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Editorial Introduction

This book is a collection of original papers and state-of-the-art contributions writ-
ten by leading experts in the areas of differential equations, chaos and variational
problems in honour of Arrigo Cellina and James A. Yorke, whose remarkable sci-
entific carrier was a source of inspiration to many mathematicians, on the occasion
of their 65th birthday.

Arrigo Cellina and James A. Yorke were born on the same day: August 3,
1941. Both received their Ph.D. degrees from the University of Maryland, where
they met first in the late 1960s, at the Institute for Fluid Dynamics and Applied
Mathematics. They had offices next to each other and though they were of the
same age, Yorke was already Assistant Professor, while Cellina was a Graduate
Student. Each one of them had a small daughter, and this contributed to their
friendship.

Arrigo Cellina James A. Yorke

Yorke arrived at the office every day with a provision of cans of Coca Cola,
his daily ration, that he put in the air conditioning fan, to keep cool. Cellina says
that he was very impressed by Yorke’s way of doing mathematics; Yorke could
prove very interesting new results using almost elementary mathematical tools,
little more than second year Calculus.

From those years, he remembers for example the article Noncontinuable so-
lutions of differential-delay equations where Yorke shows, in an elementary way
but with a clever use of the extension theorem, that the basic theorem of continu-
ation of solutions to ordinary differential equations cannot be valid for functional
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equations (at that time very fashionable). In the article A continuous differen-
tial equation in Hilbert space without existence, Yorke gave the first example of
the nonexistence of solutions to Cauchy problems for an ordinary differential in a
Hilbert space. Furthermore, in a joint paper with one of his students, Saperstone,
he proved a controllability theorem without using the hypothesis that the origin
belongs to the interior of the set of controls. This is just a sample of important
problems to which Yorke made nontrivial contributions.

Yorke went around always carrying in his pocket a notebook where he anno-
tated the mathematical problems that seemed important for future investigation.
In those years Yorke’s collaboration with Andrezj Lasota began, which produced
outstanding results in the theory of “chaos”. Yorke became famous even in non-
mathematical circles for his mathematical model for the spread of gonorrhoea.
While traditional models were not in accord with experimental data, he proposed
a simple model based on the existence of two groups of people and proved that this
model fits well the experimental data. Later, in a 1975 paper entitled Period three
implies chaos with T.Y. Lee, Yorke introduced a rigorous mathematical definition
of the term “chaos” for the study of dynamical systems. From then on, he played a
leading role in the further research on chaos, including its control and applications.

Yorke’s goals to explore interdisciplinary mathematics were fully realized af-
ter he earned his Ph.D. and joined the faculty of the Institute for Physical Science
and Technology (IPST), an institute established in 1950 to foster excellence in
interdisciplinary research and education at the University of Maryland. He said:
All along the goal of myself and my fellow researchers here at Maryland has been
to find the concepts that the applied scientist needs. His chaos research group in-
troduced many basic concepts with exotic names like crises, the control of chaos,
fractal basin boundary, strange non-chaotic attractors, and the Kaplan—Yorke di-
mension. One remarkable application of Yorke’s theory of chaos has been the
weather prediction.

In 2003 Yorke shared with Benoit Mandelbrot of Yale University the prize for
Science and Technology of Complexity of the Science and Technology Foundation
of Japan for the Creation of Universal Concepts in Complexr Systems-Chaos and
Fractals. With this prize, Jim Yorke was recognized for his outstanding achieve-
ments in nonlinear dynamics that have greatly advanced the frontiers of science
and technology.

Yorke’s research has been highly influential, with some of his papers receiving
hundreds of citations. He is the author of three books on chaos, of a monograph
on gonorrhoea epidemiology, and of more than 300 papers in the areas of ordinary
differential equations, dynamical systems, delay differential equations, applied and
random dynamical systems.

He believes that a Ph.D. in mathematics is a licence to investigate the uni-
verse, and he has supervised over 40 Ph.D. dissertations in the departments of
mathematics, physics and computer science.
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Currently, Jim Yorke is a Distinguished University Professor of Mathemat-
ics and Physics, and Chair of the Mathematics Department of the University of
Maryland.

