functional on
£oo(T"). By the Hahn—Banach theorem, extend each such functional to €, a norm one
functional on Z. Define P : Z — £oo(I") by P(z) := {&, (z)}yer.

(b) Let X C €oo(I") then there is a projection P : £o(I') — X, let A = ||P].
Now if Z D X, find T"y such that Z C £, (I'1). Using (a), there is a projection
P :€o(T')) — X with ||P1]| = A. [

8.4 Some other generalizations and equivalences

One may wonder whether the results in Section 8.2 extend to differences of convex
functions or even Lipschitz functions. In general, they do not, as illustrated by the
following result from [114]; see that paper and also [78] for more in that direction.

Theorem 8.4.1. Let X be a Banach space. Then the following are equivalent.

(a) X has the Schur property.

(b) Gateaux differentiability and weak Hadamard differentiability agree for Lipschitz
functions on X.

(c) Gdteaux differentiability and weak Hadamard differentiability coincide for
differences of Lipschitz convex functions on X.

(d) Every continuous convex function on X is weak Hadamard directionally
differentiable.

The significance of (c) in the previous theorem is that it shows Theorem 8.1.3 cannot
be extended to differences of convex functions. Likewise (d) shows Theorem 8.1.3
cannot be extended to one sided S-derivatives of convex functions.

Quite obviously, we have not included many other characterizations of different
classes of Banach spaces in terms of the properties of norms, convex functions, or
monotone operators which live on them. For example, [83] shows the following
result; see Section 9.5.1 for any unexplained notation and a flavor.

Theorem 8.4.2 (Normxbw*-closed graphs). Let E be a Banach space. Then the
following are equivalent.

(a) E is finite-dimensional.
(b) The graph of df is normxbw*-closed for each closed proper convex f on E.
(c) The graph of each maximal monotone operator T on E is normxbw*-closed.

Nor, correspondingly, have we been comprehensive in other areas. A lovely
renorming characterization we cannot resist giving is:

Theorem 8.4.3 (Reflexivity and renorming [336]). A separable Banach space X is
reflexive if and only if there is an equivalent norm || - || on X such that, whenever (x;)
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is a bounded sequence in X for which limy, limy, ||x, + x| = 2limy, ||x,||, then (x;)
converges in norm.

The ‘if” part follows easily from James’ theorem (4.1.27). The possibility of the
‘only if” part was mooted by V. D. Milman in 1970.

Exercises and further results

One may also wonder how critical Cauchy-completeness was to our studies. The
following construction emphasizes that completeness of the normed space is crucial
to very many of our results — as does Exercise 4.3.1.

8.4.1 (Empty subdifferentials).*™ As in [260], let C be a closed bounded convex subset
of a normed space E and let 0 # xo € E. Define

fc(x) :=min{t e R : x+ txg € C}.

Then f¢ is Isc and convex, and since f¢ has no global minimum, any subgradient for
fc at x is nonzero. Fix x in the domain of df¢c and let ¢ := x + fc (x)xo. Note that for
any y € C, fc (y — fc(x)xo) < fc(x). Hence, if x* is a subgradient of f¢ at x, then

",y =) < fe(y = fc@)x0) — fc(x) < 0.
Thus,
(x*,y—c) <0

forally € C,and sox* is anonzero support for C at ¢. In particular if C has no support
points, dfc is empty. Such sets exist in certain locally convex complete metrizable
spaces [260].

More dramatically, Fonf [220] proves a densely spanning, closed bounded convex

set with no support points exists in each separable incomplete normed space. In con-
sequence most of the delicate variational analysis of subgradients fails flamboyantly
outside of complete normed spaces.
8.4.2 (A pathological convex control problem [67]).** Rather than hunting for a
specialized counterexample, it is often easier to take a general phenomenon and see
if it can be rewritten in the form desired, as we now illustrate. Consider X := L;[0, 1]
and the inclusion control problem (see Exercise 3.5.17) given by

v(@) = inflx(1) : () =0,/ ()] <1,0<t<lae, (8.4.1)

(O] < Ly(0) = Ly(®) —x(0) < a()}.

(a) Show that v in (8.4.1) defines a closed convex function on X and that the infimum
is attained when finite.
(b) Show that v(0) = 0 but that dv(0) = @.

While these properties are fairly easy to confirm once asserted, this example was built
by writing the construction of Exercise 8.4.1 in the language of differential inclusions.
This pathology cannot occur if the perturbation is finite-dimensional [156].
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8.4.3. Show that a Banach space is finite-dimensional if and only if every exposed
point of every closed convex set is strongly exposed.

Hint. 1t suffices to work in a separable space. Compare Exercise 5.1.26. [
8.4.4. Show that a Banach space X is reflexive if and only if for all closed (bounded)
convex sets C and all x € X \ C the value of d¢(x) is attained at some point of C.
Hint. Compute dc(x) when C = {¢(x) = 0} and ¢ € Sy+ and use James
theorem (4.1.27). O
8.4.5. Let X be a reflexive Banach space. Show that for all norm-closed bounded
sets C there is some x € X \ C such the value of d¢(x) is attained at some point of C.
Hint. This remains true in a Banach space with the RNP. [
8.4.6.** Itis notknown whether Exercise 8.4.5 remains true when C is unbounded. The

Lau—Konjagin theorem (4.5.5) shows the norm must fail the Kadec—Klee property.
More is known, see [80], but not a lot.
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Monotone operators and the Fitzpatrick function

The formulas move in advance of thought, while the intuition often lags behind; in the
oft-quoted words of d’Alembert, “L’algebre est genereuse, elle donne souvent plus qu’on
lui demande.” (Edward Kasner)!

9.1 Monotone operators and convex functions

In this chapter we shall focus on the recent intensive use of convex functions to study
monotone operators. In his ‘23” “Mathematische Probleme™ lecture to the Paris
International Congress in 1900, David Hilbert wrote “Besides it is an error to believe
that rigor in the proof is the enemy of simplicity.”

In this spirit, we use simple convex analytic methods, relying on an ingenious
function due to Simon Fitzpatrick, to provide a concise proof of the maximality
of the sum of two maximal monotone operators on reflexive Banach space under
standard transversality conditions. Many other extension, surjectivity, convexity and
local boundedness results are likewise established.

9.1.1 Introduction

To allow this chapter to be read somewhat independently, we recall the notions that
we need in this setting. The domain of an extended valued convex function, denoted
dom(f"), is the set of points with value less than +00, and that a point s is in the core of
asetS (denoted by s € core S) provided that X = [ J,_, A (S —s). Recall thatx* € X*
is a subgradient of f : X — (—o00,+00] atx € dom f provided that f'(y) — f(x) >
(x*,y—x) forall y in X. The set of all subgradients of / at x is called the subdifferential
of f atx and is denoted 9f (x). We shall need the indicator function §¢ (x) which is zero
for x in C and 400 otherwise, the Fenchel conjugate f*(x*) := sup,{(x,x*) — f(x)}
and the infimal convolutionf*D% |- 112(x%) := inf{f*(y*) + % 24112 0 x* = y* +2%).

' In Edward Kasner, ‘The Present Problems of Geometry’, Bulletin of the American Mathematical Society,
(1905) volume XI, p. 285. A more faithful translation might be “Algebra is kind, she often gives more
than is requested.”

2 See the late Ben Yandell’s lovely account of the Hilbert Problems and their solvers in The Honors Class,
AK Peters, 2002.
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When £ is convex and closed x* € 9f (x) exactly when £ (x) + f*(x*) = (x,x*). We
recall that the distance function associated with a closed set C, given by d¢(x) :=
inf.cc ||x — c||, is convex if and only if C is. Moreover, dc = §cO - ||

As convenient, we shall use both dom7 = D(T) := {x : T(x) # 0}, and
range T’ = R(T) := T'(X) to denote the domain and range of a multifunction. We say
a multifunction 7 : X > 2% is monotone provided that for any x,y € X, x* € T(x)
andy* € T(y),

y—xy"—x") >0,

and we say that T is maximal monotone if its graph, {(x,x*) : x* € T(x)}, is not
properly included in any other monotone graph. The subdifferential of a convex Isc
function on a Banach space is a typical example of a maximal monotone multifunction.
We reserve the notation J for the duality map

1
J@) = x| = (¥ e X* 1 x| = Ix*)? = (x,x%)},
and define the convex normal cone to C atx € cl C by
Nc(x) == 06c(x).

(In general it suffices only to consider closed sets.) All other notation is broadly
consistent with earlier usage in this book and in [95, 121, 369]. Some of the side-
results in this section are not used in the sequel and so we are somewhat sparing with
such details.

Our goal is to derive many key results about maximal monotone operators entirely
from the existence of subgradients and the sandwich theorem given in Chapter 4 and
below; as much as possible using only geometric-functional-analysis tools. We first
consider general Banach spaces and then in Section 9.2 look at cyclic operators; that
is subgradients. In Section 9.3 we provide a central result on maximality of the sum
in reflexive space. Section 9.4 looks at more applications of the technique introduced
in Section 9.3 (in both reflexive and nonreflexive settings) while limiting examples
are produced in Section 9.5. We add some very recent results in general Banach space
in Section 9.6 and discuss operators of type (NI) in Section 9.7. Our discussion does
not necessarily give the most efficient results but does provide significant intuition
along the way.

9.1.2 Maximality in general Banach space

For a monotone mapping 7', we associate the Fitzpatrick function introduced in [215].
The Fitzpatrick function is

Frx,x*) == sup{{x,y") + (x*,») — (,»*) : y* € T},

which is clearly Isc and convex as an affine supremum. Moreover,
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Proposition 9.1.1. [215, 121] For a maximal monotone operator T: X — X*
one has

Frx,x*) > (x,x¥)

with equality if and only if x* € T (x). Indeed, the equality Fr(x,x*) = (x,x*) for all
x* € T(x), requires only monotonicity not maximality.

Note that in general F7 is not useful for nonmaximal operators. As an extreme
example, on the real line if 7(0) = 0 and 7'(x) is empty otherwise, then Fr = 0.
Note also that the construction in Proposition 9.1.1 extends to any paired vector
spaces.

The idea of associating a convex function with a monotone operator and exploit-
ing the relationship was largely neglected for many years after [79] and [215] until
exploited by Penot, Simons, Simons and Zalinescu ([394, 398, 399, 446]), Burachik
and Svaiter and others.

Convex analytic tools

The basic results that we use repeatedly follow:

Proposition 9.1.2. 4 proper Isc convex function on a Banach space is continuous
throughout the core of its domain.

Proof. In Euclidean spaces, this follows from Theorem 2.1.12 and Proposition 2.1.13.
The proof for general Banach spaces is given in Proposition 4.1.5. O

Proposition 9.1.3. A proper Isc convex function on a Banach space has a nonempty
subgradient throughout the core of its domain.

Proof. The proof for Euclidean spaces is given in Theorem 2.1.19 and for general
Banach spaces in Theorem 4.1.10. O

These two basic facts lead to:

Theorem 9.1.4 (Sandwich theorem). Suppose f and —g are Isc convex on a Banach
space X and that

S = g),
for all x in X. Assume that the following constraint qualification (CQ) holds:
0 € core (dom(f) — dom(—g)). (9.1.1)
Then there is an affine continuous function « such that
J &) = a(x) = gx),

forallxinX.
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Proof. The value function A (u) := inf,cy f (x) — g(x — u) is convex and the (CQ)
implies it is continuous at 0. Hence there is some —A € 94(0), and this provides the
linear part of the asserted affine separator. Indeed, we have

S —glu—x) = hw) —h0) = Aw),

as required. For further details in Euclidean spaces see Exercise 2.4.1 and the proof of
Theorem 2.3.4; a more general version in Banach spaces is given in Theorem 4.1.18.
U

We will also refer to constraint qualifications like (9.1.1) as transversality con-
ditions since they ensure that the sum/difference of two convex sets is large, and
so resemble such conditions in differential geometry. It is an easy matter to deduce
the complete Fenchel duality theorem (see Theorem 2.3.4 and Theorem 4.4.18) from
Theorem 9.1.4 and in particular that:

Corollary 9.1.5 (Subdifferential rule). Suppose that f and g are convex and that
(9.1.1) holds. Then of + 9g = 9 (f + g).

Proof. See the proof of Theorem 4.1.19 for further details. [

Proposition 9.1.6. [421] For a closed convex function f and fj = f + %ll - |1% we
have (f + %II . ||2)* zf*D%H - |12 is everywhere continuous. Also

v* € 9f (v) +J(v) & [ (W) +fr(v) — (v,0") < 0.

Further and related information concerning infimal convolutions can be found in
Exercises 2.3.14 and 2.3.15 and Lemma 4.4.15.

Edgar Asplund wrote a still-very-informative 1969 survey of those parts of convex
analysis ‘that the author feels are important in the study of monotone mappings,’ [15,
p-1]. This includes averaging of norms, decomposition and differentiability results,
as well as the sort of basic results we have described above.

Representative convex functions

Recall that a representative function for a monotone operator 7 on X is any convex
function Hzy on X x X* such that H7 (x,x*) > (x,x*) for all x, x*, while Hr (x,x*) =
(x,x*) when x* € T(x). Unlike [135], we do not require Hr to be closed. When T
is maximal, Proposition 9.1.1 shows F7 is a representative function for 7, as is the
convexification

N
Pr(x,x*) := inf { Z)Li(x,-,xf‘) :
i=1
D hiCenxf 1) = (ex* 1), xF € T(x), A > 0},
i

which has the requisite properties for any monotone 7', whether or not maximal:
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Proposition 9.1.7. For any monotone mapping T, Pr is a representative convex
function for T.

Proof. Directly from the definition of monotonicity we have

Prx,x*) = ") + (", x) — (", »),

for y* € T'(y). Thus, for all points
Pr@,x*) +Pr(y,y") = (") + (0%, x).

Note that by definition Pr(x,x*) < (x*,x) for x* € T(x). Hence, setting x = y
and x* = y* shows Pr(x,x*) = (x*,x) for x* € T'(x) while Pr(z,z*) > (z*,z) for
(z*,z) € conv graph T and, also by definition, Pr(z,z*) = oo otherwise. O

Direct calculation shows (Pr)* = Fr for any monotone 7' [343]. This convexifi-
cation originates with Simons [391] and was refined by Penot [344, Proposition 5].

9.1.3 Monotone extension formulas

We illustrate the flexibility of P by using it to prove a central case of the Debrunner—
Flor theorem [174, 351] without using Brouwer’s theorem.

Theorem 9.1.8 ([351, 394]). (a) Suppose T is monotone on a Banach space X with
range contained in o By~, for some oo > 0. Then for every xo in X there is x;; €
WW*R(T ) C a Byx such that (xo,x(;) is monotonically related to graph(T).

(b) In consequence, T has a bounded monotone extension T with dom(f" )=X and
R(T) c conv?*R(T).

(¢) In particular, a maximal monotone T with bounded range has dom(T)=X and
has range(T') connected.

Proof. (a) It is enough, after translation, to show xog = 0 € dom(T). Fix o > 0 with
R(T) C C :=conv?” R(T) C & By+.
Consider

fr(x) :=inf {Pr(x,x*) : x* € C}.

Then f7 is convex since Pr is. Observe that Pr(x,x*) > (x,x*) and so fr(x) >
infycc(x,x*) > —a|x|| for all x in X. As x +> infycc(x,x*) is concave and
continuous the sandwich theorem (9.1.4) applies.

Thus, there exist w* in X* and y in R with

Prx,x*) = fr(x) = (x,w*) +y > infc(x,X*) > —a ||x||
x*e

for all x in X and x* in C C « By+. Setting x = 0 shows y > 0. Now, for any (y, y*)
in the graph of T we have Pr(y,y*) = (y,»*). Thus,

y=0,y"—w") >y >0,
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which shows that (0, w*) is monotonically related to the graph of T Finally, (x, w*) +
y > infycc{x,x*) > —a ||x|| for all x € X involves three sublinear functions, and
so implies that w* € C C o By+.

(b) Consider the set £ of all monotone extensions of 7 with range in C C o By,
ordered by inclusion. By Zorn’s lemma € admits a maximal member 7 and by (a) T
has domain the whole space. Part (c) follows immediately, since 7' being maximal
and everywhere defined is a weak*-cusco and so has a weak*-connected range. [

One may consult [217] and [394, Theorem 4.1] for other convex analytic proofs of
(c). Note also that the argument in (a) extends to an unbounded set C whenever

X0 € core(dom f7 + domoc).

The full Debrunner—Flor result is stated next:

Theorem 9.1.9 (Debrunner—Flor extension theorem [174, 351]). Suppose T is a
monotone operator on Banach space X with range T C C with C weak*-compact
and convex. Suppose also ¢: C +— X is weak*-to-norm continuous. Then there is
some c¢* € C with {(x — ¢(c*),x* — c*) > 0 for all x* € T(x).

It seems worth observing that:

Proposition 9.1.10. The full Debrunner—Flor extension theorem is equivalent to
Brouwer s theorem.

Proof. An accessible derivation of Debrunner—Flor from Brouwer’s theorem is given
in [351]. Conversely, let g be a continuous self-map of a norm-compact convex set
K C int By in a Euclidean space X. We apply the Debrunner—Flor extension theorem
to the identity map / on By and to ¢ : By +— X given by ¢(x) := g(Px x), where Px
is the metric projection mapping (any retraction would do). We obtain xjj € By and
also xg := @(xj) = g(Px x3) € K with

X —Xxg,x —x5) >0
0

for all x € By. Since xg € int By, for # € X and small ¢ > 0 we have xo + ¢h € By
and so {h,xo — x5) > 0 forall h € X. Thus, xp = x; and so P xjj = Pg xo = xo =
g(Pk x), is a fixed point of the arbitrary self-map g. O

Figure 9.1 illustrates the construction of Proposition 9.1.10.

9.1.4 Local boundedness results

We next turn to local boundedness results. Recall that an operator 7' is locally bounded
around a point x if 7' (B, (x)) is bounded for some ¢ > 0.

Theorem 9.1.11 ([391, 421]). Let X be a Banach space and let S and T: X — 2X
be monotone operators. Suppose that

0 € core[conv dom(T) — conv dom(S)].
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Figure 9.1 The construction of Proposition 9.1.10.

Then there exist r,c > 0 such that, for any x € dom(T) N dom(S), t* € T(x) and
s* e Sx),

max([|£*[l, s*[) < ¢+ IxID @+ [[£° 4+ 5.

Proof. Consider the convex Isc function

) (x —z,z%)
7(x) = sup ———1.
=T 1+ 1zl

This is a refinement of the function [79] originally used to prove local boundedness
of monotone operators [391, 421, 121]. We first show that convdom(7) C dom 7,
and that 0 € core U?il[{x D Ts(x) <4 xl < it —{x: tr(x) < i, |x|| <i}]. We now
apply conventional Baire category techniques — with some care. O

The next corollary recaptures Theorem 6.1.6.

Corollary 9.1.12 ([391, 121, 421]). Let X be any Banach space. Suppose T is
monotone and

xo € core convdom(T).
Then T is locally bounded around xy.
Proof. Let S = 0 in Theorem 9.1.11 or directly apply Proposition 9.1.2 to 7. O

We can also improve Theorem 9.1.8.

Corollary 9.1.13. A monotone mapping T with bounded range admits an everywhere
defined maximal monotone extension with bounded weak™*-connected range contained
in convw*R(T),

Proof. Let T denote the extension of Theorem 9.1.8 (b). Clearly it is everywhere
locally bounded. The desired maximal monotone extension 7*(x) is the operator
whose graph is the norm-weak*-closure of the graph of x > conv 7'(x), since this is
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both monotone and is a norm-weak™* cusco. Explicitly, 7*(x) := ﬁg>oconV*IT\(Bg (x)),
see [121]. O

Recall that a maximal monotone mapping is locally maximal monotone, type
(LMM) or type (FP), if (graph T~1) N (V¥ x X) is maximal monotone in ¥ x X, for
every convex open set V in X* with V' Nrange T # (. Dually, a maximal monotone
mapping is maximal monotone locally (VFP), is defined by reversing the roles of X
and X* with T instead of 7~!. It is known that all maximal monotone operators on a
reflexive space are type (FP) and (VFP), see [217, 218, 351, 393] and Theorem 9.4.6,
as are all subgradients of closed convex functions, [391, 393] and Theorem 9.4.8. It
is shown in [217] that a maximal monotone operator T with range 77 = X* (resp.
dom T = X) is locally maximal monotone (resp. maximal monotone locally).

For a maximal monotone operator 7’ we may usefully apply Corollary 9.1.13 to the
mapping 7, (x) := T (x) Nn Bx+. Under many conditions the extension, T, is unique.
Indeed as proven by Fitzpatrick and Phelps:

Proposition 9.1.14. ([215, 217]) Suppose T is maximal monotone and suppose n is
large enough so that R(T) N nint By= # 0.

(a) There is a unique maximal monotone /f,, such that T,(x) C /fn(x) C nByx
whenever the mapping M,, defined by

M,(x) = {x* €nBy+: (x*—zx—z)>0forallz* € T(z) N nintBX*} ,

is monotone; in which case M,, = 7",,.

(b) Part (a) holds whenever T is type (FP) and the dual norm is strictly convex. Hence,
it applies for any maximal monotone operator on a reflexive space in a strictly convex
dual norm.

Proof. Since ?,, exists by Corollary 9.1.13 and since ?,, (x) € M, (x), (a) follows. We
refer to [215, Theorem 2.2] for the fairly easy proof of (b). [

It is reasonable to think of the sequence (?n)neN as a good nonreflexive generaliza-
tion of the resolvent-based Yosida approximate [351, 121] or of Hausdorff’s Lipschitz
regularization of a convex function, [215, 351, 121]—especially in the (FP) case where
one also shows easily that (i) /T\n (x) = T(x)Nn By whenever T (x)Nint n By+ # @, and
(i1) Tn (x)\ T(x) C nSx+, [217]. Thus, for local properties, such as differentiability,
one may often replace 7' by some /f,, if it simplifies other matters.

9.1.5 Convexity of the domain
We start with

Corollary 9.1.15 ([363, 368, 391]). Let X be any Banach space. Suppose that T is
maximal monotone with core conv dom(T") nonempty. Then

core conv dom(7) = int convdom(7) C dom(T). 9.1.2)

In consequence both the norm closure and interior of dom(T') are convex.
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Proof. We first establish the inclusion in (9.1.2). Fixx+¢& Bx C int conv dom(7’) and,
appealing to Corollary 9.1.12, select M := M (x, &) > Osothat T(x+¢& By) C M Bx+.
For N > M define nested sets

Tyx):={x": (x—y,x*—y*)y >0, forally* € T(y) NN By=},

and note these images are weak*-closed. By Theorem 9.1.8 (b), the sets are nonempty,
and by the next Lemma 9.1.16 bounded, hence weak*-compact. Observe that by
maximality of 7, T(x) = [y In(x) # ¥, as a nested intersection, and x is in
dom(T) as asserted.

Then int conv dom(7") = int dom(7") and so the final conclusion follows. O

Lemma 9.1.16. Forx € int convdom(T) and N sufficiently large, T (x) is bounded.

Proof. A Baire category argument [351], shows for N large and u € 1/N By one has
x 4+ u € clconv Dy where

Dy :={z: z € dom(T) "N By, T(z) NN By~ # ¥} .
Now for each x* € Ty (x), since x + u lies in the closed convex hull of Dy, we have
(u,x*) < sup{(z —x,z*) : z* € T(z) N NBy+, z € N By} < 2N?
and so [|x*|| < 2N°. O

Another nice application is:

Corollary 9.1.17 ([421]). Let X be any Banach space and let S,T : X — 2X" be
maximal monotone operators. Suppose that

0 € core[convdom(T) — conv dom(S)].
For any x € dom(T) Ndom(S), T(x) + S(x) is a weak*-closed subset of X*.

Proof. By the Krein-Smulian theorem (Exercise 4.4.26), it suffices to use Theorem
9.1.11 to prove every bounded weak*-convergent net in 7'(x) 4+ S(x) has its limits in
T(x) + S(x). O

Thus, we preserve some structure — even if we have not shown that 7 + .S must
actually be maximal, see [391, 421].
Finally, a recent result by Simons [395] shows that:

Theorem 9.1.18 ([395]). If'S is maximal monotone and int dom(S) is nonempty then
int dom(S) = int{x : (x,x*) € dom Fg}.

This then very neatly recovers the convexity of int D(S). It would be interesting to
determine how much one can similarly deduce about cl dom(S) — via regularization
or enlargement — when int dom(S) is empty.
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For example, suppose S is domain regularizable meaning that for ¢ > 0, there is a
maximal S; with H (D(S), D(S:)) < € and core D(S;) # @. Then dom(S) is convex.
In reflexive space we can use

Se = (71 + N, )_1
& - SBX s

which is maximal by Theorem 9.3.6. [Here H denotes Hausdorff distance, as intro-
duced in Chapter six, and we assume 0 € S(0).] See also Theorems 9.4.7 and 9.3.9.
When § = 9f for a closed convex f this applies in general Banach space. Indeed
Se = 0fe where f; (x) := inf ) _yj< /().

Of course in a reflexive space, by considering 7~! we have established similar
results for the range of a monotone operator. Later in this chapter we shall see how
the range can misbehave in more general Banach spaces.

We will revisit such domain convexity results in the final two sections.

Exercises and further results

As with subgradients, much more can be said about maximal monotone operators
in finite dimensions — often relative interior can replace interior in hypotheses.) The
next two exercises provide monotone extensions of finite-dimensional results we
have already met. The first is a result originally due to Mignot which generalizes
Alexandrov’s theorem (2.6.4).

Motivated by the second-order analysis of convex functions, it makes sense to say
a monotone operator 7 on a Euclidean space E is differentiable at x € dom T if T'(x)
is singleton (this can be weakened but one will conclude 7'(x) is singleton) and there
is a matrix A = VT (x) such that

T(x) CT() + VI —x) + o(llx" — x|)BE.

9.1.1 (Differentiability of finite-dimensional monotone operators [378]).** Let 7 be
maximal monotone on a Euclidean space.

1. Show that 7T is differentiable atx € dom T if and only if the nonexpansive resolvent
R(y) = U+ 7)~! () is differentiable at y = x + T'(x); and T is necessarily
continuous at x.

2. Deduce Mignot’s theorem that a maximal monotone operator is almost everywhere
differentiable in the interior of its domain [378, §6.5].

Hint. Examine the proof of Alexandrov’s theorem (2.6.4). [

Remark 4.6.17 shows the impossibility of such a result holding generally in infinite
dimensions. The next result also from [378, §6.5] employs Exercise 9.1.1 to recon-
struct a maximal monotone operator as we did a subgradient in Theorem 4.3.13. Let
us denote D (T) := {x : T is differentiable atx}.

9.1.2 (Reconstructing finite-dimensional maximal monotone operators [378]).** Let
T be a maximal monotone operator on a Euclidean space with intdom 7 # ¢. Then
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for any dense set S C D(T) for each x € dom T one has

T (x) = conv {;11—i>nolo T(xp) : xp € S,x, — x} + Nggm7 ).

Hint. The reconstruction inside the interior is quite straightforward as T is a minimal
cusco. The boundary behavior is more subtle. 0

9.1.3 (Single-valuedness and maximal monotonicity [96]). Consider a maximal
monotone multifunction 7" on a Euclidean space and an open subset U of its domain,
and define the minimum norm functiong : U — R by

g) :==inf{llyll : y € T(x)}.

(a) Prove g is Isc. An application of the Baire category theorem now shows that any
such function is generically continuous.
(b) For any point x in U at which g is continuous, prove 7'(x) is a singleton.

Hint. Prove || - || is constant on 7'(x) by first assuming y,z € T'(x) and ||y|| > |z||,
and then using the condition

(w—y,x+ty—x) >0 forall smallt > Oand w € T'(x + ty)

to derive a contradiction. O

(c) Conclude that any maximal monotone multifunction is generically single-valued
on the interior of its domain.

(d) Deduce that any convex function is generically Gateaux differentiable on the
interior of its domain.

(e) (Kenderov theorem [350]) Show that this argument holds true on a Banach space
with an equivalent norm whose dual is strictly convex — and so on any WCG
space. Note this generalizes Exercise 4.6.6.

9.2 Cyclic and acyclic monotone operators

For completeness we offer a simple variational proof of the next theorem — already
established from Fenchel duality in Section 6.1. Earlier proofs are well described in
[351, 391].

Theorem 9.2.1 (Maximality of subgradients). Every closed convex function has a
(locally) maximal monotone subgradient.>

Proof. Without loss of generality we may suppose
(0 —x*,0 —x) > 0 forall x* € 3f(x)

3 This fails in all separable incomplete normed spaces (as discussed in Chapter 8) and in some Fréchet
spaces
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but 0 € 31 (0); so f(X) — f(0) < 0 for some x. By Zagrodny’s approximate mean

value theorem (see Theorem 4.3.8), we find x, — ¢ € (0,X],x; € df (x,) with

hmlnf( —xn)>011m1nf *Xx) = f(0)—f&) > 0.

I‘l’
Now ¢ = 6 x for some 6 > 0. Hence,

lim sup (x},x,) <0,
n

a contradiction. O

9.2.1 Monotonicity of the Fréchet subdifferential

Various forms of monotonicity characterize convexity or quasiconvexity of the under-
lying function. We illustrate this for drf. Recall, a multifunction F': X — X* is
quasimonotone if

x* e F(x),y* € F(y)and (x*,y —x) > 0= (*,y —x) > 0.

as is the case for any monotone multifunction.

Theorem 9.2.2. Let f: X — (—o00,+00] be a Isc function on a Fréchet smooth
Banach space X. Then f is quasiconvex if and only if Orf is quasimonotone.

Proof. Suppose f is not quasiconvex and so there existx, y,z € X such thatz € [x,y]
and f'(z) > max{f(x),f(»)}. Apply Theorem 4.3.8 with a := x,b := z, to obtain
sequences (x;) and x} € dgf (x;) suchthatx; — X € [x,z), liminf;_, o (x],X—x;) = 0
and liminf;_, oo (x},z —x) > 0. Asy — X = ||y — X||/llz — x|| (z — x) we have

hm mf( x',y —xi) > 0. 9.2.1)

Fix A € (0,1) withz =X+ A(y —X) and set z; := x; + A(y —x;). Then z; — z. Since
f is1sc, (9.2.1) assures an integer 7 such that /' (z;) > f(y) and

(x*,y —x;) > 0. (9.2.2)

Applying Theorem 4.3.8 again with @ := y and b := z;, yields sequences (y;) and ( Vi )
satlsfymgy € 0gf (y;) such thaty; — y € [y,z;), while lim mf,_,oo(y Y=y =0
and lim 1nf_,_,oo(y ,zi —y) > 0. Noting that z; — y and x; — y point in the same
direction, we obtain

lim 1nf(yj , X —yj) > 0. 9.2.3)

]—)OO
Since y € [x;,y), inequality (9.2.2) yields

liminf (x},y; — x;) = (x],y — x;) > 0. 9.2.4)
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Inequalities (9.2.3) and (9.2.4) imply, for j large, that (y7',x; — y;) > 0 and (x},y; —
x;) > 0. So drf is not quasimonotone, a contradiction.
The converse is easier and is left as Exercise 9.2.1. |

In Exercise 9.2.3 we apply this result to deduce easily that monotonicity of dgf
characterizes convexity of /.

9.2.2 N-monotone operators

For N = 2,3, ..., amultifunction T is N-monotone if

N
(g, Xk — xk—1) = 0
h=1

whenever x; € T(x;) and xo = xy. We say T is cyclically monotone when T is
N-monotone for all N € N, as hold for all convex subgradients. Then monotonicity
and 2-monotonicity coincide, while it is a classical result of Rockafellar [369, 351]
that in a Banach space every maximal cyclically monotone operator is the subgradient
of a proper closed convex function (and conversely). We recast this result to make
the parallel with the Debrunner—Flor theorem (9.1.8) explicit.

Theorem 9.2.3 (Rockafellar [351, 369]). Suppose C is cyclically monotone on a
Banach space X. Then C has a maximal cyclically monotone extension C, which is
of the form C = dfc for some proper closed convex function fc. Moreover, R(C) C
conv? R(C).

Proof. We fix xg € dom C,x;; € C(xp) and define
n—1
Jo@x) == sup { (X, x —x,) + Z<XZ_1,xk —x5—1) : x; € C(xp),n € N} ,
k=1

where the sup is over all such chains. The proof in [349] shows that C C C := dfc.

The range assertion follows because f¢ is the supremum of affine functions whose
linear parts all lie in range C. This is most easily seen by writing fc = g with
gex™) == inf{d ", ti; : Y, tixF =x*,) ;t; = 1,4; > 0} for appropriate ;. More
explicit proofs are sketched in Exercise 9.2.7. O

The exact relationship between Fjr and 9f is quite complicated. One does
always have

(e, x") < For (,x™) < f(0) +7(0) < Fop(e,x™) < (0,x™) + 8pr (x,x7),

as shown in [38, Proposition 2.1] and discussed in further detail in Section 9.2.6.
Likewise, when L is linear and maximal (with dense range) then

Fre,x*) = (x,x*) — inf (z, Lz — x*).
zeX
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Question 9.2.4. From various perspectives it is interesting to answer the following
two questions, [70].

(a) When is a maximal monotone operator 7" the sum of a subgradient df and a skew
linear operator S? This is closely related to the behavior of the function

1
FLr(x) :=/ sup  (x,x"(®)) dt,
0 x*(1)eT(tx)

defined assuming 0 € core dom 7' 2 In this case, FLr = F Lyr =f, and we call
T (fully) decomposable.

(b) How does one appropriately generalize the decomposition of a linear monotone
operator L into a symmetric (cyclic) and a skew (acyclic) part? Viz

1 \ 1 .
L= §(L+L |x)+§(L—L Lx)-

Answers to these questions may well allow progress with open questions about the
behavior of maximal monotone operators outside reflexive space — since any ‘bad’
properties are anticipated to originate with the skew or acyclic part.

To be precise we say a linear operator L from X to X* is symmetric if L*|y = L
or equivalently if (Lx,y) = (Lx,y) for all x,y € X, and skew if L*|y = —L or
equivalently if (Lx,y) = —(L,y) for all x,y € X. Thus, in the Euclidean or Hilbert
setting we recover the familiar definitions.

9.2.3 Cyclic-acyclic decompositions of monotone operators

We next describe Asplund’s approach in [16, 15] to Question 9.2.4(b). We begin
by observing that every 3-monotone operator such that 0 € 7(0) has the local
property that

(6, x™) + (v, ") = {x,y") (9.2.5)

whenever x* € T(x) and y* € T(y). We will call a monotone operator satisfying
(9.2.5), 3~ -monotone, and write T >y S when T' = S+ R with R being N-monotone.
Likewise we write T’ >, S when R is cyclically monotone.

Proposition 9.2.5. Let N be one of 37,3,4,..., or wy. Consider an increasing
(infinite) net of monotone operators on a Banach space X, satisfying

0<NyTu=NTp =2 T,
whenever o < 8 € A.

4 The use of F L7 originates in discussions had with Fitzpatrick shortly before his death.
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Suppose that 0 € T (0),0 € T(0) and that 0 € core dom T. Then

(a) Thereis a N-monotone operator T o with Ty <y T4 <2 T, foralla € A.
(b) If R(T) C MBx= for some M > 0 then one may suppose R(T 4) C MBx-.

Proof. (a) We first give details of the single-valued case. As 0 <, Ty, <p Tg <> 7,
while 7(0) = 0 = T, (0), we have

0 < (x,To(x) = (x,Tp(x)) < {x, T(x)),

for all x in dom 7. This shows that (x, T, (x)) converges as « goes to co.

Fixe > 0Oand M > Owith T'(e By) C M By«. We write Tgy = Tg— Ty, for > a,
so that (Tgex,x) — 0 forx € dom T as «, 8 go to o0.

We appeal to (9.2.5) to obtain

(x, Tpa () + (0, Tpa (1)) = (Tpa(x),¥), 9:2.6)

forx,y € dom 7. Also, 0 < (x, Tgy(x)) < efor B > a > y(x) forallx € domT.
Now, 0 < (, Tga (1)) < (,T(»)) < &M for ||y|| < e. Thus, for || < &* and
B > a > y(x) we have

eM +¢e) = (x, Tpa(x)) + (, T () 927
> (%, Tpa (X)) + (v, Tpa (1))
> (v, Tga (¥)),

from which we obtain || Ty (x)|| < M + e for all x € dom T, while (y, Tgy(x)) — 0
for all y € X. We conclude that (Ty(x))yeA is @ norm-bounded weak*-Cauchy net
and so weak*-convergent to the desired N-monotone limit 7 4 (x).

In the general case we may still use (9.2.5) to deduce that Tg = T, + T Where (i)
Tga C (M + &)Bx~ and (ii) for each tga € Ty one has t;a —>w0asa and B — o0.
The conclusion follows as before, but is somewhat more technical.

(b) Fix x € X. We again apply (9.2.5), this time to 7 to write

(Tx7x> + (Da)’) 2 (Totxax> + (Tayaﬂ 2 (Tax9y>
forall y € D(T) = X, by Theorem 9.1.8 (¢). Hence
(Ix,x) + Myl = I Tex ¥,

for all y € Y. This shows that T (x) lies in the M-ball, and since the ball is weak*

closed, so does T 4(x).
The set-valued case is entirely analogous but more technical (see Exercise 9.2.5).
O

We comment that 0 <, (—ny,nx) <3 (—y,x) for n € N, shows the need
for (9.2.5) in the deduction that T, (x) are equi-norm bounded. Moreover, if X
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is an Asplund space (with a technology that did not exist when Asplund stud-
ied this subject), the proof of Proposition 9.2.5 can be adjusted to show that
T A(x) = norm— limg_, o0 Ty (x), [70] (the Daniel property). The single-valued case
effectively comprises [15, Theorem 6.1].

We shall say that a maximal monotone operator 4 is acyclic or in Asplund’s term
irreducible if whenever A = dg + S with S maximal monotone and g closed and
convex then g is necessarily a linear function. We can now provide a broad extension
of Asplund’s original idea [16, 15]:

Theorem 9.2.6 (Asplund decomposition). Suppose that T is a maximal monotone
operator on a Banach space with dom T having nonempty interior.

(a) Then T may be decomposed as T = of + A, where f is closed and convex while
A is acyclic.
(b) Ifthe range of T lies in M By~ then [ may be assumed M -Lipschitz.

Proof. (a) We normalize so 0 € 7(0) and apply Zorn’s lemma to the set of cyclically
monotone operators C := {C : 0 <,, C <2 T, 0 € C(0)} in the cyclic order. By
Proposition 9.2.5 every chain in C has a cyclically monotone upper-bound. Consider
such a maximal C with 0 <wo C <, T.Hence T = C + A where by construction
A is acyclic. Now, T = C + A4 C 9f + 4, by Rockafellar’s result of Theorem 9.2.3.
Since 7T is maximal the decomposition is as asserted.

(b) In this case we require all members of C to have their range in the M-ball and
apply part (b) of Proposition 9.2.5. It remains to observe that every M -bounded cycli-
cally monotone operator extends to an M -Lipschitz subgradient — as an inspection of
the proof of Rockafellar’s result of Theorem 9.2.3 confirms. O

By way of application we offer the following corollary where we denote the
mapping x > T(x) N uBy= by T N uBx=.

Corollary 9.2.7. Let T be an arbitrary maximal monotone operator T on a Banach
space. For u > 0 one may decompose

TN uBy+ C Ty = df, + Ay,
where f, is u-Lipschitz and A, is acyclic (with bounded range).

Proof. Combining Theorem 9.2.6 with Proposition 9.1.14 we deduce that the
composition is as claimed. |

Note that since the acyclic part 4,, is bounded in Corollary 9.2.7, it is only skew
and linear when T is itself cyclic. Hence, such a range bounded monotone operator
is never fully decomposable in the sense of Question 9.2.4(a).

Theorem 9.2.6 and related results in [16, 70] are entirely existential: how can one
prove Corollary 9.2.6 constructively in finite dimensions? How in general does one
effectively diagnose acyclicity? What is the decomposition for such simple monotone
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maps such as

(x,y) > (sinh(x) — & y%/2, sinh(x) — a x*/2)

which is monotone exactly for o > —2/,/x% —1 ~ 0.7544... with x¢ the
smallest fixed point of coth? We refer to [118] for a more detailed discussion of
Question 9.2.4(a).

Example 9.2.8. Consider the maximal monotone linear mapping
Ty : (x,y) — (cos(8)x — sin(A)y, cos(0)y + (sin(H)x))

for 0 < 6 < m/2. The methods in [16] show that for n = 1,2,... the rotation
mapping T/, is n-monotone but is not (n + 1)-monotone, a more explicit proof is
given in 9.2.6. These matters are taken much further in Section 9.2.6 which describes
work from [31] where appropriate Fitzpatrick functions are associated to n-monotone
operators.

9.2.4 Explicit acyclic examples

As noted, skew linear mappings are canonical examples of monotone mappings that
are not subdifferential mappings. It is therefore reassuring to prove that they are
acyclic:

Proposition 9.2.9. Suppose that S : R" — R”" is a continuous linear operator
satisfying (S(x),x) = 0 for all x € R". Then S is acyclic.

Proof. Let S = F + R where F is a subdifferential mapping and R is maximal
monotone. Since S is single-valued, " and R are single-valued. In particular. F = Vf
for some convex differentiable /. Since R is monotone, we have

0 < (R(x) =R(»),x —y) =(S&) =S(),x —y) = (F(x) = F(y),x — y)
=—(F(x) = F(),x —y) = (V(=Hx) = V(=) W),x — ).

This shows that —f" is convex, so f is convex and concave, hence linear on its domain.
Butdomf D domS = R”,sof € R".So F = Vf is constant. In fact, by subtracting
from F and adding to R, we may assume that /' = 0. O

We leave it to the reader to check that the sum of an acyclic operator and a skew
linear operator is still acyclic. It is not clear that the sum of two acyclic operators
must be acyclic. For continuous linear monotone operators, then, the usual decompo-
sition into symmetric and skew parts is the same as the Asplund decomposition into
subdifferential and acyclic parts.

We recall that Asplund was unable to find explicit examples of nonlinear acyclic
mappings [16], and this remains quite challenging, see Exercise 9.2.4. In particular, it
would be helpful to determine a useful characterization of acyclicity. We make some
progress in this direction by providing an explicit and to our mind surprisingly simple
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example: we present a nonlinear acyclic monotone mapping S:R? > R2, originally
given in [118].

Precisely, S is constructed by restricting the range of the skew mapping S(x,y) =
(—y,x) to the unit ball, and taking a range-preserving maximal monotone extension
of the restriction. This extension is unique, as we see from the following corollary of
Proposition 9.1.14.

Corollary 9.2.10 (Unique extension). Suppose T : R" — R" is maximal monotone
and suppose that range T N int B ;é @. Then there is a unique maximal monotone
mapping T such that T x)NBC T (x) C B. Furthermore,

Tx)=@*eB: (x*—y* ,x—y) > 0forally* € T(y) NintB}. 9.2.8)

Note that 7 is either a Lipschitz subgradient or it has a nonlinear acyclic part: the
acyclic part is bounded so it cannot be nontrivially linear. Hence in the construction
of Proposition 9.2.11 we know that S has nonlinear acyclic part, which we shall
eventually show in Proposition 9.2.15 to be S itself.

Proposition 9.2.11. Define S : R? — R? by S(x,y) = (—y,x) for x> +y* < 1.
Then the unique maximal monotone extension S of S with range restricted to the unit
disk is:

S(x) if x| < 1;

Sex) = 1 .
I— Lo+ uxn5<nxu) if x> 1.

Proof. From Corollary 9.2.10, we know that S exists and is uniquely defined. In the
interior of the unit ball, equation (9.2.8) shows that S(x) = S(x). Indeed, let # > 0 be
so small that z = x + #y € B for all unit length y. Then

(SCx +1y) — S(x),5) = 0

for all unit y. Letting t — 0 shows that §(x) = S(x). To determine (u,v) = §(x) for
[lx]l > 1, it suffices by rotational symmetry to consider points x = (a,0) witha > 1.
Then monotonicity requires that

(Sx) —Sz),x—z) >0

forall |lz]] < 1. Letz = (% _ a1 )go that S(z) = S(2) =< “2—1,5).Then

a

/a?2 — 1 2 _
a a a a

Expanding this gives
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Figure 9.2 A field plot of .

and noting that u < +/1 — v? gives
VIi—02@-D+vVa:—1wv—a) >0

which reduces to (av — 1)2 < 0, thatis, v = 1/a. Similarly, settingz = (é, —ﬁ)

a

also shows that u = /1 — 4.

508 =80 = (J1-5.1) = /1— L i + 45 () The same

result holds for general ||x|| > 1 by considering the coordinate system given by the
orthogonal basis {x, S(x)}. O

Figure 9.2 shows the graph of the vector field s. Having computedE, we commence
to show that it is acyclic, with the aid of two technical lemmas:

Lemma 9.2.12. §(x +tS(x)) = Sx) forallt > 0, and all ||x|| = 1.

Proof.
-~ _ I x+Sk)
Skx+1tSx)) = iy «/_ + s Sx 4+ tSx))
=112 (x +1S(x)) + (S(x) x) = S(x),
since S = —1. |

This construction does not extend immediately to all skew mappings, since it
assumes that S = —I, which can only occur in even dimensions:
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Fact 9.2.13. Skew orthogonal matrices exist only in even dimensions.
Proof. DetS = Det(S") = Det(—S) = (—1)" Det S. O

However, such mappings do exist for each even-dimensional R?”, and these can be
embedded in R?"*! in the obvious way. Thus, our construction provides an acyclic
nonlinear mapping for each R”, n > 1.

To show that S is acyclic, we suppose that S =F +R, where F = af for some
convex proper Isc function f and R is maximal monotone, and show that F' is constant.

Lemma 9.2.14. Let ||x|| = 1, t > 0 and y(t) = x 4+ tS(x). Then (F (y(2)),S(x))
= c(x) for some constant c(x).

Proof. Suppose t] # t. Then §(y(t1)) = §(y(t2), by Lemma 9.2.12, so

0 < (R(y(11)) — R(y(12)), y(11) — y(£2))
= S() = S((1)), y(t) — y(12)) — (F(r(1)) — F(r(t2)), y(t1) — y(12))
=—(F(y(n)) = F(y(2)), y(t1) = y(t2)) =0,

S0
(F(y(t1)) — F(y(2)),x + 61S(x) — (x + S(x))) = 0,
that is
(F(y(t1)),8(x)) = (F(y(12)),S(x))
for any 11, f. O

Proposition 9.2.15. The extension mapping§ given explicitly in Proposition 9.2.11
is nonlinear and acyclic with bounded range and full domain.

Proof. First note that if S = F + R with R monotone and F = df, then both are
single-valued, so F = Vf. As in Proposition 9.2.9, we can assume that ' (x) = 0
when |[|x|| < 1.

Let ||y|| > 1. Then there is a unit vector x and a ¢ such that y = x 4+ #S(x):

) = 2 : L s
x=x(y) = - - Y,
R AT TR

t=1t(y) =/IyI* -1,
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and we note that y — X(y) is continuous. We will determine f'(y) by integrating F'
along the ray s — x 4 sS(x). Using Lemma 9.2.14, we have:

t
1) —f@) = fo (Vf (x4 sS()), S@)) ds

t
= / c(x) ds = c(x)t.
0

Since f is continuous and convex, c is continuous and positive, so y — c(X(y)) is
continuous and positive.

Plugging in #(y) gives f(¥) = ¢(F(1))V/IlylI*> — 1 when |y| > 1 and f = 0 for
Iyl < 1. Suppose ¢(y) > 0 for some |y|| = 1. Then for f to be convex on the

segment [y, 2y] we require that:

(1 =2)f () + A 2y) = f((1 + A)y) forall & € (0, 1).

This means
0+ e(F20))V3 = c@((1 + 1)) VA% + 24,

or
c(F2»)V3 = c(®F((1+ 1)),/ 1+ %

for all A € (0, 1). Letting A — 0, we getX((1 + 21)y) — y, so ¢(X((1 + 1)y)) —

c(y) > 0. Since /1 + % — 00, the inequality does not hold for small A unless
c(y) =0.

For f to be convex and everywhere defined, then, we require c(y) = 0 for all
Ilv]l = 1. That is, /" is identically zero. O

It seems probable that the construction above applied to any nontrivial skew linear
mapping always leads to an acyclic mapping — and that more ingenuity will allow
some reader to prove this. We dedicate the next subsection to exploring Fitzpatrick’s
last function for S as constructed above.

9.2.5 Computing F L3

We can also explicitly compute Fitzpatrick’s last function L5 as described in the
previous section. We have:

Proposition 9.2.16. With Sas before, we have:

0 if lxl| < 1;

X% = 1 +arctan( |x1|2—1) —Z if x| > L

FLsx) =
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Proof. 1t is immediate from the definition that FLg(x) = 0 when |lx|| < 1. For
Ix|| > 1, we get:

1
FLs(x) = f (x, S(tx)) dt
0

E
ZA (x“”m+/ ! ﬂuqu

b
+ S(x
Atwﬂ(”>

%V ﬂnWM
el 1

:/ 1~ ds
1 S

Ix]|2 — 1 + arctan <

1 b4
VisiF-1) 2
U

Note that 7 L5 is convex, since it is a composition of the norm x — ||x|| with the
increasing convex function 7 — || f 1— biz ds. So S is weakly decomposable in the

sense that S = VF Lz + SL where SL is skew-like: (SLx,x) = 0. To determine SL,
we compute:

VL = 1° it Il < 13
§ X) = ; A
1— oo i Il = 1,

So S(x) = VFLz(x) + h(||x]))S(x), where

1 if t<1;
=1, .

So S is not decomposable since SL = x — h(||x||)S(x) is not skew. Note finally that
SL is not monotone.

9.2.6 Fitzpatrick functions of finite and infinite order

The following functions studied in [31] may be interpreted as common ancestors of
the Fitzpatrick function and Rockafellar’s antiderivative of Theorem 9.2.3.

Definition 9.2.17. LetA4: X — ZX*, let (a1,a}) € graph 4, andletn € {2,3,...}.
If n = 2, we set Canaraty: X X X* — (—o00,+00]: (x,x*) = (x,a]) +
{a1,x*) — {(ay,a}). Now suppose that n € {3,4,...}. Then the value of the function
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Canarah): X X X* — (—00,+00] at (x,x*) € X x X is defined by

n—2
Sup (Z(am - ai,aﬁ) + (x —ap—1,a,_,) + (a1, x*);  (9.2.9)
(az.a5)egraph 4, i=1

(an—1,a;_)egraph 4

equivalently, by

sup {x, x*) + (

(ai+l — 4, a:k)) + <.X - an—lsaZ—l) + <al _xa-X*)'
(a2,a3)€graph 4, i=1

(an—1 ,a:, 1 )egraph 4
(9.2.10)

Definition 9.2.18 (Fitzpatrick functions of finite order). LetA: X — 2%, For every
n € {2,3,...}, the Fitzpatrick function of A of order n is

FA,V! = Sup CA,n,(a,a*)« (9211)
(a,a*)egraph A

The Fitzpatrick function of A of infinite order is Fy .00 = Sup,c(a3..) Fan-
Our first result is immediate from the definition.

Proposition 9.2.19. Let4: X — 2X" and letn € {2,3,...}. Then Fpn: X xX* —
[—00, +00] is convex and Isc. At (x,x*) € X x X*, the value of F 4, is given by

n—2

sup (e, x™) + (Z(am - aud?)) + X —an-1,a,_y) + (a1 —x,x%).
(a1,a})egraph 4, i=1

(an—1.a,_;)€graph 4
(9.2.12)

Moreover,
Fupn > () ongraph 4. (9.2.13)

Ifn = 2, then (9.2.12) simplifies to SUP , 4+)egraph 4 (X> @) + (@, x*) — (@, a*), which
is the original definition of the Fitzpatrick function of 4 at (x,x*) € X x X*.
pointwise. We next provide a characterization of n-cyclically monotone opera-
tors by Fitzpatrick functions of order » which directly generalizes the notion of a
representative function.
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Proposition 9.2.20. Let A: X — 2% and let n € {2.3,...}. Then the following are
equivalent.

1. A is n-cyclically monotone.
2. Fyy < () on graph 4.
3. Fyu={,-) ongraph 4.

We now can give a simpler, but by no means easy, proof of Asplund’s observation
recorded in Example 9.2.8 that for each n = 2,3, ... the matrix corresponding to
rotation by 7 /n in the Euclidean plane is n-cyclically monotone yet not (n + 1)-
cyclically monotone.

Theorem 9.2.21 (Rotations). Let X = R? and let n € {2,3,...}. Denote the matrix
corresponding to counter-clockwise rotation by w/n by R,, i.e.,

__(cos(zw/n) —sin(w/n)

= <Sin(n/n) cos(r/n) ) (9.2.14)

Then R, is maximal monotone and n-cyclically monotone, but R, is not (n + 1)-
cyclically monotone.

Proof.

(a) It is clear that R, is monotone, and that R = R, ! Since domR, = X, the
maximal monotonicity of R, is immediate. Show that R, is not 3-cyclically
monotone, as it is skew-symmetric. For the remainder of the proof we assume
thatn € {3,4,...}.

(b) Let us show next that R, is not (n 4 1)-cyclically monotone. Take x € X ~ {0}.
Since R, +R}; is invertible (in fact, a strictly positive multiple of the identity), there
exists a € X such that %R,,a—i—%R;a = R’x. Note thata # 0 (sincex # 0) and that
Rpa # Rla(since w/n < ). The fact that R, is an isometry and the parallelogram
law thus yield 4||a||? = 2||R,all®> +2||R:a||? = ||Rpa+Ria|® + ||Rya — Rial> >
| Rua + Rall? = ||2R:x||> = 4|/x||>. Hence

lall > [lxII. (9.2.15)
Furthermore, R,a + Rja = 2R}x implies that
2{a,Rya) = {a,Rpa + R)a) = 2(a, Rx) = 2(Rua, x).
Using (9.2.15), we note that

—{a,Rya) + 2{x,R,a) = {a,R,a) = ||a||2 cos(m/n)
> ||xllzcos(n/n) = (x, Ryx). (9.2.16)

We now take » points from graph R, by setting

(foralli e (1,2,...,n}) (a,a}) = (R*a,R**a). (9.2.17)
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Then, since R, is an isometry, we have for every i € {1,2,...,n — 1},

2i+2 2 p2itl
(aip1 — ap,af) = (R 2a — R a, R7 ' a)
— <R3i+2a’Rii+1a) _ (R%ia’Rii+1a)

= (Rya,a) — (a,Rya) = 0. (9.2.18)

Using (9.2.12),(9.2.17), (9.2.18), the fact that R%," = Id and that R, is an isometry,
and (9.2.16), we deduce that

n—1

FR, 10, Ryx) > (Z(am - ai,a?>> — an, ay) + (x,a,) + (a1, Ryx)
i=1
= —(R¥a,R**a) 4+ (x, R*"'a) + (R%a, R,x)

= _<a9Rna> + <xana> + <Rnasx)
> (x, Ryx). (9.2.19)

Thus Fg, 1 > p on graph R, \ {(0,0)}, and therefore, by Exercise 9.2.20, R,
is not (n + 1)-cyclically monotone.
(¢) It remains to show that R, is n-cyclically monotone. Take

xl = (Sl: 771), '9xn = (%‘Vl) 77n) inX’

and set x,,+1 = x1. We must show that

n
0> Z(xi-‘rl — X, Rpx;). (9.2.20)
i1

Next identify R? with C in the usual way: x = (&, n) in R? corresponds to & +in
in C, where i = +/—1 and (x,y) = Re (xy) for x and y in C. The operator R,
corresponds to complex multiplication by

w = exp(i/n). (9.2.21)

Thus the aim is to show that

n

0> Re(Z(xH-l —X)wx;) = ZRG ((ig1 — xpx;),

i=1 i=1
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an inequality which we now reformulate in C”. Denote the n x n-identity matrix
by I and set

01 0 0
00 1 0
B:=|: eC™ and R:=wleC™. (9.2.22)
0
0 1
1 0 ... 0

Identifying x € C” with (x1,...,x,) € X", we note that (9.2.20) means 0 >
Re (((B — I)x)*Rx); equivalently, 0 > x*(B* — I)Rx + x*R*(B — I)x. In other
words, we need to show that the Hermitian matrix

C=(U-B"9R+RUI-B)

(+@) -~ 0 - 0 —w
—w (w+w - 0
| o
: 0
0 (w + ®) -
) 0 e 0 —w (w + @)

(9.2.23)

is positive semidefinite. The matrix C is a circulant (Toeplitz) matrix and thus
belongs to a class of well-studied matrices that have close connections to Fourier
Analysis. It is well known that the set of (n not necessarily distinct) eigenvalues
of Cis

A= {q(l),q(wz), . ,q(a)z("_l))}, where ¢:tr> (0 +®) —wt —at" L.
(9.2.24)
Since w?" = 1, we verify that

A ={2cos(r/n) —2cos((2k + )z /n) : k€ {0,1,...,n—1}}
is a set of nonnegative real numbers, as required.
|

The Fitzpatrick function of order n arose by keeping » fixed while supremizing
over (a,a*). Analogously, we next see that Rockafellar’s antiderivative is (essen-
tially) obtained by keeping (a, a*) fixed while supremizing over n. Therefore, the
function Cy ;, (4,4+) can honestly be viewed as the ‘common ancestor’ of the Fitzpatrick
functions and Rockafellar’s antiderivative.
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Definition 9.2.22 (Rockafellar function). Let 4: X — 2% " and (a,a*) € graph 4.
Then we define the Rockafellar function by

Ry agav: X = (—00,400] : x = {Szug }CA,n,(a,a*)(x,O)- (9.2.25)
ne{2,3,...