Arrigo Cellina received a Ph.D. degree in mathematics in 1968 and went back
to Italy, where he was Assistant Professor and then Full Professor at the Univer-
sities of Perugia, Florence, and Padua, at the International School for Advanced
Studies (SISSA) in Trieste, and at the University of Milan. He was a member of
the scientific committee and then Director (1999-2001) of the International Math-
ematical Summer Centre (CIME) in Florence, Italy, and also a member of the
scientific council of CIM (International Centre for Mathematics) seated in Coim-
bra, Portugal. Presently he is Professor at the University of Milan “Bicocca” and
coordinator of the Doctoral Program of this university.

In Italy, the International School for Advanced Studies (SISSA) was estab-
lished in 1978, in Trieste, as a dedicated and autonomous scientific institute to
develop top-level research in mathematics, physics, astrophysics, biology and neu-
roscience, and to provide qualified graduate training to Italian and foreign laure-
ates, to train them for research and academic teaching.

SISSA was the first Italian school to set up post-laurea courses aimed at a
Ph.D. degree (Doctor Philosophiae). Cellina was one of the professors, founders
and, for several years, the Coordinator of the Sector of Functional Analysis and
Applications at SISSA, from 1978 until 1996.

I was lucky to have been initiated to mathematical research on Aubin—
Cellina’s book Differential inclusions in a research seminar at the University of
Bucharest. Three years later I began my Ph.D. studies on differential inclusions at
SISSA, under the supervision of Arrigo Cellina. I arrived at SISSA coming from
Florence where I spent a very rewarding and training period of one year as a Re-
search Fellow of GNAFA under the supervision of Roberto Conti, and I remember
that Arrigo welcomed me with a kindness equal to his erudition.

Always available to discuss and to help his students to overcome difficulties,
not only of mathematical orders, Arrigo taught me a lot more than differential
inclusions. I remember with great pleasure his beautiful lessons, the long hours of
reflection in front of the blackboard in his office, as well as the walks along the sea
or in the park of Miramare.

I remember SISSA of those days as a very exciting environment. A community
of researchers worked there, while several others were visiting SISSA and gave
short courses or seminars concerning their new results. The Sector of Functional
Analysis and Applications was located in a beautiful place, close to the Castle of
Miramare, and near the International Centre for Theoretical Physics (ICTP), with
an excellent library where we could spend much of our time. Without a doubt,
this has been a very fruitful and rewarding period of my life, both as a scientific
and as a life experience. Cellina’s contribution has been significant.

Cellina’s scientific work has always been highly original, introducing entirely
new techniques to attack the difficult problems he considered. He introduced the
notion of graph approximate selection for upper semicontinuous multifunctions,
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thus establishing a basic connection between ordinary differential inclusions and
differential inclusions. He also introduced the fized-point approach to prove the ex-
istence of differential inclusions based on continuous selections from multifunctions
with decomposable values.

The Baire category method, for the analysis of differential inclusions without
convexity assumptions, has been developed starting from Cellina’s seminal paper
On the differential inclusion 2’ € [—1,1], published in 1980 by the Rendiconti
dell’Academia dei Lincei. Eventually this method recently found applications to
problems of the Calculus of Variations, without convexity or quasi-convexity as-
sumptions, as well as to implicit differential equations. This year, it found even
more striking new applications to the construction of deep counterexamples in the
theory of multidimensional fluid flow.

More recently, Cellina’s research activity was devoted to the area of the Cal-
culus of Variations, where he obtained important results on the validity of the
Euler-Lagrange equation, on the regularity of minimizers, on necessary and suffi-
cient conditions for the existence of minima, and on uniqueness and comparison
of minima without strict convexity.

The book Differential Inclusions, co-authored by Cellina with J. P. Aubin and
published by Springer, as well as several of his eighty papers published in first-
class journals, are now classic references to their subject. Cellina also edited several
volumes with lectures and seminars of CIME sessions, published by Springer in
the subseries Fondazione C.I.M.E. of the Lecture Notes in Mathematics series.

Cellina mentored ten Ph.D. students: seven of them while at SISSA and
three others at the university of Milan. Among his former students, many are now
Professors in prestigious universities in Italy, Portugal, Chile or other countries.
Several more mathematicians continue to be inspired by his ground-breaking ideas.

Cellina and Yorke during the conference in Aveiro
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In June 2006, I had the privilege to organize in Aveiro (Portugal) with my
colleagues from the Functional Analysis and Applications research group, the con-
ference Views on ODFEs, in celebration of the 65th birthday of Arrigo Cellina and
James A. Yorke. Several friends, former students and collaborators, presently lead-
ing experts in differential equations, chaos and variational problems, gathered in
Aveiro on this occasion to discuss their new results. The present volume collects
thirty-two original papers and state-of-the-art contributions of participants to this
conference and brings the reader to the frontier of research in these modern fields
of research.

I wish to thank Professor Haim Brezis for accepting to publish this book
as a volume of the series Progress in Nonlinear Differential Equations and Their
Applications. I also thank Thomas Hempfling for the professional and pleasant col-
laboration during the preparation of this volume. Finally, I gratefully acknowledge
partial financial support from the Portuguese Foundation for Science and Technol-
ogy (FCT) under the Project POCI/MAT/55524/2004 and from the Mathematics
and Applications research unit of the University of Aveiro.

Aveiro, October 2007 Vasile Staicu
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Nodal and Multiple Constant Sign Solution for
Equations with the p-Laplacian

Ravi P. Agarwal, Michael E. Filippakis,
Donal O’Regan, and Nikolaos S. Papageorgiou

Dedicated to Arrigo Cellina and James Yorke

Abstract. We consider nonlinear elliptic equations driven by the p-Laplacian
with a nonsmooth potential (hemivariational inequalities). We obtain the ex-
istence of multiple nontrivial solutions and we determine their sign (one posi-
tive, one negative and the third nodal). Our approach uses nonsmooth critical
point theory coupled with the method of upper-lower solutions.

Mathematics Subject Classification (2000). 35J60, 35J70.

Keywords. Scalar p-Laplacian, eigenvalues, (S)i-operator, local minimizer,
positive solution, nodal solution.

1. Introduction

Let Z C RY be a bounded domain with a C?-boundary 9Z. We consider the
following nonlinear elliptic problem with nonsmooth potential (hemivariational
inequality):

(1.1)

{ —div(||Dz(2)||P~2Dz(2)) € 9j(z,%(z)) a.e. on Z, }
xloz =0, 1<p<oo.

Here j(z,x) is a measurable function on Z x R and « — j(z, x) is locally Lip-
schitz and in general nonsmooth. By 9j(z, -) we denote the generalized subdifferen-
tial of j(z, -) in the sense of Clarke [3]. The aim of this lecture is to produce multiple
nontrivial solutions for problem (1.1) and also determine their sign (positive, neg-
ative or nodal (sign-changing) solutions). Recently this problem was studied for
equations driven by the p-Laplacian with a C'-potential function (single-valued

Researcher M. E. Filippakis supported by a grant of the National Scholarship Foundation of
Greece (LK.Y.).
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right hand side), by Ambrosetti-Garcia Azorero-Peral Alonso [1], Carl-Perera [2],
Garcia Azorero-Peral Alonso [7], Garcia Azorero-Manfredi-Peral Alonso [8], Zhang-
Chen-Li [15] and Zhang-Li [16]. In [1], [7], [8], the authors consider certain nonlin-
ear eigenvalue problems and obtain the existence of two strictly positive solutions
for all small values of the parameter A € R (i.e., for all A € (0, A*)). In [2], [15], [16]
the emphasis is on the existence of nodal (sign changing) solutions. Carl-Perera [2]
extend to the p-Laplacian the method of Dancer-Du [6], by assuming the existence
of an ordered pair of upper-lower solutions. In contrast, Zhang-Chen-Li [15] and
Zhang-Li [16], base their approach on the invariance properties of certain carefully
constructed pseudogradient flow. Our approach here is closer to that of Dancer-
Du [6] and Carl-Perera [2], but in contrast to them, we do not assume the existence
of upper-lower solutions, but instead we construct them and we use a recent alter-
native variational characterization of the second eigenvalue Ag of (=2, W, *(Z))
due to Cuesta-de Figueiredo-Gossez [5], together with a nonsmooth version of the
second deformation theorem due to Corvellec [4].