Moreover, Rockafellar functions are antiderivatives, which are unique up to
constants. The following taken from [31] is a refinement of Theorem 9.2.3.

Fact 9.2.23 (Rockafellar). Let f: X — (—o00,+0o0] be convex, Isc, and proper.
Then Of is maximal monotone and cyclically monotone, hence maximal cyclically
monotone. Conversely, let A: X — 2X° be maximal cyclically monotone and let
(a,a*) € graph A. Then Ry (q,4+) is convex, Isc, and proper, Ry (a.qa+)(a) = 0, and

A= 0Rg (qar) (9.2.26)

is maximal monotone. If 3f = A, then f'(-) = f(a) + R4,(a,a%) ()

We may now connect the Fitzpatrick function of infinite order and its Fenchel
conjugate for subdifferentials:

Theorem 9.2.24 (Fitzpatrick function of infinite order). Let f: X — (—00,+400]
be convex, Isc, and proper. Then for every (x,x*) € X x X*,

<x>X*> = FBf,Z(X,x*) = Fﬁf,?)(x,X*) == FBf,n(x’X*) - Faf,OO(XSX*)

=)+ (x") (9.2.27)
and

FQ}-,Q(X*,X) = F;‘fs(x*,x) Z ez Fé‘f,,,(x*,X) — h(x*,x) > F;(f’oo(x*,x)

=) +f (%), (9.2.28)
where h: X* x X: (—00,+00] is convex and
h(x*,x) > W (xXF,x) = () + 1 ().

Proof. By Definition 9.2.18 and (9.2.12), it is clear that (Fys ,)ne(2,3
increasing sequence converging pointwise to Fyr ~. Since df is maximal monotone

} 1s an

yeen
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(-,+) < Farp. Take (x,x*) € X x X*. Using Definitions 9.2.17 and 9.2.22 show that

Fofoo(,x*) = sup  Fyr,(x,x*) = sup sup  Cafm(aar) (6, x)
ne{2,3,...} ne{2,3,...} (a,a*)egraph of

= sup sup  Coaf n (a0 (X, 0) + (@, x)
(a,a*)egraph 9f ne{2,3,...}

= sup (@, X) + Ryf (a,0) ()

(a,a*)egraph of
= sup (a,x") + (f(x) —f(@)
(a,a*)egraph df
=/ + sup ((a,x") —f(a)
aedom df
= f(x) +/*(x5). (9.2.29)

This proves (9.2.27). Fenchel conjugation shows (F g‘f,n (x*, x))ne 23..) isadecreasing
sequence converging to s(x*,x), where 7: X* x X: (—o0,+00] is a convex func-
tion such that 2(x*,x) > A**(x*,x) > f*(x*) 4+ f(x). Conjugating this decreasing
sequence, we get Fyr o (x,x*) < For3(6,x*) < -+ < Fyr (6, x%) < -+ < h*(x, x¥).
Hence Fiyroo(x,x*) = f(x) + f*(x*) < h*(x,x*). A final conjugation yields
P (x*,x) < f* (%) + £ (x). O

In summary, we have now built a remarkable bridge from the Fitzpatrick function

of 3f to f*(x™) + f (x).

Exercises and further results
9.2.1. Show that every quasiconvex function is quasimonotone.

Hint. First show f(z) < f(w) = [~ (w,z — w) < 0. Now existence of x* € drf (x)
with (x*,y — x) > 0 implies f ~(x;y — x) > 0 and so ' (x) < f()). Deduce, for all
y* € 0pf(y) that ",y —x) </~ (y;y —x) 0. O

9.2.2. Let f: X — (—00,40oc] be Isc on a Fréchet smooth space. Suppose x +—
f(x) 4+ (x*,x) is quasiconvex for every x* € X*. Prove that f is convex.

Hint. Fix x and y. Pick x* such that /' (x) + (x*,x) = f(y) + (x*,), and appeal to
quasiconvexity of g := f + (x*, -). |

Thus, requiring quasiconvexity of the sum of a quasiconvexity function with all
linear functions is enough to force convexity. Compare Exercise 6.7.9.
9.2.3 (Monotonicity implies convexity). Letf: X — (—o0o, +0o0] be Isc on a Fréchet
smooth Banach space X. If drf is monotone, then f is convex.

Hint. If opf is monotone then for each x* € X™* the operator x — 9pf (x) + x* =
or(f + x*)(x) is monotone, hence quasi-monotone. By Theorem 9.2.2, for each
x* e X*, the function f + x* is quasiconvex. This implies the convexity of f
(Exercise 9.2.2). O
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Asplund commented in [15] that ‘nothing more is known about irreducible
monotone mappings in this the simplest of cases’ than the following:
9.2.4. Let f be a C'-complex function on an open convex subset D C C. Viewed as
a real function on R? the following is the case

e f is monotone if and only if it satisfies

9
Re — >
0z

f

0z

e f is a subgradient if and only if it satisfies

¥
0z —

f
0z

Thus, for f to be acyclic there must exist no nonconstant analytic function g with

8(.f—g)‘
0z '

and Re af —g) .

0z

z

9.2.5.* Complete the proof of Proposition 9.2.5 in the set-valued case.
9.2.6. For S(x,y) := (—y,x) and z := (x,y), consider the operator F' on R? given by

1 1
F(z) = (1__)i__@
log|izIl / izl logliz|l liz[|

for ||z|| < 1,z # (0,0) and set
F(0,0) :={z: |zl = 1}

(a) Show F is maximal monotone and that its domain is bounded (the norm of F'(z)
tends to infinity when ||x|| tends up to 1).

(b) Show that any solution to z € F(z) revolves infinitely many times around the
origin in any neighborhood of the origin.

(c) Determine if F' is acyclic.

9.2.7.* We give the details of the range assertion in Theorem 9.2.3.

Lemma 9.2.25. Let X be a Banach space and let x; € X* for o € A and with each
o real. Let f (x) := sup{{x},x) —ry : a € A}. Then range 3f C conv*{x} : o € 4}.

Proof. Consider the convex function g defined on X™* by

g(x*) = inf{ZAal_ Fop Z)‘aixj;,- :x*,Z)\ai =1,Ay > 0} ,

as we range over all finite subsets of {(x},7y) : @ € A}. It is easy to check that
g¥lx = f, and f* = g** viewed in o (X*,X) . Now when x* € 9f(x) we have
f) +*(x*) = (x*,x). Since x € dom [ we see that g**(x*) is finite and we are
done since dom g** C domg .
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Alternative proof: if the conclusion fails we may find x* € 9f(x), e > Oand h € X
such that

(x*,h) > & + sup(x}, h), (9.2.30)

aed
by the Hahn—Banach theorem (4.1.7). Thus, for each « € 4 we have
(X h) > e + (x5, x) = & + (x5, x + h) = 16) — ((x3,X) — 7a)
>e+ (b, x+h) —rg —f(X).
Now f'(x) is finite and so supremizing over o € A4 yields
@y ze+fle+h) —f),
in contradiction to x* € 9f (x). O
9.2.8. Prove the following result from [118]:

Theorem 9.2.26 (Decomposability). Suppose we are given a continuously differ-
entiable maximal monotone operator T : domT C R" — R" for which 0 €
intdom 7 = dom 7. Then T is decomposable on dom T if and only if T — VFLr is
skew on dom T. In this case F L is necessarily convex.

It is often difficult to see that F L7 is not convex otherwise. Try plotting the example
of Section 9.2.5. An illustrative example is drawn in Figure 9.3.
9.2.9. Let g > 0 be a nonconstant and continuous real function such that either

glx) = 1=g(0)orgx) <1=g(0).Let

G(x) :=/ g and K(x) :=/ (1 +g)/2).
0 0

300

200

100

Figure 9.3 A nonconvex FLr.
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(a) Show that T'(x,y) := (K(x) — G(»),K(y) — G(x)) is both continuously differ-
entiable and maximal monotone on R?. (b) Show that T is never decomposable on
R? [118]. (c) Try computing and plotting various examples in a computer algebra
package.

9.3 Maximality in reflexive Banach space
We begin with:

Proposition 9.3.1. 4 monotone operator T on a reflexive Banach space is maximal
if and only if the mapping T (- + x) + J is surjective for all x in X. (Moreover, when
J and J~V are both single valued, a monotone mapping T is maximal if and only if
T +J is surjective.)

Proof. We prove the ‘if’. The ‘only if” is completed in Corollary 9.3.5. Assume
(w, w*) is monotonically related to the graph of T. By hypothesis, we may solve
w* € T(x 4+ w) + J(x). Thus w* = ¢* + j* where t* € T'(x + w),;j* € J(x). Hence

0 < (w— (w+x),w" —*) = —{x,w* —*) = —(x,j%) = —|Ix|* < 0.
Thus, j* = 0,x = 0. So w* € T(w) and we are done. O

We now prove our central result whose proof — originally very hard and due to
Rockafellar [370] — has been revisited over many years culminating in the results in
[391, 398, 399, 446, 121] among others:

Theorem 9.3.2. Let X be a reflexive space. Let T be maximal monotone and let f be
closed and convex. Suppose that

0 € core{convdom(7T) — conv dom(df)}.

Then

(a) of + T + J is surjective.
(b) of + T is maximal monotone.
(c) Of is maximal monotone.

Proof. (a) As in [398, 399, 446], we consider the Fitzpatrick function F7(x,x*) and
further introduce f7(x) = f(x) + 1/2|x||>. Let G(x,x*) = —f7(x) — [ (=x").
Observe that

Frx,x™) = (x,x") = G(x,x¥)

pointwise thanks to the Fenchel-Young inequality (Proposition 4.4.1(a))

f)+/7G7) = (xn,x"),
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forallx € X,x* € X*, along with Proposition 9.1.1. Now, the constraint qualification
0 € core{convdom(7) — convdom(df)}

assures that the sandwich theorem (9.1.4) applies to 7 > G since f}* is everywhere
finite by Proposition 9.1.6.
Then there are w € X and w* € X* such that

Fre,x*) — G(z,z*) > wix* —z*) +w*(x —2) 9.3.1)
for all x, x* and all z, z*. In particular, for x* € T'(x) and for all z*, z we have
x—w,x* —w*) + [[7@) + [ (=2") + (z.29)] = (w —z,w* —2%).

Now use the fact that —w* € dom(df}), by Proposition 9.1.6, to deduce that —w* €
dfy (v) for some z and so

(v —w,x* —w*) + [fF () + [ (—w") + (v,w")] > (w —v,w" —w*) = 0.

The second term on the left is zero and so w* € T'(w) by maximality. Substitution of
x = w and x* = w* in (9.3.1), and rearranging yields

(w,w*) + {{=z",w) = f7 (=2} + [z, —w*) = f1(2)} <0,

for all z,z*. Taking the supremum over z and z* produces (w,w*) + fj(w) +
fi(=w*) < 0. This shows —w* € dfj(w) = 9f(w) + J(w) on using the sum
formula for subgradients, implicit in Proposition 9.1.6.

Thus, 0 € (T + 9f7)(w), and since all translations of 7 4+ df may be used, while the
(CQ) is undisturbed by translation, (3f + T') (x+-) +J is surjective which completes
(a). Also df + T is maximal by Proposition 9.3.1 which is (b). Finally, setting 7 = 0
we recover the reflexive case of the maximality for a lsc convex function. |

Recall that the normal cone Nc(x) to a closed convex set C at a point x in C is
Ne(x) = 95¢(x).

Corollary 9.3.3. The sum of a maximal monotone operator T and a normal cone
Nc¢ on a reflexive Banach space, is maximal monotone whenever the transversality
condition 0 € core[C — convdom(T)] holds.

In particular, if 7 is monotone and C := clconv dom(7") has nonempty interior,
then for any maximal extension 7' the sum 7 + N is a ‘domain preserving’ maximal
monotone extension of 7.

Corollary 9.3.4 ([391, 399]). The sum of two maximal monotone operators T and
T», on a reflexive Banach space, is maximal monotone whenever the transversality
condition 0 € core[conv dom(7) — conv dom(7>)] holds.
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Proof. Theorem 9.3.2 applies to the maximal monotone product mapping
T(x,y) := (T1(x), T>»(y)) and the indicator function f'(x,y) = &(x—,) of the diag-
onal in X ® X. Finally, check that the given transversality condition implies the
needed (CQ), along the lines of Theorem 9.3.2. We obtain that 7 + Jygx + 08(x=))
is surjective. Thus, so is 71 + 7> + 2J and we are done. O

As always in convex analysis, one may easily replace the core condition by a
relativized version — with respect to the closed affine hull.
We next recall the Rockafellar—Minty surjectivity theorem:

Corollary 9.3.5 (Rockafellary-Minty). For a maximal monotone operator on a
reflexive Banach space, range(T +J) = X*.

Proof. Let f = 0 in Theorem 9.3.2. Alternatively, on noting that

2 *(2
X X
5” = =+ llx*|

Fy(x,x*) 3 ,

we may apply Theorem 9.3.6. |

9.3.1 The Fitzpatrick inequality

We record a very special case of Theorem 9.2.24. Namely
Fyr(x,x™) < f(x) +f*(x"),
and note that we have exploited the beautiful inequality
Fre,x*) + @)+ (—x*) >0, forallx e X,x* e X*, (9.3.2)

valid for any maximal monotone 7" and any convex function f. Also, note that
(0, x*) > f(x) + f*(x*) is a representative function for df. Correspondingly, we
have the Fitzpatrick inequality

Fr, (¢, x*) + Fr, (x, —x*) > 0, forall x € X,x* € X*, (9.3.3)
valid for any maximal monotone 77, 75. Moreover, by Proposition 9.1.1,

Fr(x*,x) > sup {(x,y") + ", y) — Fr(n,y") = Fr(x,x*). (9.3.4)
y*eT(y)

We clearly have an extension of (9.3.3): HlT(x,x*) + Hé(x, —x*) > 0, for any
representative functions HIT and Hg.
Letting Fg(x,x*) := Fg(x, —x*), we may establish:

Theorem 9.3.6. Let S and T be maximal monotone on a reflexive space. Suppose
that 0 € core{dom(Fr) — dom(Fs)} as happens if 0 € core{conv graph(T) —
conv graph(—S)}. Then 0 € range(T + S).
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Proof. We apply the Fenchel duality theorem (4.4.18), or follow through the steps of
Theorem 9.3.2. From either result one obtains © € X, A € X* and 8 € R such that

Fre,x™) — (e, a) — (1,x") + (u, 4)
> B = —Fs(r, =)+ 3 A) — (") — (1, 2),

for all variables x, y, x*, y*. Hence for x* € T'(x) and —y* € S(y) we obtain
X=X =2 =B = —wy +Aa).

If B < 0, we derive that —1* € S(u) and so 8 = 0; consequently, A € T(u) and
since 0 € (T 4 S)(wn) we are done. If 8 > 0 we argue first with 7. O

Note that the graph condition in Theorem 9.3.6 is formally more exacting than the
domain condition as shown by conv graph(J¢,) which is the diagonal in £, ® £, =
dom(F le), indeed F, e, (%, x*) = %Hx + x*||>. More interestingly, Zalinescu [447]
has adapted this argument to extend results like those in [395] in the reflexive case.

9.3.2 Monotone variational inequalities
We say that T is coercive on C if inf y«c(r1n0) () (0, 0™) /Iyl — oo as y € C goes
to infinity in norm, with the convention that inf ¥ = +o00. A variational inequality
requests a solution y € C and y* € T(y) to

G x—y) >0 forallx € C.

Equivalently this requires us to solve the set inclusion 0 € 7(y) + Nc(y). In
Hilbert space this is also equivalent to finding a zero of the normal mapping
Tc(x) :==T(Pcx)) + U — Po)(x).

We denote the variational inequality by V' (T; C). (For general variational inequal-
ities with 7 merely upper-semicontinuous, proving solutions to V(T,C) is equivalent
to establishing Brouwer’s theorem.)

Corollary 9.3.7. Suppose T is maximal monotone on a reflexive Banach space and is
coercive on the closed convex set C. Suppose also that 0 € core(C — convdom(7)).
Then V (T, C) has a solution.

Proof. Let f := dc, the indicator function. Forn = 1,2,3,---,let T, := T + J /n.
We solve

1
0 € (T, + 98c) (yn) = (T +3éc) + Z«](yn) 9:3.5)
and take limits as n goes to infinity. More precisely, we observe that using our

key Theorem 9.3.2, we find y, in C, and y} € (T + 38¢) (¥n).j; € J(yn)/n with
Vi = —jx. Then

1 1
Wrvn) = ==k n) = ==yl <0
n n
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so coercivity of T + 98¢ implies that ||y, | remains bounded and so j; — 0. On
taking a subsequence we may assume y, —, y. Since 7'+ d§¢ is maximal monotone
(again by Theorem 9.3.2), it is demiclosed [121]. It follows that 0 € (T 4 35¢)(y) =
T(y) 4+ Nc(y) as required. O

A more careful argument requires only that for some ¢ € C

inf (y —¢,y")/llyll = oo
y*el(y)

as ||ly|| = oo,y € C. Letting C = X in Corollary 9.3.7 we deduce:

Corollary 9.3.8. Every coercive maximal monotone operator on a Banach space is
surjective if (and only if) the space is reflexive.

Proof. To complete the proof we recall that, by James’ theorem (4.1.27), surjectivity
of J is equivalent to reflexivity of the corresponding space. 0

It also seems worth noting that the techniques of §9.4.2 are at heart all techniques
for variational equalities. We conclude this section by noting another convex approach
to the affine monotone variational inequality (complementarity problem) on a closed
convex cone S in a reflexive space. We consider the abstract quadratic program

0 < pui=inf((L(x) — ¢,x) : Lx =5+ q,x =5 0}, 9.3.6)

which has a convex objective function. Suppose that (9.3.6) satisfies a constraint
qualification as happens if either L(S) + ST = X* or if X is finite-dimensional and
S is polyhedral. Then there is y € ST+ = S with

n = (Lx) = q,x) +{Lx —q,y), 9:3.7)

for all x € S. Letting x := y shows u = 0, and we have approximate solu-
tions to the affine complementarity problem. Moreover, when L is coercive on S
or in the polyhedral case, (9.3.6) is attained and we have produced a solution to the
problem.

Exercises and further results

9.3.1. Suppose H isaHilbertspaceand 7 : H — H isamaximal monotone mapping.
Show that (I + T)~! has domain H and is nonexpansive. In particular, Rockafellar’s
theorem (6.1.5) ensures this applies when 7' = df where f : E — R is convex.

Hint. Corollary 9.3.5 implies that dom(/ + T)~! = H. The nonexpansive assertion
follows as in Exercise 3.5.8. 0

9.3.2 (Elliptic partial differential equations [195, 131, 275]). Much early impetus for
the study of maximal monotone operators came out of partial differential equations
and takes place within the confines of Sobolev space — and so we content ourselves
with an example of what is possible.
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As an application of their study of existence of eigenvectors of second-order non-
linear elliptic equations in L, (£2), the authors of [275] assume that 2 C R”, (n > 1)
is a bounded open set with boundary belonging to C>* for some & > 0. They assume
that one has functions |a;(x,u)| < v (1 < i < n) and |ag(x,u)| < v|u| + a(x) for
some a € L(2) and v > 0; where all ; are measurable in x and continuous in u (a.e.
x). They then consider the normalized eigenvalue problem

n
9
D+ A S ar ) +agruw) | =0, xe€Q, (9.3.8)
i=1 dx;

uix)=20 x € bdry

llull2 =1

where Au= —V2u=-Y", % is the classical Laplacian. To make this accessible
to Sobolev theory, a weak solution is requested to (9.3.8) for 0 < A < 1 when

uew>(Q)n WO1 ’2(9). In this setting, a solution of
Au+ tu = f(x)

forall t > 0 and all /' € L; (and with |u||2 = 1) is assured. Minty’s surjectivity
condition (Proposition 9.3.1) implies 7 := A is linear and maximal monotone on
L, (2) with domain W22(Q)N WO1 2 (£2). Of course, one must first check monotonicity
of A using integration by parts in the form

/(U,Au) :/(VU, Vu),
Q Q

forallv € W~"2(Q),u € C3*(R) C W, (R). Oneis now able to provide a Fredholm
alternative type result for (9.3.8) [275, Theorem 10]. In like-fashion one can make
sense of the assertion that for 2 < p < oo the p-Laplacian A, is maximal monotone:
Apu is given by

Apu = —div(|VulP~>Vu) € w=14(Q)

foru e WP(Q) with 1/p+1/q = 1.

We can also improve Corollary 9.1.15 in the reflexive setting.
9.3.3 (Range closure in reflexive space). We will again improve the following result
significantly in Section 9.7, but the proof technique merits mention.

Theorem 9.3.9 ([391]). Suppose T is maximal monotone on a reflexive Banach space.
Then norm closures and interiors of dom(T') and range (T) are convex.

Proof. Without loss of generality, we assume 0 is in the closure of conv dom(7’). Fix
y € dom(T), y* € T(y). Theorem 9.3.5 applied to 7'/n solves w}/n + j = 0 with
wih € T(wy),ji € J(wy,), for integer n > 0. By monotonicity

1

1
SOy = wn) = (i y — w,) = lwall®* = (75, »)
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where [Jwy,|? = |lj}1? = (¥, wy) and w, € dom(T). We deduce sup,, [w,|| < oo.
Thus, (j¥) has a weak cluster point j*. In particular, denoting D := dom(7’)

dp(0) < liminf lw,|® < inf (*,y) = inf {*,y) < "]l deony (0) = 0.
n—00 yeD €conv D

y

We have actually shown that cl conv dom (7)) C cl dom(7) and so cl dom(T) is convex
as required.
Since range(T) = dom(7~!) and X* is also reflexive we are done. O

In a nonreflexive space, Theorem 9.4.3 of the next section applied similarly proves
that dom7 is convex. Consequently, if as when 7 is type (ED) — see [393] —
dom(T)N  dom(7), the latter is convex. Dually, it is known that every locally
maximal operator 7' — and so every dense type operator — has range(7") convex [351,
Proposition 4.2].

9.3.4 (Operators with full domain). Suppose 7' is maximal monotone on a reflex-
ive Banach space X and is locally bounded at each point of ¢l dom (7). Show that
dom(7T) = X.

Hint. First observe that dom(7") must be closed and so convex. By the Bishop—
Phelps theorem (Exercise 4.3.6), there is some boundary point x € dom(7) with a
nonzero support functional x*. Then 7'(X) + [0, 00) X* is monotonically related to the
graph of 7. By maximality 7(x) + [0,00)X* = T'(¥) which is then nonempty and
(linearly) unbounded. 0

9.4 Further applications
9.4.1 Extensions to nonreflexive space

We let T denote the monotone closure of T in X** x X*. That is, x* € T(x**) when

inf (x* —y* x*™* —y) > 0.
y*el(y) 4 7

Recall that T is type (NI) if

inf x*—y*x** —y) <0
y*eT(y)< y )=

for all x** € X** and x* € X*, see [391, 393].

We say T is of dense type or type (D) if every pair (x*,x**) in the graph of the
monotone closure of 7T is the limit of a net (x}, x,) with x} € T'(x,) with xy — 4 x™*,
x} — x* and sup, ||xq || < oo, and we write x* € T (x**) [240, 391, 393].

Clearly, T1(x) C T(x); so every dense type operator is of type (NI). We denote
Fr(G,x*) := Pr(x*, G), viewed as a mapping on X ** x X*, and make the following
connection with Fy.
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Proposition 9.4.1. Let T be maximal monotone on a Banach space X. Then

Fr(G,x*) = sup (% G)+ @.x*) — 1,y = *,G)
y*eT'(y)

with equality if and only if x* € T(G). In particular, Fr|xxx+ = Fr.
Moreover, T is type (NI) if and only if Fr is a representative function for the
operator T.

Proof. These are left for the reader. Such results are elaborated in Section 9.7. [0

Proposition 9.4.2 (Gossez). The subgradient of every closed convex function f on a
Banach space is of dense type. Indeed

af =@, = (ar") .

Proof. For any closed convex f we have (3f*)~! € af, while — with a little effort —
Golstine’s theorem (Exercise 4.1.13) shows that (3/*)~! C af . [

A fairly satisfactory extension of Theorem 9.3.2 is:

Corollary 9.4.3. If Tis type (NI) then
range(T + 3f ™ 4+ J**) = X*,

Proof. Follow the steps of Theorem 9.3.2 or Theorem 9.3.6 using Pr and f7 + f}* as
the functions in the Fitzpatrick inequality. [

In the case that T is dense type this result originates with Gossez (see [241, 351]).
These dense type operators are still poorly understood. We can similarly derive —
in the notation of the previous section — that V' (T, 6*) will have solution when the
(CQ) holds and T is type (NI). We refer to [241, 217, 218] for more detailed results
regarding coercive operators in nonreflexive space.

The Rockafellar—Minty surjectivity theorem (9.3.5) has a modest extension: for an
maximal monotone N of type (NI) that range(N + J**) = X* which implies that
N = N; and so that N is maximal as a monotone mapping from X** to X*.

The next result will again be revisited later in the chapter.

Theorem 9.4.4 (Fitzpatrick—Phelps [217]). Every locally maximal monotone opera-
tor on a Banach space has clrange T convex.

Proof. We suppose not and then may suppose by homothety that there are +x* in
clrange T of unit-norm but with midpoint 0 ¢ clrange 7.

We build the equivalent dual ball B" := conv{%2x*,a B} } where 0 < o < 1/2is
chosen with (range T) N2aB% = @. We consider T extending T N B’ as in Proposition
9.1.14, so that

range T C clconv{R(T) N B’} and rangeT \ range T C bd B'.
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Figure 9.4 The ball constructed in Theorem 9.4.4.

It follows that

range T C (R(T) N B')|_J(clconv{R(T) N B'} Nbd B').

Hence range T is weak*-disconnected. As T is a weak*-cusco it has a weak*-
connected range which contradicts the construction. O

A dual argument shows that type (VFP) mappings have cl dom(7") convex.

9.4.2 Local maximality revisited

We are also in a position to show why in a reflexive setting all maximal mono-
tone operators are locally maximal, that is type (FP). We start with the following
contrapositive whose simple proof is in [351].

Proposition 9.4.5. Let T be a monotone operator on a Banach space X. Then T is
locally maximal monotone if and only if every weak*-compact and convex set C* in
X* with R(T) Nint C* # @ is such that if x* € int C* (in norm) but x* ¢ T (x) there
isz" e TE)NC*with0 > (z* — x*,z — x).

It is obvious that every maximal monotone operator on a reflexive space is type
(D), and it is known that type (D) implies type (FP); see [393, Theorem 17]. A direct
proof follows.

Theorem 9.4.6 (Fitzpatrick—Phelps). Every maximal monotone operator on a
reflexive space is locally maximal.

Proof. Since X is reflexive, M := (T_1 + 85@*)_1 is maximal, by Theorem 9.3.2(b),
while x* € int C* \ M (x). Since M is maximal monotone we can find z € dom T,
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z* € C*,z* € T(z) and u € Ne+(z*) such that z + u € (T + 38¢+) ! (z¥) with
0> (" —x*z—x)+ {F —x",u).
As the second term on the right is nonnegative, we are done. |

A useful reformulation of the argument in Theorem 9.4.6 is given next.

Proposition 9.4.7 (Fitzpatrick—Phelps). Let X be a Banach space. A maximal
monotone operator T is locally maximal monotone if

M(T,C*) = (T’l + aac*)_l

is maximal monotone on X whenever C* is convex and weak*-compact with R(T) N

intC* #£ ¢

We shall call an operator satisfying these hypotheses strongly locally maximal.
While every maximal monotone operator on a reflexive space is clearly strongly
locally maximal, not every convex subgradient is — as Theorem 9.5.2 will show.
However we can still use Proposition 9.4.5 to prove:

Theorem 9.4.8 (Simons). The subgradient of every closed convex function f on a
Banach space is locally maximal monotone.

Proof. Fix x* € intC* \ dg(x) as in the hypotheses of Proposition 9.4.5. Then
Corollary 9.1.5 and Theorem 9.2.1 and combine to show that M := 9g* + 98¢+ =
9 (g* + 8¢+) is maximal monotone on X*, since domg* N int C* # ). Now x ¢
M (x*) (since x* € int C*) so we deduce the existence of w** = z** + u** z** ¢
ag*(z*),u™ € 98¢ (z*) = N¢(z*) with

0> (" —x* 2 —x) + * —x*, ™) > * —x*, 2" —x).

By Proposition 9.4.2 we may select z; and z, with z € 9g(zq), zi — z* € C¥,
zg —w* 2" and sup,, ||z¢|| < oo. In consequence,

lim sup(z) — x*,z4 —x) < 0.
o

Now the observation that z; € C* for large «, and an appeal to Proposition 9.4.5
finishes the proof. [

One may similarly prove Simons’ result that dense type operators are locally
maximal by applying a variant of Corollary 9.4.3 with dg* replaced by T-1. The
corresponding results for type (VFP) appear usually to be easier. For example, T is
type (VFP) if T + N¢ is maximal monotone for all bounded closed convex sets with
dom 7 Nint C # @. In consequence, subgradients and reflexive maximal monotones
are type (VFP).
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9.4.3 The composition formula

Another very useful foundational result is:

Theorem 9.4.9 ([446, Theorem 6]). Suppose X and Y are Banach spaces with X
reflexive, that T is a maximal monotone operator on Y, and that A: X — Y, is a
bounded linear mapping. Then Ty := A* o T o A is maximal monotone on X whenever
0 € core(range(4) + convdom 7).

Proof. Monotonicity is clear. To obtain maximality, we consider the Fitzpatrick
inequality (9.3.3) to write

S, x™) + glx,x™) >0,
where
. 1 1
£, x*) = inf{Fr(dx,y*) : A" =x*), glx,x*) = Enxn2 + Enx*nz,

and apply Fenchel’s duality theorem (4.4.18) — or use the sandwich theorem directly
— to deduce the existence of x € X,x* € X* with

SHELYD) + g ELX) < 0. (9.4.1)

Semicontinuity of / is not needed since g is continuous throughout.

Also, the constraint qualification implies that the condition used in [121, Thm
4.4.3] and in [343, Proposition 13] holds. Thus, applying Exercise 9.4.3 we have for
some y* with A*y* = X*:

SHE*, %) = inf{FFAx, %) A*y* =X*) = min{FF(y*,4%) : A"y" ="}
= FLG", A7) (9.4.2)
> Fr(dx,5%),

where the last inequality follows from (9.3.4). Moreover,
FE0) = ST+ 2 4
b 2 2 .
Thus, (9.4.1) implies that
1 1
{ Frizy - 07,am) ) + {Enxnz + S 14T + 07*,/1)?>} <0,
and we conclude that y* € T(4X) and —x* := —4*}* € Jy (X) since both bracketed

terms are nonnegative. Hence, 0 € Jx (¥) 4+ T4(¥).
In the same way if we start with

S, x®) = inf{Frdx,y*) : A*y" =x" + x5}

1 1
g0 x™) = Sl + S I I = )
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we deduce xj € Jx(X) + T4(x). This applies to all domain translations of 7'. As in
Theorem 9.3.2, this is sufficient to conclude 74 is maximal. O

Note that only the domain space needs to be reflexive. Application of Theorem
9.49to T(x,y) := (T1(x), T2(y)), and A(x) := (x,x) yields T4(x) = T1(x) + T2 (x)
and recovers Theorem 9.3.2. With a little more effort the reader can discover how
to likewise embed Theorem 9.4.9 in Theorem 9.3.2. Alternatively, one may combine
Theorem 9.3.2 and this result in one. Again, it is relatively easy to relativize this result
to the intrinsic core; this is especially useful in finite dimensions, see [24]. A recent
paper [125] observes that the result remains true when one assumes only that

{4y, Ax,r) © Fp(dx,y*) <r}

satisfies certain relative closure conditions.
An important case of Theorem 9.4.9 is the case of a reflexive injection.

Corollary 9.4.10. Let T be maximal monotone on a Banach space Y. Let 1 denote the
injection of a reflexive subspace Z C Y into Y. Then Tz := (* o T ot is maximal mono-
tone on Z whenever 0 € core(Z+conv dom 7). In particular, if0 € core(convdom T)
then Tz is maximal for each reflexive subspace Z.

In this case also [125] implies the result remains true under more general closure
hypotheses.

Exercises and further results

9.4.1.* Confirm that Corollary 9.4.10 is indeed a special case of Theorem 9.4.9.

It is possible to construct a maximal monotone operator on £, such that 7 is
‘frequently’ not maximal but it is not clear whether there must be many subspaces for
which it is maximal even when core conv dom 7 is empty.

9.4.2. Show that the composition theorem (9.4.9) can be embedded in the sum
theorem (9.3.2) and conversely.

9.4.3 (Symmetric conjugate).* Let X, Y, U and V' be Banach spaces. Let 4: X — ¥
and B: U — V be bounded linear operators and let G be a Isc proper convex function
on Y x V. Define F(x,v) := inf{Gx,u): Bu = v,u € U}. Show as in [343,
Proposition 13] that

F*(x*,v*) = min{G*(y*, B*v*): 4*(y*) = x*,y* € Y*} (9.4.3)

whenever R4 71 (dom G) — R(4) =Y.

Hint. Apply the standard formula for the conjugate of composition of a closed convex
function with a bounded linear mapping ([368], [121, Theorem 4.4.3] which is actually
the case of (9.4.3) in which B, U, V' are trivial). [

9.4.4.* Prove the equation within (9.4.2).
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9.5 Limiting examples and constructions

It is unknown outside reflexive space whether cl dom(7") must always be convex for
a maximal monotone operator, though the assumption of reflexivity in Theorem 9.3.9
may be relaxed to requiring R(7 +.J) is boundedly weak*-dense — as an examination
of the proof will show. Moreover, in the final section of the chapter we shall show it
is convex for all operators of type (NI).

We do however have the following result:

Theorem 9.5.1 ([85]). The following are equivalent for a Banach space X.
(a) X is reflexive;

(b) intrange(df’) is convex for each coercive lsc convex function f on X ;
(c) intrange(T) is convex for each coercive maximal monotone T.

Proof. Suppose X is nonreflexive and p € X with ||p|| = 5 and p* € Jp where J is
the duality map. Define

1
S (x) 1= max {EIIXHz, lx —pll =12+ (", x), lx +pll — 12 — (p*,X>}
for x € X. By the max formula (4.1.10), we have, for x € By,

Of (p) = Byr +p*,  0f(=p) =Byxs —p*, ) =Jr  (9.5.1)

using inequalities like ||p — p|| — 12 + (p*,p) = 13 > 275 = %||p||2.
Moreover, f(0) = 0 and £ (x) > % lx| for x| > 1, thus [|lx*|| > 1 ifx* € 9/ (x)
and ||x|| > 1. Combining this with (9.5.1) shows

1 1
range(df) N EBX* = range(J) N EBX*.

Let Uy~ denote the open unit ball in X*. Now James’ theorem (4.1.27) gives us points
x* e %Ux* \ range(J), thus Uy+ \ range(df) # @. However, from (9.5.1)

Uy« C conv((p* + Ux+) U (—p* + Uy+)) C conv int range(3f)

so range(df’) has nonconvex interior. This shows that (b) implies (a) while (c) implies
(b) is clear. Finally (a) implies (c) follows from Theorem 9.3.9. O

Observe the distinct role of convexity in each direction the proof of (a) < (c). It
is most often the case that one uses the same logic to establish any result of the form
‘Property P holds for all maximal monotone operators if and only if X is a Banach
space with property O’. Another example is ‘Every (maximal) monotone operator 7'
on a Banach space X is bounded on bounded subsets of int dom 7 if and only if X is
finite-dimensional’. (See [85] for this and other like results.)
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Exercises and further results

9.5.1. The easiest explicit example, due to Fitzpatrick and Phelps (see [85]), lies in
the space cg of null sequences endowed with the supremum norm. One may use

J&x) = llx —eilloo + Ix + e1lloo (95.2)
where e is first unit vector. Then

int range(df) = {Ug1 +el} U {Uél - el}
cl int range(df) = {Bgl + 61} U {le - el}

both of which are far from convex. It is instructive to compute the closure of the range
of the subgradient.
9.5.2.** Gossez [240] produces a coercive maximal monotone operator with full
domain whose range has a nonconvex closure, see also Example 9.5.3. It is of the
form 27" Jy, + S for some n > 0 and sufficiently large.

The continuous linear map S : £; — £ is given by

(SX)p := — Zxk + Zxk, forall x = (x;) € £1,n € N.

k<n k>n

It is called the Gossez operator. We record that FS : £ +— {o is a skew bounded
linear operator, for which S$* is not monotone but —S* is. Hence, —S is both of
dense type and locally maximal monotone (also called FP) while S is in neither
class, [391, 33]. Cognate linear examples are given in Exercises 9.5.6 and 9.7.16. As
made precise in Example 9.5.3 and [33] such linear examples ‘only occur’ in spaces
containing ¢1.

Relatedly, let ¢ denote the injection of £; into £+,. Then for small positive ¢, the

mapping S, := et + S is a coercive maximal monotone operators for which S; fails
to be coercive, see also [241].
9.5.3 (Some further related results).”™ Somewhat more abstractly, one can show that
if the underlying space X is rugged, meaning that cl span range(J — J) = X ™, then
the following are equivalent whenever 7T is bounded linear and maximal monotone,
see [33]:

(i) T is of dense type.
(i) clrange(T + AJ) = X*, forall A > 0.
(iii) clrange(T + AJ) is convex, forall A > 0.
(iv) T + AJ is locally maximal monotone, for all > 0.

It actually suffices that (ii)—(iv) hold for a sequence A, | 0. The equivalence of
(1)—(iv) thus holds for the following rugged spaces: ¢y, ¢, £1, £oo, L1[0, 11, Loo[0, 1],
C[0, 1]. In cases like cg, or C[0, 1] which contain no complemented copy of ¢;, a
maximal monotone bounded linear T is always of dense type [33].

In particular, S in Example 9.5.2 is necessarily not of dense type, and so on.
Also, one may use a smooth renorming of £1. This means 7 + AJ is single-valued,
demicontinuous.
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Fittingly, we finish this tour of counterexamples with another result due implicitly
to Simon Fitzpatrick. It again uses convexity twice.

Theorem 9.5.2 (Fitzpatrick—Phelps [215]). The following are equivalent for a
Banach space X.

(a) X is reflexive;
(b) of is strongly locally maximal for each continuous convex function f on X ;
(c) each maximal monotone mapping T on X is strongly locally maximal.

Proof. (a)= (c) was proven in Theorem 9.4.6 while (c) = (b) follows from Theorem
9.2.1. We prove (b)=> (a) by contradiction and James theorem (4.1.27). Selectx* € X*
such that ||x*|| = 1 but |(x*,x)| < 1 whenever ||x|| < 1, and define f(x) := |(x*,x)|.
Let T := 9f and C* := Byx+. Then dom(3f™ + N¢+) = {tx* : |t| < 1} while for
lt] < 1, (f* + N¢+) (&x*) = {0}. Thus, the graph of M = (9f™ + Ne=) 7! is the
set (—x*,x™), x{0} C X x X*, which is monotone but not closed and hence not the
graph of a maximal monotone operator. [

Note that we have exhibited a case of two convex functions /" and g := &3y« ona
Banach space such that (9/* + dg*)~! is maximal as a monotone mapping on X **
but not as a mapping restricted to X'. We finish this cross-section of limiting examples
with a somewhat counter-intuitive result.

9.5.1 Subgradients need not be normxweak* closed

The bounded weak*-topology (bw*) on the dual of a normed space X can be defined
in many ways. It is the topology of uniform convergence on norm-compact subsets
of X and so is locally convex. Equivalently, it is the strongest topology agreeing
with the weak*-topology on all weak*-compact subsets of X* [260, pp. 151-154].
A normed space is complete if and only if every bw*-continuous linear functional is
weak*-continuous (and so lies in X) [260, Corollary. 1, p. 154]. From this it follows
immediately that the Banach—Dieudonné theorem proven directly in Exercise 4.4.26
holds. When the space is reflexive we also refer to the bounded-weak or bw-topology.

Example 9.5.3 ([83]). A proper Isc convex function f on a separable Hilbert space
E such that the graph of the maximal monotone operator df is not norm xbw closed.

Proof. Let E := £,(N). To make things clearer we will keep E* and E separate.
Define

1
epm = 5 (ep+em), €ni=er+@—1em

form,p,r,s € N, p prime and m > 2. Here e, and e]; denote the unit vectors in £ and
E* respectively.
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Then we have

0 ifp#p,
(epmepm)=1/p ifp=p/, m#mn,
1 itp=p, m=m'.

Further, for x € E define
f(x) := max({e],x) + 1, sup{(ey ,,x) : p prime, m > 2})

so f is a proper Isc convex function on E. Then f(0) = f(ep,n) = 1, f(—e1) = 0 and
fx) > (e;’m,x) for all x € E and p prime, m > 2, which implies e;’m € 9f (epm)-
In fact,

f@) =flepm) =fx) = 1> {e,,,x) = 1= (e, ,,,x —epm) forallxek.

We also have 0* ¢ 91(0), since 0* € 9/ (0) is equivalent to £ (x) — f(0) > 0 for all
x € E (immediately from the definition of df’), which is not true for x = —ej. Thus
(0,0*) is not in the graph of 9f".

So we may now prove that the graph of df is not norm xbw closed by proving that
(0,0%) is in the normxbw closure of the set

{(epms e;’m) : pprime, m > 2} C graph df.

Informally, this is true, since e, tends in norm to 0 for large p, and also 0* is a
bw-cluster point of the e; . A more precise argument is the following.

Let ¢ > 0 and a compact 4 C E be arbitrarily given. We have to prove that there
exist indices p, m with |le, || < ¢ and e;’m € A°. Pick no € N such that [e, || < e

and sup(e;,a) < 1/2 for all p > ny. This is possible since |le, || = 2/p and 4 is
aeAd
compact, so that (e;, a) tends to 0 for p — oo uniformly ina € 4.

Then for each prime p pick mo = mgo(p) such that

sup(e;m,a) for all m > my,

S .
aed 20—-1
once more using compactness of 4. Now for all p > ng and m > mo(p) we have

1 1
sup{e’ . a) = sup ((e*,a) +@- 1)(e*m,a)> <=4,
acA pm aeA 4 P 2 2

thus |ley |l < € and (e;jm,a) <lforalla e 4 (ie. e;)m € A°). [

Exercises and further results

9.5.4. The previous example extends to all infinite-dimensional separable Banach
spaces.

Hint. Replace the unit vectors by a suitable biorthogonal sequence. [
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9.5.5. The example was constructed as a separable and more illustrative version of an
earlier unpublished nonseparable example due to Fitzpatrick. It takes £ = £, ([0, 1])
and defines

f1(x) := max({eg,x) + 1, sup{rfl(e,,x) c0<r<1).

Hint. In the previous case we relied on an unbounded sequence having a weak*-
cluster point. Here we rely instead on the fact that {r—'e, : 0 < r < 1} has 0* in
its bounded weak*-closure. Indeed the polar of a compact set in £ contains all but
countably many points of {r~ e, : 0 <r < 1}. 0

9.5.6. Show that the following bounded linear operator S : L1[0,1] — Lso[0, 1]

defined by
t 1
Sx :=/ x(s)ds—/ x(s) ds
0 t

is skew but neither £5* is monotone. Thus, neither S nor —S is locally maximal
monotone, etc. This operator is called the Fitzpatrick—Phelps skew operator.

Question 9.5.4 (Some open questions [396]). Among the currently open ques-
tions are:

(a) Is every locally maximal monotone operator of type (NI)?
(b) Is every maximal monotone operator maximal monotone locally?

See also Figure 9.5.

The relative paucity of examples of pathological maximal monotone operators has
been a significant obstacle to progress until very recently. The next two sections
highlight recent advances and inter alia, shed light on various of the examples of this
section.

9.6 The sum theorem in general Banach space

A first ‘general sum theorem’ is:

Theorem 9.6.1 (Sum theorem [71]). Suppose S and T are maximal monotone
operators on a Banach space X and that (a)

0 € coreconv{dom S — dom T} (9.6.1)
and both domains are closed and convex or that (b)
@ # int dom S Nint dom 7. (9.6.2)

Then S + T is a maximal monotone operator.

Proof. Case (a) follows from the methods of Voisei [431] as discussed below (see
Exercise 9.7.21). A slick proof is given in [396, §51]. Case (b) is proven by a limit
argument from the finite-dimensional case via Corollary 9.4.10 (Exercise 9.7.1). O
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Remarkably, with no domain condition (9.6.1) still implies graph (S + T') is sequen-
tially norm-weak™ closed as a consequence of Theorem 9.7.6. In the second case at
least superficially there are no restrictions on the operators. An immediate set of
corollaries is the following:

Corollary 9.6.2 (Normal cones). Suppose in an arbitrary Banach space that T is
maximal monotone and C is closed and convex while either

mtCNintdom7T #0 or domT NintC # ¢

and in the later case dom T is closed and convex. Then T + N¢ is maximal monotone.

Corollary 9.6.3 (Convex closure). Suppose T is maximal monotone on a Banach
space and dom T is either closed and convex or has nonempty interior. Then T is
maximal monotone locally (and dom T has a convex closure).

Moreover, it is now known that

Theorem 9.6.4 ((NI) sum theorem [433]). In any Banach space, the sum of two

maximal monotone operators of type (NI) is maximal and (NI) as soon as the standard
core condition (9.6.1) holds.

Proof. A proof is sketched in Exercise 9.7.19. [

Exercises and further results

9.6.1.* Prove Corollary 9.6.3 by showing that if 7 + N¢ is maximal monotone for all
closed convex sets C then 7' is maximal monotone locally.

9.6.2 (Convex graph [40]). Consider a maximal monotone operator 7" whose graph
is convex. Show that the graph must be affine.

Hint. Normalize so that 0 € 7'(0). First show that the graph is a convex cone. Then
verify that graph 7 = —graph 7. Hence the graph is linear after the normalization. (]

9.6.3 (NI Banach spaces). A Banach space X is of type (NI) if every maximal mono-
tone operator on X is type (NI). Let Exy := X x X*. It is conjectured in [76] that X
is type (NI) when E¥ is weakly countably determined [201] (which holds if E¥ is a
WCG subspace (and so if X is reflexive) or if Ey is separable and contains no copy
of £ (and so if X** is separable).

Such a result would provide the first class including some nonreflexive Banach
spaces in which maximal monotone operators are provably well-comported — as
detailed in Theorem 9.7.9.

9.7 More about operators of type (NI)
In this section we discuss several recent results which shed significant light on the
centrality of operators of type negative infimum (NI). We fix a Banach space X with
norm || - || and write d;raphT(x,x*) = infrer( X — z[? + [x* — z*[|2. Much as



9.7 More about operators of type (NI) 451

before, we write F7(x*,x**) for the Fitzpatrick function of the embedding of the
graph of T in X™** x X*.

Proposition 9.7.1 (Strong representation). Every maximal monotone operator T of
type (NI) satisfies

;(x*’x**) 2 (x*,x**)
for each x* € X* and each x** € X**.

Proof. The proof is a direct computation (seen in Section 9.3) and is left as
Exercise 9.7.2. 0

The next result is a strengthening of one due to Simons [397]:

Theorem 9.7.2 (Strong Fitzpatrick inequality [433]). If @ maximal monotone
operator is of type (NI) then

1
Freo,x) = (6,x%) 2 2 dgapn 106,17,
for each x* € X* and each x** € X**.

Proof. We outline the steps and leave the details for Exercise 9.7.3. They clev-
erly remix ingredients we saw earlier in the chapter. As before we use the notation
g, x*) := (|lx|I> + [x*[12) /2. Fix xo := x and x}; := x*. Define § > 0 by

8% := Frx,x*) — (x,x").
The Fenchel duality theorem (4.4.18) assures that
Jnf (Fr+g) = Xgnxgzg*(—f? —-g"<0)
where the final inequality follows from Proposition 9.7.1. Let 1 > & > 0 be given.
Now select z, z* with Fr(z,z*) — (z,z*) < (Fr +g)(z,z*) < £8°. By translation we
temporarily assume xo = 0, x5 = 0 and note that
Frz+xz25+x%) — z4x,25 +x*) < 8. 9.7.1)
Moreover
2(z,z%) < —(z,2") + £8% < (2 + 3¢) §°. 9.7.2)
Set x| := z +xo,x] := z* 4 x;;. In like fashion we obtain a sequence (x,,x;;) with

Frinx) — (6, x5) < &"8*

such that g(xp4+1 — Xn, X, | —X,;) < 2+ 3¢)e"82.
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Since we work in Banach space the limit (w, w*) of (x,, x}}) exists. By norm lower-
semicontinuity the limit satisfies Fr(w, w*) = (w,w*) so that (w,w*) € graph T.
Finally

2+ 3¢
déraphT(x,x*) < llx = wl|? + x* — w*||* < ZWSZ. (9.7.3)
Letting & go to zero yields the asserted inequality. O

It is natural to ask if the constant above is best possible, see Exercises 9.7.11 and
9.7.14. While the numerical value of the constant is largely unimportant, the fact
that it is invariant of the space leads to a lovely corollary both strengthening and
simplifying earlier results in this chapter.

Corollary 9.7.3 (Domain and range convexity). If a maximal monotone operator is
of type (NI) then the norm-closures of its domain and of its range are both convex.

Proof. For A > 0 we consider the equivalent norm A|| - | with dual norm A~ - ||,
Observe that

dgraphT(x>X*) > Adgom 1 (%).

It follows from the strong Fitzpatrick inequality, on letting A go to infinity, that
1 dom Fr C dom 7. Here 71 denotes the projection on X. Since the other inclusion
always holds and the left-hand object is convex we are done. The range case follows
similarly from dgrapn 7(x,x*) > )L_ldrange 7(x*). O

Exercises and further results

9.7.1.* Prove the second case of Theorem 9.6.1.

9.7.2.* Show that the inequality of Theorem 9.7.2 (and its consequences) holds for
all skew linear operators and so for some operators that are not type (NI). In this case
the property is not translation invariant.

9.7.3.* Confirm Equations (9.7.1), (9.7.2) and (9.7.3) of the proof of Theorem 9.7.2.

Hint.

1. For (9.7.1) note that translation of the graph of a maximal monotone operator by a
vector preserves the (NI) property and results in domain translation: more precisely
with ¢, ¢ denoting the bilinear forms we have (Fr_p — q)(d) = (Fr — q)(b+ d)

with a similar formula for 77_, — 4.
2. For (9.7.2) observe that (Fr — q)(b) + (Fr — q)(c) = —q(c — b)/2. O

9.7.4 (Conditions for an operator to be (NI)). (a) Show that a surjective maximal
monotone operator is type (NI) and hence locally maximal. This thus recaptures a
result proved directly by Fitzpatrick and Phelps [396]. (b) By contrast dom 7' = X
does not imply local maximality as is shown by the various skew examples. (c)
Similarly, confirm that 7 is type (NI) if (i) it has bounded domain (or is coercive) and
norm dense range or if (ii) its range has nonempty interior (this is harder).
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9.7.5 ((NI) implies range density). We sketch that every operator of type (NI) is
range-dense type (WD) which is to say that if (x** — y,x* — y*) > 0 for all y* €
T(y) (equivalently F5 (x*,x™) = (x**,x*)) then there is a bounded weak*-norm
convergent net (xg,xg) with xg — . x*.

1. A separation argument shows fange T’ = range 7 when T is (NI).

2. Use Theorem 9.6.4 and Corollary 9.4.3 to deduce that range(7 + AJ) = X*.

3. Suppose (x** — y,x* — p*) > 0 for all y* € T(y) and select x} € T(x,) +
J (xp)/nwith ||x} —x*|| < 1/ n?. Deduce that (x,),cy remains bounded and hence
J(x,)/n — 0. Thence, extract a convergent subnet (x,g,x/";) with x;} — x* in norm
to complete the proof.

The operator would be of dense type — by definition — if one could obtain that
xg —Ww" x** [A similar argument shows that a coercive operator of type (NI) has
norm dense range.] In fact a more careful argument developed in [6] exploits the
Brendsted—Rockafellar property to show that a maximal monotone operator of type
(NI) is actually of dense type (see Exercise 9.7.16).

Moreover, it is easy to check that a densely-defined affine maximal monotone
operator of range-dense type is of dense type.

Hint. If b* € T(h) then y* + eh* € T(y + ¢h) for e > 0. O

9.7.6 ((NI) characterization). Show that a maximal monotone operator 7 is type (NI)
if and only if

Fr(,x™) = (¢, x™)

for each x* € X* and each x™* € X**, and that this happens if and only if each repre-
sentative function satisfies R (x*,x™*) > (x*,x**). Hint. F(x*,x**) = Pr.(x*, x™")

as noted in Proposition 9.4.1. O

9.7.7. An efficient way to show that a skew operator is not of type (NI) is recorded
in the following theorem.

Theorem 9.7.4 (Nonmonotone conjugates [33]). Suppose T is a continuous linear
operator from X to X* with skew part S and there is e € X* such that

e ¢ range T and (Tx,x) = (e,x)z, forallx € X.
Then T is monotone but S* is not (and hence S and T are not (NI)).

Hint. Let Px := (e,x)e, forallx € X; then (P*x™,x) = (x*,Px) = (x™,e)
(e,x) and hence P*x** = (x**, e)e, for all x** € X**. So P is symmetric. Consider
now S := T — P. Then (Sx,x) = (Tx,x) — (Px,x) = (Ix,x) — (e,x)2 = 0, for all
x € X, thus S is skew. Since 7 = P + S, the symmetric (resp. skew) part of 7 is P
(resp. S). Because e ¢ range 7, there exists some xj* with 7" (xj*) with (x§*, e) # 0.
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Hence
(S*xg*, x5y = (T*xg", x5y — (P*x§*,x5*) = 0 — (xf)‘*,e)2 < 0;
so S* is not monotone. O

Theorem 9.7.4 allows for an easy verification that the Gossez and Fitzpatrick-
Phelps skew operators are as claimed.

The first two parts of the following exercise are due to Simons [390]. Part three is
a lovely recent result of Alves and Svaiter [4], while the rest is due to Gossez [238].
9.7.8 (Uniqueness implies (NI)). A maximal monotone operator 7: X — X* is said
to be unique or have the uniqueness property if there is a unique (maximal) monotone
extension in X** x X*. Show the following:

1. T is unique if and only if the monotone closure T is monotone.

2. An operator of type (NI) is unique.

3. A maximal monotone operator with the uniqueness property is either affine or
type (NI).

4. The Gossez operator is unique (and affine) but, as observed in Exercise 9.7.16, is
not (NI).

5. There are nonunique affine maximal monotone operators with infinitely many
maximal extensions to the bidual. Gossez’s proof is subtle but an easy approach
is given in Exercise 9.7.9.

9.7.9 (Nonuniqueness). Let 4: X — X™* be a bounded skew linear operator on a
Banach space. (a) Show that 4 is not unique if and only if there are F', G € X** such
that (4*F,F) < 0,(4*G, G) < 0 but such that (4*(F — G),F — G) > 0. (b) Deduce
that 4 is unique if —4™ is monotone and in particular if range A* = range 4™|y.
(c) Deduce that if neither —A4* nor A* is monotone — as for the Fitzpatrick—Phelps
operator of Exercise 9.5.6 — then A4 is not unique (and conversely). (d) Show that in
fact there are infinitely many maximal extensions to the Fitzpatrick—Phelps operator.
Hint. (a) x* € AF if and only if x* = —4*F and (4*F,F) < 0.

(¢) Fix H,K € X** with (4*H,H) = —1,{A*K,K) = 1. Let T > 0 be given and
set F := H + tK and G := H — tK. Then, for t sufficiently small, (4*F,F) <
0,(4*G,G) < 0but (4*(F — G),F — G) = 1>(4*K,K) > 0.

(d) One may add any member of the Haar basis to F. O

9.7.10. Suppose T is locally maximal monotone. Show that the norm-closure of the
range of T or T is the same convex set.

9.7.11. Show that the best possible constant in Theorem 9.7.2 is 1/2. Indeed the
inequality is then an equality for the identity in Euclidean or Hilbert space.

9.7.12 (NI) implies (FP) [433]). Show that every maximal monotone operator
of type (NI) is locally maximal monotone. It is not known whether all locally
maximal monotone operators are of type (NI). The classes do coincide for linear
operators.

Hint. Use the characterization in 9.4.5 and, without loss, assume x = 0 and x* = 0
with BB* C C*, 8 > 0. Consider the function f given by f(x,x*) := Fr(x,x*) +
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allx||+8up+ (x*) for 2a < B. Observe thatinfyx x+ f = 0 and apply the techniques of
the strong Fitzpatrick inequality theorem 9.7.2 to deduce 0 € 7'(0), a contradiction.
|

9.7.13 ((NI) implies (ANA) [433]). Show that for any maximal monotone operator
T of type (NI) when b* & T'(b) one has

(b — xp, b* —x3)

m = —
n—00 ||x, — Xy —
bl |lx — b*

for some sequence x;; € T'(x,), withx, # b,x} # b*. Such operators are said to be of
type (ANA) or almost negative alignment. 1t is not known if all maximal monotone
operators are type (ANA).