2. Mathematical background

Let X be a Banach space and X* its topological dual. By (,-,-) we denote the
duality brackets for the pair (X, X*). Let ¢ : X — R be a locally Lipschitz. The
generalized directional derivative ¢%(z;h) of ¢ at x € X in the direction h € X, is
given by
(@’ + M) = ()

3 .

©%(z;h) = limsup
;L'/ — T
AL0
The function h — ¢%(x;h) is sublinear continuous and so it is the support
function of a nonempty, convex and w*-compact set dp(x) C X* defined by

dp(z) = {z* € X*: (x*,h) < @"(w;h) forall he X}.

The multifunction @ — dp(z) is known as the generalized subdifferential
or subdifferential in the sense of Clarke. If ¢ is continuous convex, then do(x)
coincides with the subdifferential in the sense of convex analysis. If ¢ € C*(X),
then dp(z) = {¢'(z)}. We say that © € X is a critical point of ¢, if 0 € dp(z).
The main reference for this subdifferential, is the book of Clarke [3].

Given a locally Lipschitz function ¢ : X — R, we say that ¢ satisfies the
nonsmooth Palais-Smale condition at level ¢ € R (the nonsmooth PS,.-condition
for short), if every sequence {z,},>1 € X such that ¢(x,) — ¢ and m(z,) =
inf{||z| : * € dp(x,)} — 0 as n — oo, has a strongly convergent subsequence. If
this is true at every level ¢ € R, then we say that ¢ satisfies the P.S-condition.

Definition 2.1. Let Y be a Hausdorff topological space and Eqo, E, D nonempty,
closed subsets of Y with Ey C E. We say that {Ey, E'} is linking with D in'Y', if
the following hold:

(a) EoND =0



Nodal solutions 3

(b) for any v € C(E,Y) such that y|g, = id|g,, we have y(E) N D # .

Using this geometric notion, we can have the following minimax characteri-
zation of critical values for nonsmooth, locally Lipschitz functions (see Gasinski-
Papageorgiou [9], p.139).

Theorem 2.2. If X is a Banach space, Ey, E,D are nonempty, closed subsets of
X, {Eo, E} are linking with D in X, ¢ : X — R is locally Lipschitz, sup < i%f ®,
Ey

I'={y € C(E,X) : vlg, = g}, ¢c = in{ﬂsupg&('y(v)) and ¢ satisfies the
7€l veE

nonsmooth PS.-condition, then ¢ > i%fgo and c is a critical value of .

Remark 2.3. By appropriate choices of the linking sets {Ey, E, D}, from The-
orem 2.2, we obtain nonsmooth versions of the mountain pass theorem, saddle
point theorem, and generalized mountain pass theorem. For details, see Gasinksi-
Papageorgiou [9].

Given a locally Lipschitz function ¢ : X — R, we set
¢ ={z € X :p(x)<c} (the strict sublevel set of ¢ at ¢ € R)
and K. = {z € X :0¢€ dp(z),p(x) =c} (the critical points of ¢ at the level c).

The next theorem is a nonsmooth version, of the so-called “second deforma-
tion theorem” (see Gasinski-Papageorgiou [10], p.628) and it is due to Corvellec [4].

Theorem 2.4. If X is a Banach space, ¢ : X — R is locally Lipschitz, it satisfies
the nonsmooth PS-condition, a € R, b € RU {400}, ¢ has no critical points
in o~ (a,b) and K, is discrete nonempty and contains only local minimizers of ,
then there exists a deformation h : [0,1] x ¢'* — ¢©® such that

(a) h(t,")|k, = Id|k, for allt € [0,1];

(b) h(t, ") C 9" UKy

(¢) p(h(t,z)) < p(x) for all (t,z) € [0,1] x ¢

Remark 2.5. In particular then gp‘b U K, is a weak deformation retract of <p'b.