Hint. Use the strong Fitzpatrick inequality to show that for x* € T'(x) one can find
bounded sequences (x,) and (x};) with

X = xa 12 + " = X317 + 200 — xp,x* —x3) < 1/

for each n € N. O
9.7.14 (Brondsted—Rockafellar property [3]). Show the following:

1. Refine the proof of the strong Fitzpatrick inequality 9.7.2 to deduce that

d2

araph 7(x,x*)/4 can be improved to a supremum norm:

inf max{[x — s||%, |lx* — s*||2}.
s*eT(s)
2. Confirm that this inequality can be derived for any closed convex proper function
with 2(x, x*) > (x,x*) and A*(x*, x**) > (x**, x™). The conclusion becomes

h(e,x*) — (r,x*) > inf  max{[lx —s|I?, lx* — s*)12)
{h(s,s*)=(s,5*)}

and in consequence

1

h(x,x™) — (e, x*) > = inf
(x X ) (X x ) -2 {h(s,s*)=(s,s

M sIP + I = s™113)

which provides the best constant in Theorem 9.7.2.

9.7.15 (Positive linear implies (ANA)). Show that every bounded linear monotone
operator on a Banach space is maximal monotone of type (ANA) [396, Theorem 47.7]
9.7.16 ((NI) implies (BR) [3]). Show the following:

1. Each maximal monotone (NI) operator T has the Brondsted—Rockafellar property,
is (BR). That is: for ¢ > 0, 8 > 0 suppose

inf (&*—y*x—y) > —ap.
Y*eT(y) 7 7
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Then there is z* € T(z) with ||z — x|| < « and ||z* — x*|| < B. Note that the
original strong Fitzpatrick inequality shows that one can achieve ||z — x| < 2«
and ||z* — x*|| < 28.

2. Show that every skew bounded linear operator is (BR). Hence, Gossez’s skew
operator of 9.5.2 is (BR) and (ANA) but not (NI).

3. Show that the tail operator E : £ — L given by (EX), := )Y ;. , X (originally
due to Fitzpatrick and Phelps and discussed in [396, Example 356]) is maximal
monotone and (ANA) but is not (BR).

Hint. Let e! be the first unit vector and e = (1,1,...,1,...) in €. Then
(e', E(x)) = (x,e). While inf ey (x — (—e'),E(x) — e) = —1, the distance of
e from range F is one since range £ C co. |

9.7.17. Determine, in comparison to the result of Exercise 9.7.8, whether there is (i) a
nonlinear maximal monotone operator which is (BR) and not (NI) and (ii) a nonlinear
maximal monotone operator which is not (BR).

Hint. (i1) If T is (BR) and inf,cx (x — y, T(x) — y*) > —o0, then y* lies in range 7.
Now consider a small nonlinear perturbation of E. [

9.7.18 (Maximality of representatives [3]).

Theorem 9.7.5. Suppose that h : X x X* — [—o00,+00] is a proper, convex and
norm-to-weak*-Isc function such that (i) h(x,x*) > (x,x*) and (ii) h* (x*,x) > (x*,x)
for all (x,x*) € X x X*. Then if G(A) 1= {(x,x*) € X x X* 1 I*T (x,x*) = (x,x*)}
it follows that (a) G(A) = {(x,x*) € X x X* : h(x,x*) = (x,x*)} and (b) A is
monotone. (c) Moreover, if h is (NI) then A is maximal.

Hint. (a) First if A(x,x*) = (x,x*) deduce as in the reflexive case that (x,x*) €
0h(x,x™) because the bilinear form is a Gateaux subderivative. Hence, A(x,x™) +
h*(x*,x) = 2(x,x*) and (a) holds.

(b) To show monotonicity, suppose that #*(x*,x) = (x*,x) and A*(y*,y) = (/*, ).
Then by convexity we have

4R (" +") /2, (x +2)/2) < 2(x%,x) + 20, y)
and by hypothesis (ii)
(0" " x ) S AR +3)/2, (x+2)/2)).

Combining these last two inequalities and simplifying shows A is monotone.
(c) To show maximality suppose (x* —a*,x —a) > 0. for all a* € A(a). Without loss
of generality, let us assume x* = 0,x = 0. Then as in Theorem 9.7.2

inf (A" = 0% )+ LAVI2 4+ ¥12)/2 4 67,9)}) = 0 = minGr* +g).

Now, by the generalization of Theorem 9.7.2 given in Exercise 9.7.14 we may select
lyn = anll® + llyy = ayl* — 0 with @ € A(an), lyull> + 517 + 20 ;) — 0
and 1(y,,yE) — (n,¥i) — 0. Observe that (y,,y}) is bounded and argue that 0 <
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(an,at) — 0. Finally derive that ||a,||? + [la,]|> — 0 and as % is Isc we derive
h(0,0) < (0,0*) as required. O

9.7.19 (Maximality of (NI) sums [433]). We now establish Theorem 9.6.4.
First apply Theorem 9.7.5 to two partial infimal convolutions:

Vs, r(x**,x*) := inf {fg(x**, u®) + Fr(x™,0%) 1w 0¥ = x*} ,
and
W r(x™,x*) := inf {Pr(x**,u*) + Ps(x™,v*) 1 u* + 0" = x*} .

As noted in [71] we have a lovely observation first exploited by Voisei and also
given in [396, Therorem 16.4]:

Theorem 9.7.6 (Partial convolution [431]). Suppose T and S are maximal monotone
and satisfy the transversality condition

0 € core (1 (dom(Ps) — 1 (dom Pr)).
Then Vs, 1 (x**,x*) = Wg ;(x**,x*) is norm-lower-semicontinuous and is attained

when finite.
Moreover,

ng’r(x*,x) > (x*, x)
and

We,r(x,x*) > (x,x"),
forx € X and x* € X*. In consequence

graph(S + 7) = {(x,x*) : Vo r(x,x*) = (x,x™)}.
If in addition, S and T are of type (NI) then
We,r (¢, x%) > (™, x),

Jor x** € X** and x* € X*.

Proof. The argument — based on a conjugate formula of Penot [343, Proposition 13]
— as in Vosei [431] and earlier in this chapter, or a direct Lagrangian calculation,
shows Vs r(x**,x*) = W;T(x**,x*) and is attained when finite. The rest follows
since P§ = Fg and Pg = F have the requisite representative properties. 0

Theorem 9.7.7 (NI) sums). LetS, T : X == X* be two maximal monotone operators
of type (NI) such that

0 € core (1 (dom Ps) — 7y (dom Pr)).
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Then S + T is a maximal monotone operator of type (NI).
Hint. We apply Exercise 9.7.18 to & = Ws r. By Theorem 9.7.6 #* = Vg . Thus
G(B) := {(x,x*) : inf {fT(x, u*) + Fglx,v™) : u* +0v* = x*} = (x,x*)}

determines a maximal monotone operator B. But direct computation, appealing to
Proposition 9.1.1 again, shows that B =S5 + T. O

As always, since conv(dom S — dom 7') € 7j(dom Pg) — r1(dom Pr) we have
also the following result.

Corollary 9.7.8. Let S,T : X = X* be two maximal monotone operators of type
(NI) such that

0e coreconv(domS — dom T).

Then S + T is a maximal monotone operator of type (NI).

The corresponding results for compositions as in Section 9.4.3 also follow.
To summarize, in the language of Exercise 9.6.3 we can now assert the following
result, of which all the pieces have been discussed in this and the previous section.

Theorem 9.7.9 ((NI) Banach spaces [76]). Let X be a Banach space of type (NI).
Then every maximal monotone operator T is of type (NI) and in consequence:

1. The range and domain of T have convex norm-closure [3, 433, 397].
2. T has the Brondsted-Rockafellar property (BR) [3].
3. T is almost negatively aligned (ANA) [433].
4. T is both locally maximal monotone (LMM) or (FP) and maximally locally
monotone (FPV) [433].
Moreover, if S is another maximal monotone operator and

0 € core (dom ' — dom S)

then T + S is again maximal monotone [433].

This result is conjectured to hold in nonreflexive spaces such as the James space
(which is codimension-one in its bidual, [199]).

There is another positive result when one of the mappings is not type (NI). As with
Theorem 9.6.1 (a) it relies on the following proposition.

Proposition 9.7.10 ([71], Theorem 24.1 of [396]). Let S and T be maximal and
suppose that (9.6.1) holds. (a) Then S + T is maximal monotone if and only if
Fs+rx,x*) = (x,x*) for all x € X and x* € X*. (b) In particular this holds if
Fsr(x,x*) < (x,x*) implies x € dom(S + T).

Hint. Apply parts (a) and (b) of Theorem 9.7.5 to Wsr > Fsir and appeal to
Theorem 9.7.6. |
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Relationships between Classes

Subgradient

In general non-reflexive space all implications are strict except for
those marked with ‘?’. The dotted implication is conjectured only.

Figure 9.5 Relations between classes of operators.

9.7.20 (Verona—Verona theorem [396]). Show that T + df is maximal whenever f is
closed and convex and T is maximal and everywhere defined. Hint. The hard work

is to show Proposition 9.7.10 (b) applies [396, §53]. O

Note that this includes the case where T is a bounded monotone linear operator
which is not of type (NI). The proof in [396] goes through if one only assumes

domf C intdom 7. (9.7.4)
9.7.21.* Prove Theorem 9.6.1 (a).

Hint. Use Proposition 9.7.10 (b) and the method of Exercise 9.7.19. |

9.7.22.* Prove Theorem 9.6.1 (b).
Hint. Use (9.7.4) in the product space. O

A schematic illustration of known and open relationships is given in Figure 9.5.
Recall that uniqueness and type (NI) coincide in the nonlinear case.



10

Further remarks and notes

It is not knowledge, but the act of learning, not possession but the act of getting there, which
grants the greatest enjoyment. When I have clarified and exhausted a subject, then I turn
away from it, in order to go into darkness again; the never-satisfied man is so strange if
he has completed a structure, then it is not in order to dwell in it peacefully, but in order
to begin another. I imagine the world conqueror must feel thus, who, after one kingdom is
scarcely conquered, stretches out his arms for others. (Carl Friedrich Gauss)!

10.1 Back to the finite

We finish this book by reprising some of the ways in which finite-dimensionality has
played a critical role in the previous chapters. While our list is far from complete it
should help illuminate the places in which care is appropriate when ‘generalizing’.
Many of our results have effectively the same proof in Banach spaces as they do in
Euclidean spaces.

10.1.1 The general picture

For example, the equivalence of local boundedness and local Lipschitz properties for
convex functions is a purely geometric argument that does not depend on the dimen-
sion of the space (compare Theorem 2.1.10 and Proposition 4.1.4). Consequently,
in finite dimensions a real-valued convex functions is automatically continuous
essentially because a simplex has nonempty interior (see Theorem 2.1.12). This
argument clearly fails in infinite-dimensional spaces, and the result fails badly as
there are discontinuous linear functionals on every infinite-dimensional Banach space
(Exercise 4.1.22). However, if f is everywhere finite and Isc then f* is continuous
(Proposition 4.1.5) — since a Banach space is barreled, as it is a Baire space (see
Exercise 10.1.9). This is one of the few significant analytic properties which hold in
a large class of incomplete normed spaces.

The preceding is typical of a class of results from Euclidean space that have natural
analogs in general Banach spaces with an additional closure assumption on the convex

I' Carl Friedrich Gauss, 1777-1855, in an 1808 letter to his friend Farkas Bolyai (the father of Janos
Bolyai).
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function (which allows the recovery of an interiority condition). Some of the most
important and striking examples of this are that the max formula, sandwich theorem
and Fenchel duality theorem extend nicely to Banach spaces with only a modest
amount of extra work as is explored in Chapter 4.

However, many results do not extend well from Euclidean spaces to infinite-
dimensional spaces. This is principally because the compactness properties and
support properties of convex sets have become significantly more subtle. We mention
two such examples of this. First, every finite convex function on a Euclidean space
is bounded on bounded sets because of continuity and compactness of balls. In con-
trast, on any infinite-dimensional Banach space there is a globally continuous convex
function that is unbounded on a ball; see Theorem 8.2.2 where it is illustrated that
construction of such a function depends on more subtle properties than just lack of
compactness (further related results of this nature are presented in Chapter 8). Second,
an illustration of support properties is that disjoint closed convex sets in Euclidean
space can always be separated because of nonempty relative interior (Theorem 2.4.7)
while this can fail in infinite-dimensional spaces (Exercise 4.1.9).

In order to more concisely address many of the issues we just raised, we present
two compendia of standard results taken from [96].

Theorem 10.1.1 (Closure, continuity, and compactness). Let X be a Banach space.
The following statements are equivalent:

(a) X is finite-dimensional.

(b) Every vector subspace of X is closed.

(c) Every linear map taking values in X has closed range.

(d) Every linear functional on X is continuous.

(e) Every convex function f : X — R is continuous.

(f) The closed unit ball in X is (pre-)compact.

(g) For each nonempty closed set C in X and for each x in X, the metric distance
dc(x) = inf{|lx —y|| : y € C}is attained.

(h) The weak and norm topologies coincide on X.

(i) The weak™ and norm topologies coincide on X*.

Proof. Properties (b) — (d) and (f) — (i) are implied by (a) as is covered in an
introductory linear functional analysis text. Theorem 2.1.12 shows (a) implies (e).
Exercise 4.1.22 shows there is a discontinuous linear functional on every infinite-
dimensional space; hence deduce that (e), (d) and (b) imply (a). For (c), consider a
nonclosed subpace, with the help of a Hamel basis (extended) from the subspace to
the whole space, one can construct a linear projection onto the subspace.

For (f) and (g): use the basic separation theorem (4.1.12) to find a sequence
(xy) C By such that 1/2 < x|l < 1/2 4+ 1/n, and dy,(x,4+1) > 1/2 where
Y, = span{xiy,...,x,}. Then C := {x,}72, is a closed set, and dc(0) = 1/2
is not attained. For (h) and (i), observe in infinite dimensions, nonempty weakly
open and weak*-open sets contain infinite-dimensional subspaces and are hence
unbounded. O
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Moving from continuity to tangency properties of convex sets we have:

Theorem 10.1.2 (Support and separation). Let X be a separable Banach space. Then
the following statements are equivalent.

(a) X is finite-dimensional.

(b) Whenever a lsc convex f : X — (—00, +00] has a unique subgradient at x then
[ is Gdteaux differentiable at x.

(c) X every (closed) convex set in X has a supporting hyperplane at each boundary
point.

(d) Every (closed) convex set in X has nonempty relative interior.

(e) Suppose A is closed and convex, while R is a ray (or line). Then ANR = ), = A
and R are separated by a closed hyperplane.

Proof. Theorem 2.2.1 shows (a) implies (b) even without a Isc assumption on /.. To see
that (c) holds in finite dimensions, one may assume 0 € C. In the event span C = X,
C has nonempty interior and so the supporting hyperplane theorem (2.4.3) may be
applied. In the event span C # X, there is a nonzero linear functional that contains C
in its kernel. Observe this proof allows the possibility that the supporting functional
may be constant on C; Exercise 10.1.12 shows that this is unavoidable.

The conditions (d) and (e) hold in finite-dimensional spaces by Theorem 2.4.6 and
Theorem 2.4.7 respectively.

Conversely, Example 4.2.6 shows (b) implies (a); see also Exercise 4.2.5. To
prove (c) implies (a), take a countable dense collection {x,};°, C Sy. Let C :=
conv({27"x,};2, U {0}) then C is compact because it is closed and totally bounded,
span C is infinite-dimensional and hence 0 is a boundary point of C. For each ¢ €
X*\ {0} observe that sup- ¢ > 0 and so 0 € C has no supporting hyperplane. Check
that this example can also be used to show (d) implies (a).

Finally, Exercise 4.1.9 can be modified for any separable Banach space X
using a Markusevi¢ basis. That is, there exist {x,,x;}°°, C X x X* satistying
span({x,};>,) = X, the span of {x;;}°° is weak*-dense in X*, and x} (x,,) = 1
if m = n and 0 otherwise; see [199, Theorem 6.41]. By scaling, we may assume
lx,l = 1 for all n. Define 4 := {x € X : x;(x) > 0 for all » € N} and
R:={ta—b: t >0} wherea := 4 "x, and b := 27 "x,,. Verify that A N R = @ but
that no nonzero ¢ € X™* can separate 4 and R and thus deduce that (¢) implies (a). []

In sum these results say treat ‘finite-dimensionally derived intuition with cau-
tion’. Lest one forgets, the world of just three-dimensional convex polyhedra
[243] is already marvelously complex as illustrated by Figure 10.1 [434]. They
show Archimedean dual solids: a truncated dodecahedron and an icosahedron with
triangular pyramids added to each face.

Exercises 10.1.3 and 10.1.4 point to other places where Euclidean verities break
down. Exercise 10.1.6 is intended to reenforce the reminder that Euclidean does not
equate to obvious.
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Figure 10.1 Truncated dodecahedron and Triakis icosahedron.

10.1.2 A closer look

Theorem 10.1.1 clearly highlights things that ‘can go wrong’ outside of Euclidean
space. However, let us be clear that the weak topologies of Theorem 10.1.1(h) and
(1) are immensely important and useful in the study of infinite-dimensional spaces.
Indeed, they provide natural Hausdorff topologies with much less stringent con-
vergence requirements. Among the most important and fundamental results in this
direction is the Banach—Alaoglu or Alaoglu’s theorem (4.1.6) that ensures the dual
unit ball is weak*-compact (Exercise 6.7.11).

There are several important convex analytic results on Euclidean space that extend —
at least in substantial parts — to general Banach spaces with the help of Alaoglu’s
theorem. For example, a differentiable convex function on £ has a continuous deriva-
tive (Theorem 2.2.2). Crucial to this is that a continuous convex function is locally
Lipschitz and hence the derivative mapping is locally bounded and compactness
arguments are available for use in conjunction with properties of the convex subd-
ifferential. This extends to general Banach spaces in the following sense: a Fréchet
differentiable convex function has norm-to-norm continuous derivative and a Gateaux
differentiable continuous convex function has norm-to-weak™* continuous derivative
(Corollary 4.2.12). The norm-to-norm continuity for Fréchet differentiability requires
both relative weak™-compactness of bounded sets in the dual and the fact that its
defining limit is uniform over all directions in the unit ball of X, however the norm
compactness of the dual unit ball is not needed.

Such dual weak*-compactness properties along with the power and consequences
of Baire mentioned above lie at the heart of the depth and success of the related concept
of monotone operators on Banach spaces; this is explored in detail in Chapter 9. The
Moreau—Rockafellar theorem (4.4.10) makes it clear how tightly conjugacy couples
interiority and compactness properties. We restate its dual version (Theorem 4.4.12)
which we have often seen in use implicitly:

Theorem 10.1.3 (Moreau—Rockafellar dual). Let f : X — (—o00,+00] be proper,
convex and Isc. Then [ is continuous at zero if and only if f* has weak*-compact
lower level sets.
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The literature is replete with papers proving that both conditions hold for a given
convex function or program: unaware that they are doing double work, see Exercise
10.1.7.

In many parts of the study of convex functions, it is natural to restrict to specialized
classes of Banach space. For example, as explored in various places in this book,
Asplund spaces are the venue where continuous convex functions have a dense set of
points of Fréchet differentiability — and much then follows. In Chapter 8 we saw how
various natural properties of convex functions characterize very different classes of
Banach spaces.

Other situations may require the narrower class of reflexive Banach spaces in which
the unit ball is weakly compact (so there is compactness available in both the space and
its dual). In fact, a Banach space is reflexive space if and only if each closed bounded
convex is weakly compact (Exercise 4.1.25), and as a consequence every continuous
linear functional attains its maximum on such a set — actually an equivalence grace
of James. See Exercise 10.1.11 for explicit examples of failure of norm attainment
in some nonreflexive spaces. Some salient topics in this book where reflexive spaces
form the natural setting are in the study of Legendre functions (see Chapter 7) and of
maximal monotone operators — at least for certain properties such as coercivity — are
most fully developed there (see Chapter 9).

Still, the reader should be reminded that support properties are in many ways quite
good outside of the reflexive setting because of the landmark Bishop—Phelps theorem
(4.3.4) and its two vitally important cousins — the Brondsted—Rockafellar theorem
(4.3.2) and Ekeland’s variational principle (4.3.1). These results ensure that there is
a large supply of support points of closed convex sets and functions on tap.

There also many properties that characterize the more restrictive but highly fungi-
ble Hilbert space. The most striking is perhaps the deep result that a Banach space
X 1is (isomorphic to) Hilbert space if and only if every closed vector subspace is
complemented in X. Especially with respect to best approximation properties, it is
Hilbert space that best captures the properties of Euclidean space. Another illustra-
tion is the connection to nonexpansive mappings as given in and around Theorem
6.1.14. For readers whose primary interest is Hilbert space, we recommend [175] for
approximation properties and [37] for an exposition on convex analysis and monotone
operators.

Whether you have reached this section as a step into the infinite or as a look back
to the finite, we hope it illustrates that while additional care is needed in studying
convex functions on infinite-dimensional spaces, the theory of convex functions in
those spaces is a rich and well-developed field of study.

Exercises and further results

10.1.1 (Amisleading convex hull). This construction illustrates a caution over reading
too much into a picture. Consider the set constructed by placing a regular 4 - 2"-gon,
P,, at height 27" in R3, forn = 0,1,2,... and then taking the union of the shells
between subsequent cross-sections; the vertices of P, are aligned with those at the
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Figure 10.2 A misleading convex hull.

next step. Figure 10.2 shows the convex set built from the first three shells. Show
that the set constructed as n increases is nonconvex. This illustrates that the convex
hull cannot be created myopically.

10.1.2 (Universal convex sets).*™ In [244] it is shown, using a result of Peano on
continua, that in R"*2 there is a compact convex set C such that every compact convex
subset of the unit ball of R" is realized (up to a rigid motion) as the intersection of
C with some n-dimensional plane in R"T2. This complements a negative result of
Griinbaum that there is no compact convex symmetric set C in R3, such that every
symmetric convex body in R? is the affine image of the intersection of C with some
two-dimensional subspace. This answered a question of Mazur and was extended by
Bessaga who replaced ‘3’ by ‘finite’ and 2’ by ‘n’.

10.1.3 (Nonclosedness of convex hull). Show that part (d) of Exercise 2.4.11 charac-
terizes finite dimensions by constructing in every infinite-dimensional Banach space
a convergent sequence whose convex hull is not closed.

Hint. In Hilbert space let x,, := e,/2" where e, is the n-th unit vector. Then x :=
> n=0€n/4" is in the closure of the convex hull of {x,}> ; U {0} but not in the convex
hull. In a general Banach space, one can use a MarkuSevi¢ basis in an analogous

fashion on a separable subspace. ]

10.1.4 (Pointed cones and bases). Determine which parts of Exercise 2.4.26 remain
equivalent in Banach space.

10.1.5. Show that Exercise 2.7.3 remains valid for (weakly) compact convex sets in
Banach space.

10.1.6 (Highly unstable abstract linear programs [106]). Consider the following
closed convex cone in R7, where we write Z := (x1,X2,X3,X4, V1,2,3) to denote a
point in R7 and let

K:={FeR": 0<x,0<x2,x3+ (xa—x2)%<x3,0 <y,y3 + (3 —y1)?> <y}
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Define the linear mapping z* : R’ — R by z*(Z) := x4 + 3. Foreach 0 < A < 00
and i € R define

-2 1.0 0 0 00 1
A= 0 01 0 0 0 0 |andpt:=| 1
0 00 0O0T10 m

Then for each 0 < A < oo and u € R consider the optimization problem:
p(h, ) == inf{z*(x) : x € K and A*x = BH}.

Confirm that this infimum is obtained if and only if A = u = 0. Underlying this is a
closed conical image A(K) such that arbitrarily close rank-one perturbations 4% (K)
are not closed. Clearly this forces K to be nonpolyhedral and more [106].

10.1.7. Let X,Y be Banach spaces. Let K C Y be a closed convex cone with
nonempty interior and let f/: X — R and g: X — Y be convex and K-
convex respectively. Apply Theorem 10.1.3 to the perturbation function p(b) :=
infoex (/) : g() <k b}.

10.1.8 (Separable quasi-complements [247]).** Let X be a Banach space with closed
subspaces Y,Z. We say Y and Z are quasi-complemented or that Z is a quasi-
complement for Y if Y N Z = {0} and Y + Z is dense in X. It is known that every
subspace of £+ (N) is quasi-complemented [247, Corollary 5.89]. A space has an
infinite-dimensional separable quasi-complemented subspace if and only if it has
an infinite-dimensional separable quotient [247, Corollary 5.80]. It is not known if
every Banach space has some infinite-dimensional separable quasi-complemented
subspace, but it does if its dual contains a copy of co(N),£;(N) or an infinite-
dimensional reflexive space [247, Cor 5.80 and Exercise. 5.10]. Many separable
counterexamples lift to any superspace in which it is quasi-complemented.

(a) Show that in Theorem 10.1.2 the equivalence of (a), (b), (c) and (e) remains valid
if X is assumed to have an infinite-dimensional separable quotient (or quasi-
complement). Provide a construction of disjoint closed convex sets in such an X
that cannot be separated.

(b) Show that in Theorem 10.1.2 the equivalence of (a) and (d) remains valid if X is
assumed to be a general Banach space.

Hint. (a) Every separable space contains a symmetric compact convex densely span-
ning set. Thus, every space with a separable quasi-complement contains a (bounded)
closed convex symmetric set C with such that ;> ; nC is dense in X but C has empty
interior. Now use Exercise 4.2.5 to conclude §¢ has a unique subgradient at the origin
but is not differentiable there. Confirm that C has no supporting hyperplane at the
origin. Deduce the equivalence of Theorem 10.1.2 (a)—(c).

When X /Y is separable, X /Y has a MarkuSevic basis, say {X;, qs,-};?il. Then choose
X; € X;, and by scaling assume |x;|| = 1 and identify éi with ¢; € ¥ L. Now let
A={xeX: ¢i(x) >0i e N}andB := {ta—b: t > 0} wherea := Zloil 4~x; and
b := Y72, 27'x;. Follow the proof in Theorem 10.1.2 noting the span of {x; + Yie,
is norm dense in X .
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(b) Create the required example in a separable subspace of X. This is an instance
where embedding the example is much simpler than lifting it from a quotient. O

10.1.9 (Absorbing sets). Using the Baire category theorem, Proposition 4.1.5 showed
a Isc convex function on a Banach space is continuous on the core of its domain. This
exercise explores this and related results in the setting of a barreled space.

A convex set C satisfying X = | J{tC : ¢ > 0} is said to be absorbing (and one
can check 0 € core C).

(a) A normed space is said to be barreled if every closed convex absorbing subset
C has zero in its interior. Use the Baire category theorem to show that Banach
spaces are barreled. (There are normed spaces which are barreled but in which
the Baire category theorem fails, and there are Baire normed spaces which are not
complete: appropriate dense hyperplanes and countable codimension subspaces
will do the job.)

(b) Letf be proper Isc and convex. Suppose that zero lies in the core of the domain
of . By considering the set

C={xeX:fx)<l1},

deduce that /" is continuous at zero.

(c) Show that an infinite-dimensional Banach space cannot be written as a countable
union of finite-dimensional subspaces, and so cannot have a countable but infinite
vector space (Hamel) basis.

(d) Let X :=4£pandlet C :={x € X : |x,| <27"}. Show

X #|JuC: t=0) but X =cl| Jr«€ : >0}
(e) LetX :=¢, forl <p < oo. Let
C=xeX: |x, <47"},

and let

D=kxeX:x,=27"t, t>0}.
Show C N D = {0}, and so

Tcnp(0) = {0}
where Tcnp is the tangent cone of C N D (see p. 68), but
Tc(0)NTp(0) =D.

(In general, as we have seen we need to require something like 0 € core(C — D),
which fails in this example.)

(f) Show that every (separable) infinite-dimensional Banach space X contains a
proper vector subspace Y with cl(Y) = X. Thus, show that in every such space
there is a nonclosed convex set with empty interior whose closure has interior.
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10.1.10 (Unique subgradients). This exercise provides some explicit examples of the
type ensured by Theorem 10.1.2(b).

(a) Letf be the indicator function of the nonnegative cone in £, for 1 < p < oco. Let
x* have strictly positive coordinates. Prove 0 is the unique element of 9f (x*) but
f is not continuous at x*.

(b) Let X := L[0,1] with Lebesgue measure. Recall the negative Boltzmann—
Shannon entropy:

1
B(x) ::/ x(t) logx(¢) dt
0

for x(¢) > 0 almost everywhere and B(x) := oo otherwise. Show B is convex,
nowhere continuous (but Isc), and has a unique subgradient when x > 0 almost
everywhere, namely 1 + log x(z).

10.1.11 (Norm-attaining functionals). James’ theorem (4.1.27) ensures that there are
non-norm-attaining functionals on any nonreflexive Banach space. This exercise
requests some explicit examples of this.

(a) Find non-norm-attaining functionals in cg, in £+ and £1.
(b) Consider the closed unit ball of £1 as a set C in £5. Show C is closed and bounded
with empty interior. Determine the support points of C.

10.1.12 (Proper support points).*™ Let C be a closed convex set. Then x € C is a
proper support point of C if there exists ¢ € C such that ¢ (x) = sup. ¢ > supc ¢.
The existence of closed convex sets in each nonseparable Banach space in which
every point is a proper support point is dependent on set-theoretic axioms; see [247,
Section 8.1] and the references therein.

(a) Let C := {(x,y,2) € R®: x> +y* < 1,z = 0}. Verify that (0, 0,0) is a support
point of C that is a not proper support point.

(b) LetX be separable with C C X closed, bounded, and convex. Let {x,, : n € N} be
dense in C. Letx := Y o | 27"x,. Then any linear continuous functional / with
f(x) = sup.f must be constant on C and so X is not a proper support point of C.
Modify the construction to show that there is no need to assume C is bounded.

(c) Show every point of the nonnegative cone in the space £ (R) is a proper support
point.

Theorem 10.1.1 showed that every infinite-dimensional Banach space can have a
nonclosed linear subspace. The next three exercises examine some explicit examples
and further related properties.

10.1.13. Let X be a separable Banach space. Construct a continuous linear mapping
T : X — X such that the range of T is dense but not closed.

Hint. Let {x;,x}}72, be a MarkuSevic basis for X where ||x;|| = 1 forall i € N. Define
T:X — X by T(x) = Y20, 5o O
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10.1.14 (Sums of closed cones). (a) Let X := £;. Construct two closed convex
cones (subspaces) S and T such that S N 7 = {0} while ST + T~ # £;. Deduce
that the sum of closed subspaces may be dense.

(b) Let X = ¢,. Construct two continuous linear operators mapping X to itself such
that each has dense range but their ranges intersect only at zero. (This is easier if
one uses the Fourier identification of L, with £;.)

10.1.15 (Sums of subspaces). (a) Let M and N be closed subspaces of X. Show that
M + N is closed when N is finite-dimensional. (Hint: First consider the case
when M NN = {0}.)

(b) LetX = £, for 1 < p < oo. Define closed subspaces M and N by

M:={x: x3 =0} and N :={x: x2, =2 "x0_1}.

Show that M + N is not closed. Observe that the same result obtains if M is
replaced by the cone

K :={x: x2, =0, x2p—1 > 0}.
(Hint: Denote the unit vectors by (u,). Let

X" = 2“2"—1 and y" :=x" + ZE_kMZk.

k<n k<n

Thenx" € M,)" € N,butx"—)" € M+N convergesto Y _.. 2Xup ¢ M+N.)
(c) Relatedly, let X := ¢, and denote the unit vectors by (u,). Suppose («,) is a
sequence of positive real numbers with 1 > «, > 0 and o, — 1 sufficiently

fast. Set
en = Upp—1, fn = OyUop_1+ v 1 - a%“Zn-

Consider the subspaces

M :=clspan{ey,es,...} and M, := clspan{fi,fs,...}.

(i) Show M} N M = {0} and that the sum MlL + M2L is dense in X but not
closed.
(ii) Dually, show that M;- N M5- = {0} and that the sum M; + M, is dense in
X but not closed.
(iii) Find two continuous linear operators on X, 77, and 7> such that both have
dense range but R(77) N R(T2) = {0}. (Such subspaces are called disjoint
operator ranges.)

10.1.16 (Semicontinuity of separable functions on £,). As discussed in this section,
lower-semicontinuity is a crucial assumption on convex functions in infinite-
dimensional spaces. Part (b) of this exercise provides a natural example of a convex
function that is not Isc. Let functions ¢; : R — [0, +00] be given for i € N. Let the
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function £ be defined on X = ¢, for 1 < p < oo by
F) =Y gi(x).
i

Relatedly, suppose the function ¢ : R — (—o00,+00] is given, and consider the
function

Fpx) := ) p(x).

(a) Show that F is convex and Isc on X if and only if each ¢; is convex and Isc on R.
(b) Suppose 0 € dom F,,. Show that F, is convex and Isc on X if and only if

(1) ¢ is convex and Isc on R, and
(i) infr ¢ = 0 = ¢(0).
Thus, for ¢ := exp* we have F,, is a natural convex function which is not Isc.

10.2 Notes on earlier chapters

Chapter 1. Our goal in this chapter is to illustrate that since their introduction by
Jensen, convex functions have found far-reaching applications in diverse subjects.
We have not endeavored to provide an historical account of the study of convexity,
for that we already recommended Asplund [15], Fenchel [212], Berger [53] and make
other such mention later in the book. Our notes for this chapter are admittedly sparse
because many of the results are revisited in other chapters of this book in which further
information can be found — including the notes to those chapters; for those topics that
we do not revisit, we have endeavored to include appropriate references in the text.

We must also acknowledge that there is a large and diffuse literature on generaliza-
tions of convexity and convex functions which for the most part we have eschewed in
this book — except when such a notion arises naturally. A few representative reference
books are [25, 362, 401].

Finally, for convenience, we have made some expository decisions. For instance,
our cones always contain zero, our functions are proper unless otherwise flagged,
our normed spaces are usually real and complete, and sets are often assumed closed.
Thus, a result might hold more generally but the generality would typically not add
much to the content and might complicate the discussion.

Section 2.1 and 2.2. Several sources have inspired our presentation in this and
future sections. For example, Stromberg’s wonderful book [410] on classical analysis
strongly influenced our presentation on convex functions on R, and in particular The-
orem 2.1.2 comes from [410, Theorem 4.43]. We believe the classic text of Roberts
and Varberg [366] remains a standard by which books on convex functions should be
measured, and readers will see its influence frequently in the current book. We should
note that Lipschitz functions were introduced in [295]. The proof of the Hahn—Banach
extension theorem we used follows that given in Rudin [383].

Much else in our approach to this and other chapters was — perhaps not surprisingly —
motivated by [95]. The reader will see that we have recorded many of its exercises.
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The reader will also recognize exercises from [332] and from [369]. We must also
mention Zalinescu’s book [445] which we have found is an indispensable reference
for readers looking for a thorough yet efficient coverage of convex analysis in general
vector spaces; its influence can be found throughout the present work.

Identifying linear mappings with multilinear mappings avoids the cumbersome
notation would have arisen in the study of higher-order derivatives had we continued
beyond those of second-order. For a rigorous account of higher order differentiability
on Banach spaces, the reader can consult [144, 185], as our presentation here was
admittedly casual and minimal. In this direction, let us point out that the limitin (2.2.4)
could exist forall 4, k € E without the mapping being bilinear; see Exercise 2.6.11 and
Section 2.6 which also outlines more general approaches to second-order derivatives
of convex functions.

Sections 2.3 and 2.4. A key consequence of Proposition 2.1.14 and Theorem 2.3.5 is
that one has a fine analytic and computational tool for analyzing minima of composite
convex functions. Further information on conjugates and computational convex anal-
ysis can be found in Y. Lucet’s survey [298]. In particular, the notion of an iterated
conjugate — in which one conjugates one variable at a time — is computationally useful
in several dimensions, for just the same reason that iterated integration often is, see
also Exercise 2.3.32. The reference [231, §1.6] contains informative material on the
origin and treatment of experimental design (see Exercise 2.3.27(c)) through linear
semi-infinite optimization problems. It would be hard to exaggerate the ubiquity of
Fenchel duality as a tool in diverse fields [299] such as mechanics [195], machine
learning [365], mathematical economics [300], statistical fitting algorithms [56], in
addition to many others discussed in the text.

There are several ways in which one can ‘average’ or combine convex functions
in addition to arithmetic averages and infimal convolutions. In this direction a paper
by Bauschke and Wang [39] discusses a kernel average that includes these and many
other well known averages, and provides applications of it in various areas of convex
analysis; see also Exercise 4.4.8. The recent article [10] looks at the essential a
priori properties that are needed to characterize several types of duality operations,
such as conjugation and polarity. For example, it contains results of the flavor: if a
transformation 7" on the Isc convex functions on R” satisfies 7(7f) = f and f < g
implies Tf > Tg, then T is essentially the operation of conjugation, i.e. (Tf)(x) =
f*(Ax 4+ x9) + (x,x0) + co where A is symmetric, xg € R” and ¢y € R (see [11] and
[10, Theorem 1]).

Section 2.5. The elementary proof of Rademacher’s theorem (2.5.4) follows that
given in [96] with a nice variant to be found in [329]. Slicker proofs are possible if
one wishes to appeal to more integration theory [52].

Section 2.6. The proof of Theorem 2.6.1 largely follows the course suggested by
Rockafellar in [377], in particular for the implication (c) implies (a); however we
follow the proof of the converse as outlined by Crandall et al. in [162]. Theo-
rem 2.6.1 and related results in the more general setting of Banach spaces were
derived in [107, Section 3] which also built upon some work of Bangert [30]. Fur-
ther generalizations of second-order differentiability along with properties thereof are
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provided in the paper [377] along with the references to applications of those prop-
erties. A version of Alexandrov’s theorem on R? was given by Busemann and Feller
[138]. Alexandrov’s theorem appeared in [2]; the proof of Alexandrov’s theorem
outlined here follows that of Crandall et al. [162] who followed Mignot’s approach
[316]. Other proofs of Alexandrov’s theorem have been obtained by Bangert [30] and
Rockafellar [374].

Ioffe and Penot [263] exploit Alexandrov-like theory, again starting with the subtle
analysis in [162], to carefully study a subjet of a function f* at x, the subjet 92 f(x)
being defined as the collection of second-order expansions of all C? local minorants
g with g(x) = f(x). The limiting 2-subjet is 52f (x) := limsup, _, ox 32 f(x), Various
distinguished subsets and limits are also considered. They provide a calculus, based
on a sum rule for limiting 2-subjets (that holds for all lower-C? functions and so for
all continuous convex functions) making note of both the similarities and differences
from the first-order theory. Interesting refinements are given by Eberhard and Wenczel
in[191].

Section 2.7. Much more detailed material can be found in [369]. In infinite dimensions
this section can usefully be revisited in conjunction with Section 5.2 and Section 6.6.

Section 3.1. Our approach in this section is analogous to [418, 95]. The key idea,
Theorem 3.1.6 (key theorem of polyhedrality), is due to Minkowski [318] and Weyl
[436]. While the treatment is complete theoretically, it does little to shed light on
the important and hard computational problem of efficiently moving between the
two facial and verticial representations or of the general problem of computing
the convex hull of a finite set of points [339]. The technique of Corollary 3.1.9 is
extremely powerful as a way of exploiting linearity or polyhedrality in a more general
problem. The failure to appreciate that Corollary 3.1.8 and its consequences such as
Exercise 3.1.9 require constraint qualification in the non-polyhedral case haunted the
early history of Fenchel duality and semi-infinite programming; and Example 3.2.14
even features in Ron Stern’s academic novel Goldman s Theorem (2009).

Section 3.2. This section largely follows [288] and [95]. The Davis theorem (3.2.5)
appeared in [168] (without the closure assumption). A host of convexity properties
of eigenvalues like those of Exercise 3.2.5 (Examples of convex spectral functions)
can be found in [261] or [49], for example. Many other properties analogously ‘lift’
from symmetric functions to symmetric matrices as illustrated for prox regularity in
[165]. Fine surveys of eigenvalue optimization appear in [290, 289].

Section 3.3. The importance of linear programming duality, and of the simplex
method, was first emphasized by Dantzig in the mid-1940s [166]. That of semidef-
inite duality was emphasized by Nesterov and Nemirovskii [331], especially from
a computational complexity vantage-point. A good reference for general linear pro-
gramming is [154] while a straightforward exposition of now celebrated central path
methods may be found in [439]. Semidefinite programming has wide application in
control theory [127] and elsewhere. A comprehensive recent survey of duality gaps
(as first discovered by Duffin and others in the 1950’s) in abstract linear programming
and their resolution is given in [417].
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Section 3.4. The development follows [95, §8.1]. The corresponding selection mate-
rial is developed in [378, pp. 186—195] along with generic selection results in finite
dimensions. One example of the many uses of the Kakutani—Fan theorem is in estab-
lishing the existence of equilibria in mathematical economics. A discussion, based
on nonsmooth mean value theorems, of stability and Lyapunov functions is given in
[121, §3.5.2].

Section 3.5. A proof of the smooth variational principle along the lines of Theorem
3.5.1 can be achieved in superreflexive space [108]. Analogously, the proof of the
convex mean value theorem of Exercise 3.5.5 generalizes entirely with the use of an
appropriate approximate mean value theorem see 9.2.1. The variational proof given
of Theorem 3.5.2 would seem to showcase the technique most likely to extend to the
general Hilbert case setting — if indeed the result is true (see also Section 4.5).

Section 4.1. Separation theorems are at the foundation of much of modern functional
analysis. This section presented the basics. The article [1] provides precise conditions
under which closed convex sets can be separated in reflexive spaces.

More delicate examples than given in Exercise 4.1.17 can be constructed; see
[348] for where on a Hilbert space X — or more generally [85, Example 4.1] where
on Banach space X with separable quotient — there are proper Isc convex functions f
and g whose domains are equal and dense in X, and their subdifferentials are at most
single-valued, but dom(df) N dom(dg) = @.

The nonemptiness of subdifferentials and the more delicate max formula are core
results of the convex analysis. Fenchel, Moreau, Rockafellar, Valadier and many
others contributed to the current form of these results.

Examples of emptiness of the subdifferential in the absence of the qualification
conditions are discussed in [110, 349]. The reader is refered to [257] for information
on calculus concerning e-subdifferentials.

The notion of finite representability was introduced and studied by James in
[264, 265].

Section 4.2. The terminology of bornologies used here is as in [350, p. 59]. The
various versions of Smulian’s theorem presented here are natural variations of results
from [404] which dealt with the case of norms.

Section 4.3. We proved only the bare minimum on variational principles in this
section, a far more comprehensive treatment can be found in [121]. Ekeland’s varia-
tional principle first appeared in [193] and was inspired by Bishop—Phelps theorems
([58, 59]). Smooth variational principles first appeared in [108] and a discussion of a
general form of the Borwein—Preiss smooth variational principle can be found in [121,
Section 2.5]. The version we presented for smooth bump functions (Theorem 4.3.6)
was developed in [179]. The Gs-condition in the conclusion of this the smooth vari-
ational principle (and many related problems) can be strengthened [181]. However,
in this section, we have essentially followed the original approach of [180, Section
1.2] with a strong influence from [350]. For unified and rather general approaches to
several variational principles see [296] and [286]. We also recommend Lucchetti’s
book [297] for further reading on this topic.
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A recent paper of De Bernardi and Vesely [173] established several interesting
properties including the uncountability of support functionals to closed convex sets
and pathwise connectedness of support points of closed convex sets. These results
were then extended in [423] using a parametric smooth variational principle.

See also Section 6.6 for Stegall’s variational principle (Corollaries 6.6.16 and
6.6.17) which has a linear perturbed function, and, in particular, Exercises 6.6.17 and
6.6.16 for further information on higher-order smooth variational principles when the
derivatives need not be Lipschitz; further information in this direction can be found
in [205].

As outlined in Exercise 4.3.3, longstanding interesting questions remain in geo-
metric fixed point theory. A recent notable advance in this area was obtained in [187]
where it is shown that every Banach space that can be embedded into co(I") (for
instance reflexives spaces) can be renormed to have the (weak) fixed point property
for nonexpansive mappings, and this norm can be chosen arbitrarily close to the
original norm.

Section 4.4. Much of our approach to boundedness properties of conjugate functions
and the Moreau—Rockafellar theorems was motivated by the proofs outlined in [35].
Fenchel’s original work is [211]. An attractive early summary of Fenchel duality
theory is given in [367]. Much of the exposition on Fenchel duality follows the concise
book [95] which is also a good source for additional examples and applications. The
paper [136] provides a version of Fenchel duality using only that sum of the epigraphs
of f* and g* is weak™*-closed. Also, the hypothesis that 7" is bounded and linear can
generally be relaxed to it being closed.

For further continuity properties of subdifferentials and an alternate approach to
some things done herein, see [143]. For well developed theory on preservation of con-
vergence through conjugation, one can consult Beer’s monograph [44], additionally,
one will find a development on the approximation of / by using infimal convolutions
with smoothing kernels that provide more general results of nature of Corollary 4.4.17

Section 4.5. In this section we presented one proof that weakly closed Cebysev sets
in a Hilbert space are convex (Theorem 4.5.9), and outlined another in Exercise 4.5.9.
There are other approaches to proving Cebysev sets in finite-dimensional spaces are
convex. See the updated version of the book [95, 96] or see [72] for an account of
two other such proofs that use fixed-point methods and farthest points respectively. In
contrast to the positive results in Exercises 4.5.9 and 4.5.10 we point out that there are
examples in rotund reflexive spaces of Cebysev subspaces whose metric projection
is discontinuous [132], see also [229, p. 246], and Westfal and Frerking [435] show
that any nonconvex Cebysev set in a Hilbert space must have a badly discontinuous
metric projection.

Also, if there is a nonconvex Cebysev set in a Hilbert space, then the original proof
of Asplund [14] shows that then there is a cavern that is not a Cebysev set (a Klee
or Asplund cavern is the complement of an open convex body). An example of a
nonconvex Cebysev set in an incomplete inner product space is presented in [269],
with some details in the proof corrected later in [267], and then [270] shows that the
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nonconvex Cebysev set constructed in the incomplete inner product space can also
be bounded.

The historical notes in [175, Chapter 12] give a good account of the development
of the known convexity properties of Ceby3ev sets. Vlasov’s survey [430] gives a
comprehensive account of the research of Cebysev sets as it was in 1973. Our selection
ofthe material presented in this section was influenced very strongly by [445, Sections
3.8 and 3.9]. Many of the results in various forms are from [192, 405, 406, 429].

Some related information on companion bodies and antiproximal (also known as
‘antiproximinal”) norms is given in Exercise 6.6.12. The recent paper [324] provides
a detailed recent study of what happens to dc when the norm is replaced by the gauge
of a nonsymmetric convex body.

Section 4.6. Theorem 6.1.2 is due to Preiss and Zajicek [356], we followed the proof
as presented in [350, Theorem 2.11, p. 22]. An excellent treatment of null sets and
the differentiability of Lipschitz functions in separable Banach spaces can be found
in [52, Chapter 7], and for quick reference there is a detailed summary of the key
notions on pp. 166—168 therein. According to Theorem 4.6.5, if f : X — R is
a continuous convex function where f” is locally Lipschitz, then /' has a second-
order Gateaux derivative except at possibly an Aronszajn null set. In fact, [107,
Corollary 4.2] says that if the set of Lipschitz smooth points of f* is Aronszajn
null, then so is the set of points where f fails to have a weak second-order Taylor
expansion.

Our examples herein focused on the failure of Alexandrov’s theorem in infinite-
dimensional spaces, however, there are some positive results for special classes of
convex functions, including convex integral functions, presented in [107, Section 7];
in particular, see Theorem 7.6 and Corollary 7.8 therein. See also [310, 328] for
further results concerning Lipschitz smoothness and second-order subgradients of
convex functions or convex integral functions.

This section made little reference to convex functions or norms that are everywhere
second-order differentiable. More information can be found in [203].

The introduction of null sets and various versions of Theorem 4.6.5 were made
independently by Christensen [153] (who used Haar null sets), Aronszajn [8] (using
Aronszajn null sets) and Mankiewicz [301] (using another class of null sets now
known to coincide with Aronszajn null sets); a proof of the version we stated can
be found in [52, Theorem 6.42], as well as a thorough discussion discussion of the
various classes of null sets. Gaussian null sets were introduced by Phelps [347].

The striking Example 4.6.11 on £, was shown by Matousek and Matouskova [305],
and in fact the function constructed is a norm; later Matouskova generalized the
construction to superreflexive spaces in [307].

In contrast to the situation of Exercise 4.6.12, the properties of Haar-null sets
outside of separable space are subtle, see [105]. Indeed in large cardinality spaces it
is possible for a measurable set to be locally null without being null.

The study of the differentiability of Lipschitz mappings between Banach spaces
has seen significant advances in recent years. The reader is referred to [293] for an
overview of some recent developments.
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Section 5.1. Unlike almost all other topics, renorming is nearly exclusively a Banach
space topic since all norms in a space of finite dimension are equivalent and the
Euclidean norm is as good as it gets. But even in this setting changing the norm
can sometimes have magical results, as illustrated by the discussion after Theorem
4.3.12. Sometimes it is useful to use p-norms for p near one or infinity as it allows
one to study polyhedral structure in the limit via what is in effect a smooth or rotund
renorming. This implicitly lies beneath much of the material on barrier functions.
Equally, in the analysis of interior point or quasi-Newton methods and in related
study of positive definite matrices it is quite usual to renorm (actually re-Hilbertize)
the space via lx]1? := (4,x,x) where (4,) isa sequence of positive-definite matrices.
A simple illustration was given in Exercise 5.1.34. Another illustration of the value
of finite-dimensional renorming is in the ability to move between different matrix
norms (see Exercises 3.2.17 and 3.2.18).

Smulian’s theorems (5.1.4 and 5.1.5) are from [404]. The proof of Kadec’s theo-
rem (5.1.14) given here follows the approach of Davis and Johnson [170]. We should
note that Klee was also an important contributor to development of renorming theory
with papers such as [278] among many others. The Milman-Pettis theorem (5.1.20)
was proved in [317, 345]; the proof presented here is from [294, Proposition 1.e.3,
Vol. I1].

The fundamental relationship between moduli of convexity and smoothness in
Proposition 5.1.22 was established by Lindenstrauss [292]. A systematic account of
duality relationships was given by Cudia [164] while Smith investigated relations
among various types of rotundity and smoothness in papers such as [402, 403] and
others that followed. Troyanski showed the important result that weakly compactly
generated Banach spaces admit equivalent locally uniformly convex norms in [416];
this theorem has been the subject of many generalizations and variations. A compre-
hensive treatment of this subject is given in the monograph [180]. Further extensions
and simplifications have arisen since that monograph, much of which has built on the
work of Raja [360]; see also [361] and the references therein.

Asplund averaging theorems originate with [12]. A Baire category approach to this
is given in [204]. For another introduction to renorming, the reader can consult [199].

See [203, 206, 205] for use of integral convolutions and on construction of smooth
convex functions from uniformly smooth bump functions. Other interesting construc-
tions of norms depending locally on only finitely many coordinates are given in [341].
Some analytic constructions can be found in [202].

Constructions of Gateaux differentiable norms that are not everywhere Fréchet dif-
ferentiable, but of a far more general and delicate nature than given in Exercise 5.1.26,
can be found in [77].

Section 5.2. Results on the exposed point and smoothness duality with functions
and their conjugates have their genesis in Asplund’s and Rockafellar’s [17], in fact,
far more general results can be found in that seminal paper. The reader may have
noticed the proof of the ‘moreover’ part of Theorem 5.2.3 in the nonconvex case
depends essentially on a growth condition on f — ¢¢ rather than the boundedness of
the domain of /. This is made explicit in the recent paper [285] where the conclusion
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is obtained when f is Isc and ¢y € int dom /™. Exercise 5.2.12 shows that Stegall’s
variational principle [407] is equivalent to a local version of Collier’s theorem [159].

Sections 5.3 and 5.4. Uniformly convex functions on Banach spaces were introduced
by Levitin and Poljak in [287]. Their properties were studied in depth by Zalinescu
[444], and then later Azé and Penot [27] studied their duality with uniformly smooth
convex functions. A systematic account of their properties is given in the book [445],
including the related classes of functions that are uniformly convex or uniformly
smooth on bounded sets. Characterizations of Lipschitz smoothness along the lines
of Exercise 5.4.13, in various forms for were given in [203]. A treatment of renorming
superreflexive space with norms with good moduli of smoothness or rotundity is given
in the book [180]. The material for the last two subsections of Section 5.4 is based
largely on [86].

Section 5.5. Lipschitz exposed points of bounded sets were introduced by Fabian
in [200, p. 114]; that paper provides a detailed study of Lipschitz determined
spaces, and dual characterizations of such spaces through Lipschitz exposed points
of weak*-compact convex sets in the dual. Several results such as Theorem 5.5.3 and
Example 5.5.4 are straight from that paper, however, our general presentation has
a more explicit emphasis on functions and their conjugates as in [17]. A systematic
study of norms and functions with locally or globally Lipschitz derivatives was given
in [203]. We did not present duality conditions for convex functions whose gradients
are locally Lipschitz. Results of this nature in Euclidean space can be found in the
recent article [233].

Section 6.1. This section was influenced strongly by [350] and also by the survey
[120]. We observe that it is quite usual now to refer to inner and outer semicontinuity
rather than upper and lower semicontinuity, but we have opted to stay with the older
nomenclature. Multifunction techniques are also very useful in the study of gener-
alized derivatives in nonsmooth analysis, we refer the reader to [121, Chapter 5]
and the references therein for further information in this direction. Chapter 9 further
investigates monotone operators using an ingenious function of Fitzpatrick and the
novel ideas it has spawned.

Section 6.1.1. The development follows [95, §8.1]. The corresponding selection
material is also developed in [378, pp. 186—195] along with generic selection results
in finite dimensions. The ease with which the proofs adapt from Section 3.4 illus-
trates that often the most efficient proof of a result in Euclidean space is a minor
simplification of the general result; assuming notation has been carefully handled.

There are various stronger versions of Exercise 3.4.9 (the Hahn—Katétov—Dowker
theorem to which Tong’s name is also attached) that allow for extended real-valued
f and g. In this case the distinctions between metrizable, normal and paracompact
become significant. The metric version attributed to Hahn is described in [410]. It is
possible to abstract further so that the Hahn—Banach sandwich theorem and Katétov’s
theorem are seen as two cases of the same result. We have not mentioned measurable
selections of measurable multifunctions [378, Corollary 14.6], a topic of significant
importance when dealing with integral functionals as in Section 6.3.
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Section 6.2. Chapter 5 in [44] gives a good account of Kuratowski—Painlevé conver-
gence; the definition we used is formulated as Theorem 5.3.5 therein. The paper [326]
illustrates the importance of Mosco convergence. Theorem 6.2.9 was established by
Mosco [327]. The earlier result for finite-dimensional spaces was established by Wijs-
man [437]. Theorem 6.2.10 was established by Beer in [42]; Beer also proved the
analogous result for slice convergence [43] which includes Mosco’s result because
of the coincidence of slice and Mosco convergence in reflexive spaces.

Further results connecting epigraphical convergence and convergence of regular-
izations of convex functions can be found in [45, 112]. For a thorough development
of these topics, one can consult Beer’s monograph [44]. Stability of epi-convergence
under addition is somewhat delicate. Indeed, [44, Example 7.1.6] presents an example
of (nonconvex) functions ( f,) converging Attouch—Wets to /" and (g,) converging
Attouch—Wets to g, but (f, + g,) does not converge Attouch—Wets to /' + g. For
positive results of this nature in finite-dimensional spaces, see [378, Chapter 7], and
a nice presentation in normed spaces is given in [297, Section 9.2].

There are various results on the set convergence of generalized second derivatives
in separable Hilbert space. For an arbitrary closed convex function /" and x* € 9f'(x)
we note that Kato [276] establishes the Mosco convergence of

S x4 th) —f(x) — 1{x*,x)
t

to an appropriate generalized bilinear form as ¢ decreases to zero.

Section 6.3. The work of Rockafellar [371] remains a concise yet good reference
on integral functionals. An excellent recent paper on convex integral functionals is
[262] by Alex Ioffe. The role of integral functionals in application to control and
optimization is well described in [156, 157].

Section 6.4. The material within this section comes from [94]. In fact, one of the
motivations for the study of strongly rotund functions is the study of best entropy
estimation for moment problems and for more general inverse problems, as discussed
in Section 7.6 and elsewhere in the book. More information on the behavior of such
moment problems can be found in [89, 92, 94]. The use of the £1 norm is not covered
by any of this theory, and indeed Exercise 6.4.4 shows it is impossible to place
any finite strongly rotund function on the space. That said, in finite dimensions the
polyhedrality of the norm makes it attractive for use with linear constraints. In certain
settings such as feedback control the infinite-dimensional £; norm is very useful,
see [253]. Interesting extensions and applications of strongly rotundity for moment
problems are made in [124] with application to the study of invariant measures.

Section 6.5. The discussion is based largely based on results derived in [109].
We recommend [342] for additional information on various operator spaces and
corresponding sequence spaces discussed here. The Gateaux differentiability char-
acterization of Theorem 6.5.15 cannot be generalized to Fréchet differentiability. In
fact, the eigenvalue mapping X defined in this section may not even be continuous.
One way to overcome this difficulty (as illustrated in Theorem 6.5.18) is to eliminate
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all the zeros in the definition of the eigenvalue mapping. Of course, an eigenvalue
mapping X defined this way is not ‘faithful’. We refer to [101] for additional details.

We have seen how successfully one may study linear operators whose spectrum is
entirely discrete. Little of this approach would appear to carry over to more general
spectral theory. For example, we have seen how a rearrangement invariant convex
function ¢ on ¢g will induce a unitarily invariant convex function on By; and that ¢*
on £1 will induce the unitarily invariant conjugate on B;. What information is to be
obtained about (¢ o A)** on B(H) from ¢** as a function on £,,?

Section 6.6. Seminal work on what are now called Asplund spaces comes from [13].
The lecture notes [350] provide both an efficient introduction and good reference
source on Asplund spaces. The monograph [201] provides a more advanced treatment
on weak Asplund spaces.

The idea to derive Stegall’s variational principle from Collier’s theorem [159]
appears to have first been used in [205]; that approach uses a nonlinear version of
Smulian’s differentiability theorem. Loewen and Wang made the connection more
explicit in [296] with another variation of Smulian’s theorem using a perturbed func-
tion in the dual space rather than the conjugate. The very recent paper [285] explores
this topic further along with some related topics. A local version of Collier’s theorem
appeared in [150], the proof is somewhat different from the one given here: it uses
Minkowski gauges and works in some more general locally convex spaces. Stegall’s
variational principle is from [408]. The beautiful duality between Asplund and RNP
was completed in [407]. Additionally, see [205, Section 5] for further information
about smooth variational principles for higher-order smoothness and the geometry of
Banach spaces.

For a more comprehensive treatment of the duality between Asplund spaces and
those with the RNP we recommend Phelps’ [350]. Our coverage on RNP spaces is
made from a geometric and duality point of view, however, these spaces originally
arose as those for which a Radon—Nikodym theorem with vector measures was valid,;
see Diestel and Uhl’s monograph [184] for this and more. Although many results
involving RNP spaces have been simplified since Bourgin’s [126], that book remains
a valuable reference on RNP and related spaces.

Section 6.7. All of the material on Banach lattices is directly from [90], for further
results along those lines one can see [91]. Theorem 6.7.10 and related work can be
found in [119, 75]. It is worth remarking that while — up to density character — Hilbert
spaces are isometric as Banach spaces, but as Hilbert lattices £>(N) and L,[0, 1] are
very different: the former has norm-compact order-intervals, the latter only weakly-
compact order-intervals, and so on. Hence the Fourier transform is no respecter of
the two orders.

Sections 7.1 and 7.2. The duality of essentially strictly convex and essentially smooth
functions for finite-dimensional spaces is treated in detail in [369]. Lemma 7.2.2 is
a special case of a slightly surprising result of L. Vesely from [350, p. 37]. Essen-
tially strictly convex and essentially smooth functions for infinite-dimensional Banach
spaces were introduced in [35] as a precursor to more algorithmic work [36] discussed
in Section 7.5.
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Section 7.3. The foundational results of this section are almost entirely from [35]. The
theory of Legendre functions in reflexive space is quite satisfactory; but says nothing
about convex functions without points of continuity such as the Shannon-entropy on
Ly[0, 17 [35].

Section 7.4. The section is based on the development in [115] but the key insight
is to be found in the fundamental research of [331]. An infinite-dimensional result
along the lines of that in Theorem 7.4.1, say to separable Hilbert space, would need
to replace the existence of Haar measure by something quite different. In that vein,
an illustrative positive result is given in Exercise 7.7.7.

Section 7.5 and Section 7.6. These sections follow [36] which also has a
considerable amount of algorithmic analysis and application of the class of Leg-
endre functions. The paper [139] uses interesting subgradient projection meth-
ods to solve some general convex feasibility problems in Euclidean spaces.
Fisher information as discussed in Exercise 7.6.3 is of central interest in cur-
rent mathematical physics [337]. The g-logarithm defined by log, () := (19 —
1))/(1 — g) (a different normalization to that used in 7.6.3(b)) leads to the Tsallis
entropy and to an enormous and rapidly-growing statistical physics literature (see
http://tsallis.cat.cbpf.br/biblio.htmforamassive bibliography).

The paper [291] comprehensively reviews the authors’ results on so called f-
divergences and distances for distributions and stochastic processes. Two special
classes are identified. The first is the /,-divergences, « € R, given by the functions
Iy(w) := (W* —au+oa —1)/a(e — 1) for u > 0, extended continuously to 0 and 1.
These include the Kullback—Leibler (1951) information, the /-divergence of Csiszar
(1975), Hellinger integrals of order « such as the Hellinger (1909) distance, and Rényi
(1961) distances of order «. The second class is the x“-divergences, « > 0, given
by x%(u) := |1 —u®|"/* fora < 1 and |1 — u|® for &« > 1, where u > 0. Important
cases are the total variation distance (¢ = 1), and the x 2-distance of Pearson (1900).

Section 7.7. This section of the chapter is again based substantially on the current
authors work in [115]. The most significant open issues regard the construction of
more explicit and ‘natural’ examples. The forthcoming book [37] should be recalled
as it promises to have a current and complete treatment of much relevant material in
the centrally important setting of Hilbert space.

Section 8.1. Much of the material in this chapter was originally motivated by an
unpublished 1991 note of the first author reprised in [77] that led to the connec-
tion between Banach spaces not containing ¢; and the coincidence of two different
bornological derivatives in the convex case. Proposition 8.1.1 combines results from
[77, 85]. Proposition 8.1.2 and Theorem 8.1.3 follow from combining results from
[77, 85, 113]. The interested reader may consult [47] for an alternative approach to
the Josefson—Nissenzweig theorem.

Section 8.2. The results originate essentially in[77, 85, 113], except for Theorem 8.2.8
which is from [116] and was motivated by examples from [392]. Exercises 8.2.5
through 8.2.8 are taken from Godefroy [232]. The results show how fundamental
structurally very simple sounding convexity notions are.
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Section 8.3. This material is similarly based on [103]. The recent paper [426] provides
a new equivalent condition for extending continuous convex functions that produces
a more elementary proof of Corollary 8.3.10 by avoiding the theorem of Rosenthal
from [381]. Some nice results on extensions of DC functions are also obtained in
[426]. Part (a) of Exercise 8.3.8 is based on a classical result of Phillips [352].

Section 8.4. While the study of convex functions outside of Banach space can be
quite rich, Exercise 8.4.1 and the following discussion make it quite clear that this is
not true if one wishes to exploit modern variational analysis.

Section 9.1. The Fitzpatrick function introduced in [215] was discovered precisely to
provide a more transparent convex alternative to an earlier saddle function construc-
tion due to Krauss [279] — we have not discussed saddle-functions in any detail but
they produce interesting maximal monotone operators [369, §33 & §37]. At the time,
Fitzpatrick’s interests were more centrally in the differentiation theory for convex
functions and monotone operators. The development in Section 9.1 through Section
9.5 is based largely on [69]. The function Pr was named for Penot from whom we
really first learned its value [343, 344] — it might have been equally well-named 5Sr
[137] save for its unfortunate meaning in English.

The search for results relating when a maximal monotone 7 is single-valued to
differentiability of Fr did not yield fruit, and Fitzpatrick put the function aside.
On being rediscovered and exploited by [137, 343, 344] and then by many others
the field was rejuvenated. Differentiability is still the one area where to the best of
our knowledge Fr has proved of little help — in part because generic properties of
dom Fr and of dom(7") seem poorly related. Some progress is reported in [190]. That
said, monotone operators often provide efficient ways to prove differentiability of
convex functions. The discussion of Mignot’s theorem in Exercise 9.1.1 is somewhat
representative of how this works as is the treatment in [350].

By contrast, as we have seen the Fitzpatrick function and its relatives now provide
the easiest access to a gamut of maximality, domain and range convexity, solvability,
and boundedness results as is detailed throughout this chapter.

Section 9.2. The treatment of explicit acyclic mappings is taken from [118]. Much
more detailed information on n-Fitzpatrick functions is to be found in [31] and many
instructive explicit computations of Fitzpatrick functions are given in [38]. Explicit
computation is often remarkably hard: surprisingly so in light of the theoretical
power of the function. A comprehensive recent study of subdifferential character-
izations of functional properties — monotonicity in various forms, Lipschitzness,
order-isotonicity — is contained in [161]. A detailed accounting in the Fréchet case is
given in [121].

Section 9.3. The results in this section become strikingly simple in Hilbert space, as
is detailed in [37], largely because J = I. Since many characterizations of Hilbert
space can be viewed as restricted versions of J behaves like I’ (see [66] and a lovely
book by Amir [7]), it is often fruitless to try to extend results from Hilbert space
by imposing Hilbert-like behavior on the duality mapping. A notable exception is
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that J is weakly sequentially continuous in Banach sequence spaces such as ¢, for
1 <p < o0[239].

Section 9.4. Corollary 9.4.10 deserves further study. For example, for a maximal
monotone operator 7 when 0 € dom 7 but int dom 7 is empty, is it possible for T
to be nonmaximal for all nontrivial finite-dimensional subspaces F'? If, by contrast,
Tr is always maximal for some F' containing given x,y € dom 7" then many results
follow.

Section 9.5. Rugged spaces were discussed in detail in [33]. In addition, [33] shows
that every bounded linear maximal monotone mapping on a Banach lattice is (NI) if
and only ifit is (D) if and only if X contains no complemented copy of £1. Such results
extend to closed linear operators [396], and many are subsumed or much clarified by
[6]. Note that C[0,1] contains only noncomplemented copies of £;.

It would be very interesting to determine whether the graph of a maximal monotone
mapping or a subgradient must be norm-weak* closed if the domain has nonempty
interior.

Section 9.6. The clarity of the Fitzpatrick function based constructions has led to
the truly significant recent advances delineated in this section and in Section 9.7; and
offers hope for resolving the most persistent remaining open questions about maximal
monotone operators such as:

1. Those listed in Exercise 9.5.4.

2. Does Theorem 9.6.1 (b) hold with no extra hypotheses on S or 7?

3. Given a maximal monotone operator 7', can one associate a convex function f7 to
T in such a fashion that 7'(x) is singleton as soon as df7 (x) is? Kenderov’s theorem
of Exercise 9.1.3 neatly links a nonconvex function to 7' in the WCG setting.

4. Are there some nonreflexive spaces such as ¢ — in addition to the class of Exercise
9.6.3 — for which the answer to such questions might be answered in the affirma-
tive? Note the James space (which is codimension-one in its bidual, [199]) lies in
the class but cg does not [76].

Section 9.7. An excellent reprise of what was known from a convex perspective
about monotone operators outside of reflexive space at the end 0of 2007 is to be found in
Stephen Simons’ fine new book [396]. Note we barely mentioned monotone operators
of type (ED), central to [396], as the class is more topologically technical and further
from our current concerns. The very recent results of this section and Section 9.6
highlight the vigorous research going on in the area. Indeed, had the fine results in
[6] been discovered a little earlier, our treatment might well have been somewhat
reorganized.

The structure of maximal monotone operators outside Banach space is not espe-
cially significant in its own right — and as we have seen many pathologies can occur
(notably Exercise 8.4.1). Nonetheless in nonreflexive Banach space it is helpful to
cast representativity results in the language of locally convex vector spaces; if only
to limit the need to reprove results in different weak topologies. Many useful results
of this genre are given in [432].
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C¥(U) = the k-times continuously differentiable functions on U 222
clf or f = closure of a function f, 21

¢ = complement of a set 4
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ds(-) = distance function to a set S, 22
domf = domain of a function f, 18
D(T) = domain of a multifunction 7', 276

* = dual space of continuous linear functionals on X
epif = epigraph of a function f, 20
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G(T) or graph(T) = graph of a multifunction 7', 111
‘Hr = representative function, 406



484 List of symbols

8¢ = indicator function of a set C, 21

fog = infimal convolution of functions f and g, 51

(-,+) = inner product, 143 (additionally (¢, x), (x, ¢) and ¢ (x) where x € X, ¢ € X*
can all represent the evaluation of ¢ at x when X is not necessarily an inner product
space)

intS = interior of a set S

J(x) = duality map, 133

£,(I") = the £, space over an index set I'; £, := £,(N)

L, = the corresponding Lebesgue space of p-integrable functions over an appropriate
measure algebra

co(I") = the ¢q space over an index set I'; ¢g := co(N)

LUR = locally uniformly rotund, 213

3x(-) = modulus of convexity of (X, || - ||), 215

dr(-) = modulus of convexity of the function 1, 244

px () = modulus of smoothness of (X, || - ||), 216

or(-) = modulus of smoothness of the function /', 252

Pc(-) = nearest point mapping, 188

Nc(x) = normal cone to C at x, 67

Pr = convexification of Hp, 406

S§° = polar of a set S, 209

2X = the collection of subsets of X

S, = pre-polar of a set S, 209

K~ = (negative) polar cone of a set K, 67

K™~ = bipolar cone of a set K, 67

KT = (positive) polar cone of a set K, 67

R4 (aav) = Rockafellar function, 429

R% = [0, +00)", the nonnegative orthant in R”.

R% . = (0,+00)", the interior of the nonnegative orthant in R”.

S = positive semidefinite matrices among the symmetric n by n matrices, 67
ri S = relative interior of a set S, 66

V2f(-) or f”(-) = second-order derivative of the function f, 38

Sy = {x € X : |lx|| = 1}, the closed unit sphere of the normed space X
span S = linear span of a set

df (x) = subdifferential of the function /" at x, 26

drf (x) = Fréchet subdifferential of the function £ at x, 165

oc = support function of a set C, 127

Tc = normal mapping, 436

Type (ANA) = almost negatively aligned operator, 455

Type (BR) = Breondsted—Rockafellar property, 455

Type (FP) = locally maximal monotone operator, 410

Type (LMM) = locally maximal monotone operator, 410

Type (NI) = type of monotone operator, 439

Type (VFP) = maximal monotone locally, 410

UC = uniformly convex, 215

Ux = open unit ball with respect to norm topology in X

WCG = weakly compactly generated space, 220
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absolutely continuous, 79
absorbing set, 142, 142
in barreled spaces, 467
abstract linear program, 108, 109
unstable, 465
active set, 95
adjoint, 46
affine combination, 66
affine function, 21
affine hull, 66, 69
affine mapping, 21
characterization, 22
affine set, 66, 69
Alaoglu’s theorem, 130
Alexandrov’s theorem, 86
failure in infinite dimensions, 204
special cases in infinite dimensions, 475
«-cone meager set, 197
(ANA) operator, see maximal monotone operator,
type (ANA)
analytic center, 182
angle small set, 197, 199
anti-proximinal, 327
Applications in exercises
Blaschke—Santalo theorem, 32
coupon collection problem, 180
Csiszar entropy problems, 366
differential inclusions, 123
direct and indirect utility, 56
divergence estimates, 58
doubly stochastic matrices, 93
experimental design duality, 58
Fisher information, 365
gamma function, 32
hidden convexity, 55, 56
location problem, 59
Lyapunov, duality, 124
Lyapunov functions, duality of, 124
maximum entropy, 57
monotonicity and elliptic PDE’s, 437
multiplicative potential and penalty functions,
355
NMR entropy, 63
risk function duality, 185
symbolic convex analysis, 63
approximate fixed point, 167
approximate mean value theorem, 166

approximate selection theorem, 112
approximately convex set, 193
Archimedean solids, 462
argmin, 285
arithmetic-geometric mean inequality, 30
Aronszajn null, 197, 199, 201
Asplund averaging theorem, 221, 227
Asplund cavern, 474
Asplund space, 199, 206, 223, 318, 318, 319, 320
and renorming, 220
characterization, 281, 319, 321
dual has RNP, 324
scattered C(K), 220
separable, 199, 215
weakly compactly generated, 220
attainment, in Fenchel problems, 177
Attouch—Wets convergence, 289
Bicontinuity theorem, 290
of functions, 289
versus Mosco convergence, 295
versus pointwise convergence, 292
versus slice convergence, 295
versus uniform convergence on bounded sets,
297
Aumann convexity theorem, 14, 72

Baire category theorem, 413, 467
Baire space, 460
balanced set, 18
Banach lattice, 329-337
renorms, 334
Banach limits, 266
Banach space, 22
Banach’s fixed point theorem, 167
barreled space, 460, 467
basic separation theorem, 29, 132
B-differentiability, 150, 379
Smulian’s theorem for, 159
Smulian’s theorem for conjugate functions, 160
of norms, 227
BFGS update, 353
biconjugate, see Fenchel biconjugate
bilinear map, 44
as a second-order derivative, 44, 201
symmetric, 88



Index 509

bipolar, 178

bipolar cone, see cone, bipolar

bipolar theorem, 209

Bishop—Phelps cone, 182

Bishop—Phelps theorem, 163, 169

Blaschke—Santalo inequality, 33

Bohr—Mollerup theorem, 32

Boltzmann—Shannon entropy, 468

Borel measurable, 79

Borel measure, 195

Borel sets, 305

bornology, 149, 187

Borwein’s variational principle, 170

Borwein—Preiss smooth variational principle, 473

Bose—Einstein entropy, 364

boundary, properties, 462

bounded weak™*-topology, 447

(BR) operator, see maximal monotone operator,
type (BR)

Brachistochrone problem, 10

Bregman distance, 60, 358, 360

Bregman projection, 361, 364

Brendsted—Rockafellar property, see maximal
monotone operator, type (BR)

Brendsted—Rockafellar theorem, 121, 162

Brun—Minkowski inequality, 352

Calder6n norm, 316, 317
Carathéodory’s theorem, 71
category
first, see first category
second, see second category
Cauchy—Schwarz inequality, 22, 49
Cebysev set, 8, 117, 188
convexity of, 8, 189, 190, 474
in reflexive spaces, 188
Cellina approximate selection theorem, 112, 281
Chebyshev set, see Cebysev set
choice function, 336
Ck _smooth function, 222
approximations, 230
C®-smooth function, 222
Clarke directional derivative, 82, 123
Clarke subdifferential, 82
cusco property, 123
closed
images, 114
range, 461
subspace, 461
closed function, 2, 20, 127, 138
and lower-semicontinuity, 127
and weak-lower-semicontinuity, 138
closure, of function, 21, 127, 127, 138
Cobb-Douglas function, 57
codimension, countable, 467
coercive function, 24, 174
conjugate of, 174, 175
minimization on reflexive space, 183
versus cofinite, 185
cofinite function, 118, 174, 361
versus supercoercive, 118, 185, 361, 384
compact
images, 114
in infinite dimensions, 461

polyhedron, 95
range of multifunction, 114
unit ball, 461
compact separation theorem, 136
complementary slackness, in cone programming,
110
complemented subspace, 464
complete, 467
composing, USC multifunctions, 114
composition, convex functions, 75
concave
conjugate, 183
concave function, 7, 40, 126
cone, 21
bipolar, 67, 68, 108, 178, 178
finitely generated, 94
nonnegative, 468
normal, see normal cone
pointed, 68, 96
characterization, 68
polar, 67, 67, 178, 183
calculus, 178
negative, 67, 178
positive, 67, 178
sum of closed cones, 183
program, 108
sum not closed, 183
sums, 469
tangent, see tangent cone
cone convex, 75
cone quasiconvex, 335
constraint, linear, 48, 107, 177, 182
constraint qualification (CQ), 119, 405, 406
constructible, 356, 356-357
continuity
absolute, 79
and USC, 114
generic, 413
in infinite dimensions, 460
of convex functions, 461
of extensions, 116
of selections, 112
control theory, 472
convex, quasi, 414
convex body, 33
convex calculus theorem, see subdifferential, sum
rule
convex cone, base, 75
convex feasibility problem, 362
convex function, 18, 21, 126
and monotone gradients, 37, 160
bounded above everywhere, 30
bounded on B-sets, 379
extensions of, 398
bounded on bounded sets, 137, 379, 382, 384
conjugate supercoercive, 175
extensions of, 399
bounded on weakly compact sets, 379,
383,384
composition, 75
conjugate, see Fenchel conjugate
continuity of, 4, 25, 128, 129, 461
continuous biconjugate, 386
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convex function (Cont.)
continuous extensions, 386, 392-399
failure, 392
continuously differentiable, 35
difference of, see DC function
epigraph, 139
essentially smooth, see essentially smooth
function
essentially strictly, see essentially strictly
convex function
finitely extendable, 398
Fréchet differentiable, see Fréchet
differentiability
Gateaux differentiable, see Gateaux
differentiability
Legendre, see Legendre function
Lipschitz, 51, 144, 173
extensions of, 53, 399
on bounded sets, 128, 137, 141
local and global minima, 4, 26, 130
local Lipschitz property, 4, 25, 128
locally uniformly, see locally uniformly convex,
function
midpoint, see midpoint convex function
on real line, 20, 36
recognizing, 36, 37, 39, 91, 141, 160, 202
stability properties, 3, 23, 139
strictly, see strictly convex, function
strongly rotund, see strongly rotund function
totally, see totally convex function
unbounded on bounded set, 381
uniformly, see uniformly convex, function
uniformly smooth, see uniformly smooth,
function
weak lower-semicontinuity, 132
convex functions, matrix, 105
convex hull
of function, 21, 128
of set, 21, 126, 464, 465
convex mean value theorem, 121
convex program, 177
ordinary, 48
convex series closed, 142
convex set, 18, 126
characterization in Hilbert space, 190
stability properties, 139
symmetric, 18
convexity, 430
core, 5, 25, 29, 34, 129, 129, 131, 141
and absorbing sets, 142, 467
in barreled spaces, 467
versus interior, 25, 142
countable
basis, 467
codimension, 467
countable set, 195
Csiszar divergence, 365
cusco, 111, 279
and Asplund spaces, 281
and maximal monotone operators, 280
Clarke subdifferential, 123
fixed points on compact convex, 111, 281
generically single-valued, 283
maximal monotone multifunction, 123

Index

minimal, 279, 283

(D) operator, see maximal monotone operator,
type (D)
Darboux property, 72
Davis’ theorem, 101, 103, 472
DC function, 104, 146
approximation of Lipschitz functions, 218
failure, 147
k-th largest eigenvalue, 11, 104
vector-valued, 104
DC operators, 317
dense
hyperplane, 467
range, 469
subspace, 469
dense type, 439, 453
dentable, 321
denting point, 326
derivative
Dini, see Dini derivative
directional, see directional derivative
Fréchet, see Fréchet differentiability
Gateaux, see Gateaux differentiability
determinant, order preservation, 103
diametral set, 167
difference convex function, see DC function
difference quotient, 84
second-order, 84
differentiability
generic, 413
of spectral functions, 102
differential inclusion, 123
Dini derivative, 79
directional derivative, 6, 26, 131, 147
Lipschitz property, 131
lower, 166
sublinear property, 27, 131
disjoint operator ranges, 469
distance function, 8, 22, 127, 180
attainment, 461
convexity of, 23
on Hilbert space, 189, 190
distortable, arbitrarily, 193
distortion, 189
of a norm, 192
divergence, Kullback-Leibler, 13
divergence estimates, 75
domain
of a function, 5, 18
of a monotone operator, 118
of subdifferential
not convex, 141
polyhedral, 95
domain regularizable, 412
doubly stochastic, 93
DP*-property, 383, 383
dual linear program, 107
dual norm, 129
characterization, 210
implied by weak*-Kadec property, 224
dual space, 129



dual value, in LP and SDP, 107
duality
gap
Duffin’s, 50
LP, 107
SDP, 107
weak, 177
Fenchel, 48, 98
duality mapping, 133
Dunford—Pettis property, 383, 385, 386, 388
Dunford—Pettis theorem, 302

(ED) operator, see maximal monotone operator,
type (ED)
eigenvalue
k-th largest, 11, 104
mapping, 314
eigenvalue problem, 438
eigenvalues
functions of, 101
optimization of, 472
Ekeland’s variational principle, 161, 168
equivalence with completeness, 166
in Euclidean space, 117
entropy
Boltzmann—Shannon, 61
Bose—Einstein, 364
Burg, 61
nonattainment, 311
energy, 61
Fermi-—Dirac, 61, 364
maximum, 179, 182
nonattainment, 310
relative, 58
Tallis, 480
epigraph, 2, 20, 127
as multifunction graph, 114
polyhedral, 94
epigraphical convergence
and minimizing sequences, 293
relations among, 291, 295, 296
relations among in finite dimensions, 296
summary of relations among, 291
versus pointwise convergence, 292
e-net, 318
e-subdifferential, 121, 137
nonempty, 137
of conjugate function, 160
of norms, 222
equilibrium, 473
essentially smooth function, 338, 362
barrier for open convex cone, 351
barrier for open convex set, 348, 370
characterizations, 344
duality with essential strict convexity, 344
examples, 353
Fréchet, 347
in the classical sense, 338
compatibility in Euclidean space, 345
outside of Euclidean space, 346
log barriers, 100
spectral functions, 102
versus Gateaux differentiability, 341
essentially strictly convex function, 339, 362
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and coercivity, 347
duality with essential smoothness, 344
examples, 353
in the classical sense, 338
compatibility in Euclidean space, 345
outside of Euclidean space, 346
on reflexive spaces, 345
spaces without, 373
spectral functions, 102
versus strict convexity, 341, 342, 344, 347, 374
Euclidean space, 18, 22, 460
excess functional, 289
experimental design, 58
exposed point, 92, 211
duality with differentiability, 211
of function, 232, 235
characterization, 232
duality with Gateaux differentiability, 234,
240
versus extreme point, 235
versus strongly exposed, 234
strongly, see strongly exposed point
versus strongly exposed, 92
extension, continuous, 116
extreme direction, 335
extreme point, 92, 211
of polyhedron, 95
versus exposed point, 92
versus support point, 224

Fan inequality, 99
Fan minimax theorem, 55
Fan theorem, 99
Fan—Kakutani fixed point theorem, 111, 281
Farkas’ lemma, 70
farthest point function, 167
Favard inequality, 49
feasible set, 49
Fenchel biconjugate, 44, 96, 101, 103, 171, 178,
179
Fenchel biconjugation theorem, 65
Fenchel conjugate, 44, 171, 179
and eigenvalues, 100
bounded on bounded sets, 384, 385
bounded on weakly compact sets, 385
differentiable, 187
examples, 45
of coercive function, 174, 175
of composition, 76
of exponential, 179, 182
of infimal convolution, 176
of Lipschitz convex, 51, 173
self conjugate characterization, 179
transformations, 46
Fenchel duality, 99, 177
and LP, 108
generalized, 99
linear constraints, 48, 97, 182
polyhedral, 97, 98
symmetric, 183
Fenchel duality theorem, 6, 46, 177
Fenchel problem, 177
Fenchel-Young inequality, 44, 101, 171
Fermat point, 59
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Fermat—Weber problem, 59
Fermi-Dirac entropy, 364
Fillmore—Williams theorem, 104
finitely generated
cone, 94-96
function, 94-98
set, 94-98
finitely representable, 143, 225
first category, 195
Fisher information, 365
Fisher information function, 365
Fitzpatrick function, 119
fixed point, 167, 474
Fourier identification, 469
(FP) operator, see maximal monotone operator,
type (FP)
Fréchet
smooth space, 166
subderivative, 165
subdifferentiable, 165
subdifferential, 165
monotonicity of, 414-415
Fréchet bornology, 149
Fréchet differentiability, 34, 37, 149, 150, 198
almost everywhere, 77, 78
and continuous selections, 277
and unique subgradients, 4, 34
characterizations of, 34, 151, 153
continuity of, 35, 43, 154
dual norm, 221
duality with local uniform convexity, 240, 251
duality with perturbed minimization, 237
duality with strongly exposed points, 234, 240,
250
duality with Tikhonov well-posed, 235
generic, 77, 152, 199, 215
conjugate functions and RNP, 321, 323
on Asplund spaces, 319
implies continuity, 41
of conjugate functions, 160, 187
and biconjugates, 178
and convexity of original, 179
and minimization principles, 323
and reflexivity, 224, 228, 250, 251
of norms, 150, 210, 215, 220
and separable duals, 215
characerization, 210
duality, 225
duality with strongly exposed points, 211
nowhere, 205
on Asplund spaces, 319
versus Gateaux differentiability, 227
second-order, see second-order derivative
Smulian’s theorem for, 153
support functions, 317, 318
symmetric formulation, 151
uniform, see uniformly Fréchet differentiable
versus Gateaux differentiability, 4, 34, 41, 381,
382,384
versus weak Hadamard differentiability, 379,
381, 384, 385
Fubini’s theorem, 79
function
Kadec property, see Kadec property, function

Lyapunov, 124
nowhere differentiable, 8
simple, 302
strongly rotund, see strongly rotund
function
fundamental theorem of calculus, 79

Gateaux bornology, 149
Gateaux differentiability, 34, 37, 149, 150, 198,
362
and continuous selections, 277
and directional derivatives, 41
and interior of domains, 157
and subdifferentials, 150
and unique subgradients, 4, 34, 151, 158, 346,
462
characterizations of, 34, 151, 152, 154
continuity of, 35, 43, 154
duality with exposed points, 234, 240
duality with strict convexity, 240, 250,
341
generic, 198
nongeneric, 199, 284
of conjugate functions, 160, 187
of norms, 150, 210, 211
and unique support functionals, 212
duality with exposed points, 211
duality with strict convexity, 192
nowhere, 205
versus Fréchet differentiability, 227
second-order, see second-order derivative
sets of nondifferentiability points, 201
Smulian’s theorem for, 154
symmetric formulation, 152
uniform, see uniformly Gateaux differentiable
versus continuity, 36, 150
versus Fréchet differentiability, 4, 34, 36, 41,
381,382, 384
versus weak Hadamard differentiability, 383,
385
Gateaux differentiability space, 161, 198
I"-function, 32
gauge function, 22, 127
and lower semicontinuity, 144
and polar function, 58
implicit differentiation, 154
properties of, 30, 144
gauge of uniform convexity, 266
Gelfand—Phillips space, 383
generated cuscos, 116
generic
continuity, 413
differentiability, 413
single-valued, 413
generic set, 195
Goldstine’s theorem, 140
good asymptotical behavior, 340
Gordan’s theorem, 70
Gossez operator, 446
Griiss—Barnes inequality, 49
graph
minimal, 116
of a monotone operator, 278
of a multifunction, 111



Grothendieck property, 383

Grothendieck space, 383, 390, 391, 396, 399
continuous biconjugate function, 386
extensions of convex functions, 396

Haar null, 196, 200
Hahn—Banach extension property, 147
Hahn-Banach extension theorem, 28, 130
Hahn—Katétov—Dowker sandwich theorem, 116
Hamel basis, 128, 467
Hardy et al. inequality, 100
Harmonic-arithmetic log-concavity theorem, 33
Hausdorff distance, 289
Hessian, 38
and convexity, 39, 202
higher-order derivative, 221
of norms on Lp-spaces, 222
Hilbert cube, 141
Hilbert space, 144, 464
characterizations, 481
isomorphic characterizations, 273
lattice characterizations, 332
Hilbert-Schmidt operators, 313
Holder exposed point, 268, 273
duality, 270
Holder inequality, 49
Holder smooth point, 269, 273
hyperplane, dense, 467
hypersurface, 201

ideal, 331
implicit function theorem for gauges, 154
improper function, 21
improper polyhedral function, 98
inclusion control problem, 401
incomplete normed space, 460
inconsistent, 109
indicator function, 3, 21, 127, 180
conjugate of, 179
subdifferential of, 130
induced norm, 106
inequality
arithmetic-geometric mean, 30
Blaschke—Santalo, 33
Brun—Minkowski, 352
Cauchy—Schwarz, 22, 49
Fan’s, 99
Favard, 49
Fenchel-Young, 44, 171
Fitzpatrick, 435
Griiss—Barnes, 49
Hardy et al., 100
Holder, 49
Jensen’s, 29
Knuth’s, 41
Lyapunov duality, 124
polar, 58
Rogers—Holder, 352
strong Fitzpatrick, 451
three-slope, 19
triangle, 22
variational, 436
weak duality, 7, 47, 177
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inf-compact, 340

infimal convolution, 51, 53, 175
and approximation, 176, 184
and conjugation, 52
and uniform convergence, 52
as a kernel average, 180
basic properties, 51
conjugate of, 176

injective Banach space, 148

inner product, 143

inverse, image, 97

isotone, 75

James space, 458

James’ theorem, 143

James—Enflo theorem, 218

Jensen’s inequality, 29
JN-sequence, 382

jointly convex, 60, 61
Josefson—Nissenzweig theorem, 382

Kadec property, 223
function, 306
Kadec property, weak see Kadec—Klee property
weak*, 191, 223
and Asplund spaces, 223
implies norm is dual, 224
of double dual, 224
Kadec’ theorem, 214
Kadec—Klee property, 189, 190, 193
Kadec property, weak™ see Kadec property,
weak™
Kakutani—Fan fixed point theorem, 111, 281
kernel average, 180
key theorem, 94, 96
Kirchberger’s theorem, 72
Kirszbraun—Valentine theorem, 282
Klee cavern, 474
Knuth’s inequality, 41
Krein—Milman property, 324
Krein—Milman theorem, 140
Krein—Rutman theorem, 67
Kullback—Leibler entropy, 363
Kuratowski—Painlevé convergence, 285
and minimizing sequences, 287
of functions, 286
not preserved under conjugation, 296
versus pointwise convergence, 292
versus Wijsman convergence, 295

Lagrangian
duality

linear programming, 107
Lagrangian dual, 49
Lambert W function, 75, 76
Laplacian, 438
lattice, ordering, 333
lattice band, 331
lattice operations, 329
Lau—Konjagin theorem, 189
Lebesgue integral space, 143
Lebesgue sequence space, 143
Lebesgue—Radon—Nikodym theorem, 304
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Legendre function, 339, 364
cofinite versus supercoercive, 361
duality failure outside reflexive spaces, 348
duality in reflexive spaces, 344
examples, 353, 354
Fréchet, 347
in the classical sense, 338
compatibility in Euclidean space, 345
outside of Euclidean space, 346
on general Banach space, 369
on reflexive spaces, 345
spaces with/without, 373
spectral, 353
zone consistency of, 362, 368
Legendre transform, 348, 375
Legendre—Fenchel conjugate, see Fenchel,
conjugate
lexicographic order, 314
lim inf;_, oo Fj, 285
lim sup;_, o Fi, 285
linear
objective, 107
programming (LP)
abstract, 108, 109
and Fenchel duality, 108
primal problem, 107
linear functional
continuity of, 461
discontinuous, 142, 144, 460, 461
non-norm-attaining, 468
norm-attaining, 133, 143
dense in dual, 163, 169
supporting, 133, 468
dense, 169
unique and differentiability, 212
Lipschitz, eigenvalues, 104
Lipschitz constant, 19, 173
Lipschitz exposed point
of a function, 268, 270
of a set, 268
of functions, 273
Lipschitz extension, 53
Lipschitz function, 19, 127
Lipschitz smooth point, 204, 269, 273
implied by weak second-order Taylor, 204
nongeneric, 270
locally bounded, 114, 116
locally Lipschitz function, 19
Fréchet differentiable almost everywhere, 78
locally uniformly convex
dual norm, 215, 224
Cl-smooth approximations, 230
and smoothness, 213
on separable dual, 214
function, 239
and renorming, 246
and strongly exposed points, 239
at a point, 239, 272
duality with Fréchet differentiability, 240,
251
is totally convex, 374
stable under sums, 241
norm, 213, 220, 221, 246
duality, 225

Index

extensions of, 229
on separable space, 214
on WCG spaces, 220
preserved by sums, 225
locally uniformly rotund, see locally uniformly
convex
location problem, 59
Loewner convex functions, 105
Loewner ordering, 61, 106
log, 100, 100, 182
log barrier, 100
log det, 100, 100-103, 353
log-convex function, 40, 40, 42
lower level set, 20, 127
bounded, 31, 46, 185
and coercivity, 24, 174
closed, 127
compact, 100
convex, 23, 139
of conjugate function, 175
of differentiable function, 154
unbounded, 50
weak*-closed, 138, 210
weakly closed, 138
lower-semicontinuous
and USC, 114
generic continuity, 413
in infinite-dimensions, 460
sandwich theorem, 116
lower-semicontinuous function, 2, 20, 98, 127
equivalent to closed, 127
T-1sc, 130
weakly-lsc when convex, 132
LSC multifunction, see multifunction, LSC
Lyapunov convexity theorem, 15
Lyapunov function, 124

mathematical economics, 473
matrix
analysis, 100
completion, 353
optimization, 107
matrix norm, 106
max formula, 6, 28, 131
max function, subdifferential of, 145
maximal monotone multifunction, see maximal
monotone operator
maximal monotone operator, 118, 278
acyclic, 418, 418423
and cuscos, 280
and subdifferentials, 118, 278, 413, 419, 429
Asplund decomposition, 418
coercive, 446
versus surjective, 437
continuity, 283
convexity of domain and range, 410412, 452,
458
cyclically, 429
dense type, see type (D)
irreducible, see acyclic
locally maximal monotone, see type (FP)
maximal monotone locally, see type (VFP)
on reflexive spaces, 433-439
relations between classes of, 459



strongly locally maximal, 442, 447
sum theorem on reflexive space, 434
type (ANA), 455, 455
type (BR), 455
type (D), 439, 442, 446, 482
implies type (FP), 441
type (ED), 439, 482
type (FP), 410, 410, 441, 446
type (NI), 439, 440, 445, 450-459,
482
characterization, 453
sum theorem, 450
type (VFP), 410, 441, 442
type (WD), 453
type negative infimum, see type (NI)
Mazur’s theorem, 198
meager set, 195
mean value theorem, 121
approximate, 166
measures, tight, 207
method of cyclic projections, 363, 363
Michael selection theorem, 113, 281
midpoint convex function, 31, 139
measurable, 31, 139
Mignot’s theorem, 412
Milman—Pettis theorem, 217
minimal, graph, 116
minimax theorem, 182
minimization principles, 273
minimizer, subdifferential zeros, 131
Minkowski, 472
functional, see gauge function
theorem, 95
minorant, affine, 97
modulus of convexity
of functions, 244
at a point, 272
duality, 252
power type duality, 253
versus gauge of uniform convexity, 266
of norms, 215, 258
duality, 217, 218
power type, 2, 218, 226, 260
modulus of smoothness
of functions, 252
at a point, 269
duality, 252, 253
power type, 255, 256
of norms, 216
duality, 217, 218
power type, 218, 255, 256
monotone multifunction, see monotone operator
monotone net property, 77
monotone operator, 118, 276
differentable, 412
extension formulas, 407408
locally bounded, 279, 408-410
maximal, see maximal monotone operator
upper-semicontinuous, 276
monotone set, 278
monotonically related, 118
Moreau—Rockafellar dual theorem, 175, 463
Moreau—Rockafellar theorem, 46, 118, 175
Mosco convergence, 287
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and minimizing sequences, 288, 293, 294

and optimal value problems, 311

and the Kadec property, 299

bicontinuity theorem, 288

stability under addition, 300

versus Attouch—Wets convergence, 295

versus pointwise convergence, 292

versus slice convergence, 296

versus Wijsman convergence, 296, 299
multifunction, 111, 276

closed, 111

versus USC, 114

continuous, 111

cyclically monotone, 415

domain of, 276

fixed point, 111

isc, 111

locally bounded, 122

locally bounded at a point, 279

LSC, 111, 113-116

monotone, see monotone operator N-monotone

415

osc, 111

quasimonotone, 414

range of, 111, 112, 114, 281

USC, 111, 276

nearest point, 53
in infinite dimensions, 464
in polyhedron, 182
selection, 114, 413
to p-sphere, 54
to an ellipse, 54
nearest point mapping, 54, 188
discontinuous, 54
empty, 191
nowhere differentiable, 204
necessary optimality condition
Pshenichnii—Rockafellar, 147
negligible set, 197
NI Banach space, 450
(NI) operator, see maximal monotone operator,
type (NI)
nonatomic, 72
nonexpansive
mapping, 282
extension, 282
nonnegative cone, 468
nonreflexive Banach space, 184, 269
DC function characterization, 146
Haar null sets, 200, 206
lack of nearest points, 191
Legendre functions, 348
norm, 22
dual, see dual norm
entrywise, 107
induced, 106
subgradients of, 145
submultiplicative, 106
norm topology, 461
normal integrands, 305, 306
normal cone, 26, 67, 144, 147, 178
and polarity, 67
and subgradients, 182
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normal cone (Cont.)
and tangent cone, 68
to intersection, 182
normal mapping, 436
normed linear space, 22, 467
nowhere dense, 195
null set, 195
Aronszajn, see Aronszajn null
Haar, see Haar null

objective function, 48

linear, 107
open map, 30
open mapping theorem, 30, 142
optimal value, 97

dual, 177

in LP and SDP, 107

primal, 177
optimization

linear, 107

matrix, 107

subdifferential in, 130
order

preservation

of determinant, 103

order-complete, 147
ordering, lattice, 333
orthogonal

invariance, 103

similarity transformation, 103
osc multifunction, see multifunction, osc

p-norm, 49, 143
paired Banach spaces, 313
paracompact, 281
Pareto efficient point, 336
partial order, directed, 335
partition of unity, 111-115
permutation, matrix, 104
Pinsker inequalities, 13
Pisier’s theorem, 218
Pitt’s theorem, 325
polar cone, see cone, polar
polar of a set, 33, 209
polyhedral
algebra, 97-98
calculus, 98
cone, 95, 99, 108
convex analysis, 94
Fenchel duality, 97
function, 94-99
problem, 107
polyhedron, 73, 94-99, 147
compact, 95
nearest point in, 182
polyhedral set, 94
tangent cone to, 98
polytope, 94-96
porous set, 197
o-,197
positive definite, strongly, 231
positive operator, 312
positively homogeneous function, 22

Index

prepolar, 209
primal
linear program, 107
semidefinite program, 109
principle of uniform boundedness, 16
proper function, 2, 21, 95
property
Krein—Milman, 324
Radon—Nikodym, see Radon—Nikodym
property
proximal set, 188
in reflexive spaces, 188
Pshenichnii—Rockafellar conditions, 73, 147

quadratic form, conjugate, 106
quadratic programming, Boolean, 110
quasi-complement, 466
quasi-Newton method, 353
quasiconvex, 414, 430
with respect to a cone, 335
quasimonotone multifunction, see multifunction,
quasimonotone

Rademacher’s theorem, 78
in infinite-dimensions, 199
radius function, 167
Radon measure, 195
Radon-Nikodym property, 321, 324, 325
and Krein-Milman property, 324
sets with, 321, 321
duality with differentiability, 321
minimization principles, 324
strongly exposed points, 322, 324
sets without, 327
spaces with, 321
characterization, 325
dual to Asplund, 324
minimization principles, 323
no anti-proximinal pairs, 327
and Rademacher’s theorem, 199
smooth bump functions, 328
smooth variational principles, 328
weak*-Asplund dual, 323
spaces without, 327
range, closed, 461
range of multifunction, 114
ray, 462
rearrangement, 313
invariant, 313
recession function, 50
reflexive Banach space, 143, 288
and nearest points, 189
Cebysev sets, 188, 190, 193
coercivity and minimization, 183
dual norms, 192, 221, 224, 225
essential strict convexity and smoothness
duality, 344
essentially strictly convex functions, 345, 347
Fréchet differentiable conjugate, 224, 228, 250,
251
Haar null sets, 206
Legendre functions, 344, 345, 358, 362, 368
local uniform convexity/ Fréthet
differentiability duality, 251
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nonreflexive, see nonreflexive Banach space
norm-attaining functionals, 143
proximal sets, 188
strict convexity/Gateaux differentiability
duality, 240, 250, 341
stronly exposed point/Fréchet differentiability
duality, 240
uniformly convex norm, 217
uniformly smooth norm, 217
weak compactness, 143
regularity, condition, 97
relative interior, 66, 69
and Fenchel duality, 99
and separation, 67
and subdifferentials, 67
in infinite dimensions, 462
nonempty, 4, 66, 462
relaxation, semidefinite, 110
renorm, in Ekeland principle, 170
renorms
of Banach lattices, 334
of Banach spaces, 213-215, 218-222, 224, 225,
227,229, 246, 254, 258, 260, 264, 274
residual, 195
locally, 206
resolvent, 412
Riccati equation, 367
Rockafellar function, 429
Rockafellar’s theorem, 118, 278
Rogers—Holder inequality, 352

Sandwich theorem, 7, 133
Hahn-Katétov—Dowker, 116
scattered, 220
Schatten p space, 313
Schur property, 4, 384, 384
dual spaces with, 386
second category, 195
second-order derivative
and convex functions, 39, 202
and Taylor expansions, 84, 203
equivalent properties, 84
Fréchet, 38, 38, 201
and Taylor expansions, 84
generalized, 84, 84, 85, 86, 88, 90
generalized and Taylor expansions, 203
generalized weak™®, 202, 203
nowhere, 204
symmetry of, 206
versus Gateaux, 89
weak™, 201
Gateaux, 38, 44, 90, 201
and Taylor expansions, 84
generalized, 84, 84, 86, 88, 203
generalized weak™®, 202
generalized weak™ and Taylor expansions,
203
nowhere, 204
symmetry of, 206
versus Fréchet, 89
weak*, 201
generalized
almost everywhere, 86
symmetry of, 38, 84, 206
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versus Taylor expansion, 89
selection, 111, 277, 281
continuous, 277
continuous and differentiability, 277
self-adjoint operator, 312
self-dual cone, 67, 101, 109
semidefinite
cone, 67, 100, 103, 107
program (SDP), 107
semidifferentiable, 300
subdifferential, 300
twice, 300
separable, 182
and semicontinuity, 469
Banach space, 468
separately convex, 60, 61
separating family, 140
separation
and bipolars, 68
failure without interior, 139, 462
in infinite dimensions, 462
separation theorem, 64, 67, 132, 133
sequence of sets
Kuratowski—Painlevé limit, 285
lower limit, 285, 292
upper limit, 285, 292
set-valued mapping, see multifunction
simple function, 302
simultaneous ordered spectral decomposition,
100, 102
single-valued
generic, and maximal monotonicity, 413
singular value, 106
skew operator, 88, 416
Fitzpatrick—Phelps, 449
Slater’s condition, 50, 108
slice convergence, 290
and minimizing sequences, 293
and renorming, 290
and the Kadec property, 298
versus Attouch—Wets convergence, 295
versus Mosco convergence, 296
versus Wijsman convergence, 298
smooth approximation, 230
on superreflexive spaces, 231
smooth variational principle, 165
higher-order, 328
Smulian’s theorem
for B-differentiability, 159
for conjugate functions, 160
for Fréchet differentiability, 153
for Gateaux differentiability, 154
for norms, 210, 211
for uniform Fréchet differentiability, 155
for uniform Gateaux differentiability, 156
Sobolev space, 332, 437
space
Asplund, see Asplund space
Baire, see Baire space
barreled, see barreled space
Euclidean, see Euclidean space
Hilbert, see Hilbert space
reflexive, see reflexive Banach space
superreflexive, see superreflexive Banach space
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space (Cont.)

uniformly convex, see uniformly convex, space
uniformly smooth, see uniformly smooth, space

weak*-Asplund, see weak*-Asplund space
weakly compactly generated, see weakly
compactly generated space
spectral
conjugacy, 101, 103
differentiability, 102
function, 100
convex, 101, 103
sequence, 313
sequence space, 313
subgradients, 102, 104
spectral operators, Fréchet differentiability, 316
spectral radius, 106, 231
square-root iteration, 103, 316
staunch, 208
staunch set, 197
Stegall’s variational principle, 324
Steiner problem, 59
Straszewicz’s theorem, 92
strict maximum, 232
strict minimum, 232
strictly convex
dual norm, 213
and Gateaux smooth approximations, 230
and smoothness, 213
on dual to WCG, 220
function, 18, 126, 238, 362
and exposed points, 239, 240
and extreme points, 239, 240
at a point, 239
duality with Gateaux differentiability, 240,
250, 341
recognizing, 39, 202
stable under sums, 241
versus essential strict convexity, 341, 342,
344,374
log barriers, 100
norm, 188, 212, 213, 221
and extreme points, 212
characterizations, 212
duality, 192
extensions of, 229
preserved by sums, 225
spaces without, 220
strong maximum, 232, 233
strong minimum, 163, 232, 233
strongly exposed point, 211
duality with differentiability, 211
of function, 233
and coercivity, 236
characterization, 233
duality with Fréchet differentiability, 234,
240
versus exposed, 234
versus exposed point, 92
strongly rotund function, 306
and optimal value problems, 311
convex integral functional, 309
subadditive function, 22
subderivative, 165
subdifferentiable, 165

Index

subdifferential, 3, 26, 130, 165
at boundary points, 43, 339, 340
at optimality, 6, 26, 130
boundedness properties, 32, 137
compact and convex, 29
continuity properties, 43
convergence properties, 43
cusco property, 123
domain not convex, 141
empty at a point, 131
empty on dense set, 141
failure of sum rule, 146
limits of gradients, 78
local boundedness, 32, 122, 138, 340
maximal monotonicity of, 118, 121, 278,
413
monotonicity of, 42, 160, 414
near boundary points, 70
nonempty, 67, 131
on dense set, 162
not onto, 184
of conjugate functions, 160
of indicator function, 130
of max function, 145
of norm, 145
of polyhedral function, 99
of support function, 148
singleton versus differentiability, 34, 151, 158,
462
sum rule, 7, 48, 135
upper-semicontinuity, 276
weak™-closed and convex, 145
subgradient, 3, 26, 130
and normal cone, 182
existence of, 97
of maximum eigenvalue, 145
of norm, 145
of polyhedral function, 95
unique, 462, 468
subjets, 472
sublevel set, see lower level set
sublinear function, 22, 103
almost, 31
characterization, 22
subspace
closed, 461
complemented, 464
countable-codimensional, 467
dense, 469
substitution norm, 334
sum, of subspaces, 469
sum rule for subdifferentials, see subdifferential,
sum rule
sun, 194
supercoercive function, 118, 174, 339
conjugate of, 175
on reflexive space, 183
versus cofinite, 118, 185, 361, 384
superreflexive Banach space, 143, 225, 274
and smooth approximation, 231
characterization, 218, 264
renorming, 218, 221
smooth variational principles, 328
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support function, 6, 22, 127, 179, 317, 318,
326
subdifferential of, 148
support point, 133, 468
dense in boundary, 169
proper, 468
supporting hyperplane, 65, 133
supporting hyperplane theorem, 65
supporting linear functional, see linear functional,
supporting
surjective, linear map, 108
symmetric
function, 100
set, 18, 104
symmetric operator, 416

tail operator, 456
tangency properties, 462
tangent cone, 68
to polyhedron, 98
74-topology, 150, 187
-sequentially Isc, 187
properties of convex functions, 379
Taylor expansion
second-order
almost everywhere, 86
and differentiability, 203
equivalent properties, 84
implies first-order differentiability, 203
nongeneric, 91
strong, 83, 88, 202, 203
strong versus weak, 84, 202
versus differentiability of nonconvex, 89
versus mixed partials, 89
weak, 83, 88, 202, 203, 204
third-order
versus differentiability of convex, 89
theorem
prime ideal, 337
Alaoglu, 130
Alexandrov, 86
approximate mean value, 166
Asplund averaging, 221, 227
Aumann convexity, 14, 15, 72
Banach’s fixed point, 167
Banach-Dieudonné, 186
Banach—Steinhaus, 16
basic separation, 29, 132
bicontinuity of Attouch—Wets convergence, 290
bicontinuity of Mosco convergence, 288
bipolar, 209
Birkhoff, 8
Bishop—Phelps, 163, 169
Blaschke—Santalo, 32
Bohr—Mollerup, 9, 32
Brodkskii-Mil’man, 167
Brendsted—Rockafellar, 121, 162
Carathéodory, 5, 71
compact separation, 136
Davis, 101
Davis—Lewis convexity, 11
Dunford—Pettis, 302
Ekeland’s variational principle, 161, 168
in Euclidean space, 117
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Fan’s minimax, 55
Farkas’ lemma, 70
Fenchel biconjugation, 65
Fenchel duality, 6, 46, 177
first-order condition, 6
Gauss—Lucas, 9
Goldstine, 140
Gordan’s, 70
Hahn-Banach extension, 28, 130
Hahn-Katétov—Dowker sandwich, 116
harmonic-arithmetic log-concavity, 33
Helly, 5
Hessian and convexity, 39, 202
James, 143
James—Enflo, 218
Josefson—Nissenzweig, 382
Kadec, 214
Kakutani-Fan fixed point theorem, 111, 281
Kenderov, 413
key, 94
Kirchberger’s, 72
Krein—Milman, 140, 336
Krein—Rutman, 67
Krein—Smulian, 186
Lau—Konjagin, 189
Lebesgue—Radon—Nikodym, 304
Levy-Steinitz, 9
Lidskii, 313
Lyapunov convexity, 15
max formula, 6, 28, 131
Mazur, 198
Michael selection, 113, 281
Mignot’s, 412
Milman converse, 92
Milman—Pettis, 217
Minkowski, 8, 92
Minty condition, 119
monotone gradients and convexity, 37, 160
Moreau—Rockafellar, 46, 118, 175
Moreau—Rockafellar dual, 175, 463
open mapping, 30, 142
Pisier’s, 218
Pitt, 325
Rademacher, 78, 199
Radon, 5
Riesz—Thorin convexity, 9
Rockafellar’s, 118, 278
sandwich, 7, 64, 133
separation, 64, 67, 132, 133
Shapley—Folkman, 5, 72
Sion minimax, 12
smooth variational principle, 165
Smulian’s, 153-156, 159, 160, 210, 211
Stegall’s variational principle, 324
Straszewicz, 92
subdifferential sum rule, 7, 48, 135
supporting hyperplane, 65
theorems of the alternative, 70
Toeplitz—Hausdorft, 15
von Neumann’s minimax, 12, 74, 186
weak*-separation, 136

three-slope inequality, 19

Tikhonov well-posed, 235
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topology
bounded weak*, 447
weak, see weak topology
weak*, see weak*-topology
total, 140
totally convex function, 374
modulus of, 374
trace, of an operator, 312
trace class operators, 312
trace norm, 107
transversality conditions, 406
triangle inequality, 22
twice Fréchet differentiable, see second-order
derivative
twice Gateaux differentiable, see second-order
derivative
type (ANA), (BR), (D), (ED), (FP), (NI), (VEP),
(WD), see maximal montone operator, type
(ANA), type (BR), etc.

uniform convergence, 31, 115
and conjugation, 297
and infimal convolution, 184
on bounded sets
and conjugation, 52, 176, 285, 298
and infimal convolution, 52, 176
convergence of subdifferentials, 43
versus Attouch-Wets convergence, 297
Yoshida approximation, 52, 176
uniformly convex
function, 241, 256, 258
and renorming, 264
at a point, 272, 374
duality, 245
growth, 244
growth and renorming, 260
minimization, 246
on bounded sets, 264
onto subdifferential, 246
stable under sums, 241
function on bounded sets, 241, 241
and uniformly convex norms, 246
duality, 242, 243
modulus, see modulus of convexity
norm, 215, 216, 221, 226, 246, 254,
256, 264
and reflexivity, 217
and superreflexivity, 218, 225
duality, 216, 217
extensions of, 229
preserved by sums, 225
space, 168, 215
weak*, see weak*-uniformly convex
weakly, see weakly uniformly convex
uniformly Fréchet differentiable
coincidence with uniform smoothness, 155
function, 155
norm, 216
smooth, see uniformly smooth
uniformly Gateaux differentiable
bump function, 274
function, 156
characterization, 156
duality, 250

Index

norm, 228, 274
characterization, 228
duality, 229
uniformly integrable set, 301
uniformly smooth
function, 155, 227, 252, 255
and uniformly smooth norms, 247
coincidence with uniform Fréchet
differentiability, 155
duality, 245
on bounded sets, 264
versus uniformly smooth on bounded sets,
249
function on bounded sets, 156
duality, 243
modulus, see modulus of smoothness
norm, 216, 227
and reflexivity, 217
and superreflexivity, 218, 225
coincidence with uniform Fréchet
differentiability, 216
duality, 216, 217
space, 216
uniqueness property, 454
unit ball, 22
unit sphere, 22
unitary
equivalent, 313
invariant, 313
upper-semicontinuous function, 127
Urysohn lemma, 116
USC multifunction, see multifunction, USC
usco, 111, 279
minimal, 279, 283
utility
direct, 56
maximization, 56

value function, polyhedral, 97

variational principle, see Borwein’s,
Borwein—Preiss, Ekeland’s, smooth, Stegall’s

(VFP) operator, see maximal monotone operator,
type (VFP)

von Neumann’s minimax theorem, 12, 74,
186

(WD) operator, see maximal monotone operator,
type (WD)

weak Asplund space, 198
weak Hadamard bornology, 149
weak Hadamard differentiability, 150

versus Fréchet differentiability, 379, 381, 384,

385

versus Gateaux differentiability, 383, 385
weak topology, 129, 461

convergence, 130
weak*-Asplund space, 321

characterization, 325
weak*-lower-semicontinuous, 130, 138

norm, 210
weak*-separation theorem, 136
weak™*-topology, 129, 461

convergence, 130
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weak*-uniformly convex Weyl, 472
function, 250 Wijsman convergence, 290
duality, 250 and minimizing sequences, 293
norm, 229 failure to preserve minima, 294
duality, 229 and renorming, 290, 298

and the Kadec property, 291, 298, 299

not preserved under conjugation, 296

versus Kuratowski—Painlevé
convergence, 295

versus Mosco convergence, 296, 299

versus slice convergence, 291, 298

weakly compactly generated space, 219
Asplund and renorming, 220
renorms of, 220
weakly lower-semicontinuous, 130, 138
weakly uniformly convex
function, 250
duality, 250
norm, 229 zone consistency, 364
duality, 229 Legendre functions, 362, 368
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