Let us mention a few basic things about the spectrum of (—4A,, Wol’p(Z))7
which we will need in the sequel. So let m € L*(Z)4, m # 0 and consider the
following weighted eigenvalue problem:

{ —div([|Dz(2)||P~2Dx(z)) = Am(2)|z(2)[P~2z(z) a.e. on Z, }

zloz =0, 1 <p<oo. (2.1)

Problem (2.1) has at least eigenvalue A1 (m) > 0, which is simple, isolated and
admits the following variational characterization in terms of the Rayleigh quotient:

~ : [ D1}

A1(m) = min cxeWyP(Z), x# 0] (2.2)

[, m|zlpdz

The minimum is attained on the corresponding one dimensional eigen-
space F(\1). By u; we denote the normalized eigenfunction, i.e., fZ mlup|Pdz = 1
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(if m = 1, then ||u1]|, = 1). We have E(\;) = Ruj and u; € C4(Z) (nonlinear
regularity theory, see Lieberman [13] and Gasinski-Papageorgiou [10], p.738). We
set

Cy={2€C)(Z):z(2) >0 forall z€Z}

and intCy = {x €Cy:z(z)>0forall ze Zand g—x(z) < Oforall z € 82}.

n
The nonlinear strong maximum principle of Vazquez [14], implies that u, €
thCJ,_.
Since A1(m) is isolated, we can define the second eigenvalue of (—A,,
1,
Wy (Z), m) by

Xj(m) = inf [X :\ is an eigenvalue of (2.1), A # A (m)] > A1 (m).

Also by virtue of the Liusternik-Schnirelmann theory, we can find an increas-
ing sequence of eigenvalues {A;(m)}r>1 such that A\g(m) — oo. These are the
so-called LS-eigenvalues. We have

X (m) = Ao(m),

Le., the secog\d eigenvalue and the second LS-eigenvalue coincide. The eigen-
values A1 (m) and Ag(m) exhibit the following monotonicity properties with respect
to the weight function m € L>®(Z)4 :

— It my(2) < ma(z) a.e. on Z, and my # mag, then Aj(mg) < A1(m) (see (2.2)).
— If my(2) < ma(z) a.e. on Z, then Aa(ma) < Aa(mq).

If m = 1, then we write Xl(l) = A\ and 3\\2(1) = A2. Recently Cuesta-de
Figueiredo-Gossez [5], produced the following alternative variational characteriza-
tion of Ay :

Ag = 732{;0 Supxe'yg([—l,l])”DIHIZ; (23)

with T = {3 € C([=1,1],8) : 70(=1) = —u1,7%0(1) = wa}, § = Wy "(2)
0B %) and 0BE" D) = {x e LP(Z) : |||, = 1}.

Finally we recall the notions of upper and lower solution for problem (1.1).
Definition 2.6.

(a) A function T € WYP(Z) is an upper solution of (1.1), if T|sz > 0 and
/ | DZ||P~2 (DT, Dv)gndz > / uvdz
z z
for allv € WyP(Z), v > 0 and all u € L"(Z), u(t) € 8j(t,7(z)) a.e. on Z

for some 1 < n < p*.
(b) A function x € WYP(Z) is a lower solution of (1.1), if T|az < 0 and

/HD@H”‘Q(D@,DU)RNCZZS/uvdz
z z
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for allv € WyP(Z), v >0 and all u € L"(Z), u(z) € dj(z,2(2)) a.e. on Z
for some 1 < n < p*.

3. Multiple constant sign solutions

In this section, we produce multiple solutions of constant sign. Our approach is
based on variational techniques, coupled with the method of upper lower solutions.
We need the following hypotheses on the nonsmooth potential j(z, x).
H(j)1: j: ZxR — Ris a function such that j(¢,0) = 0 and 9j(z,0) = {0} a.e. on
Z, and
(i) for all x € R, z — j(z, ) is measurable;
(ii) for almost all z € Z, x — j(z, ) is locally Lipschitz;
(iii) for a.a. z € Z, all z € R and all u € 9j(z,x), we have

lu| < a(z) + c|z|P~! with a € L®(Z),, ¢>0;
(iv) there exists 0 € L (Z)4, 0(z) < A1 a.e. on Z, 6 # A such that

<0(z)

T o2

uniformly for a.a. z € Z and all u € 9j(z,

(v) there exists 9,7 € L®(Z)4+, A1 < n(z) <
that

z);
7(z) a.e. on Z, Ay # n such

7(z) < liminf v < lim sup <7(z)

20 |x|P—2x e |z[P722

uniformly for a.a. z € Z and all v € 9j(z, z);
(vi) for a.a. z € Z, all z € R and all v € 9j(z,x), we have ux > 0 (sign
condition).

Let ¢ > 0 and 7. € L>®(Z)4, 7. # 0 and consider the following auxiliary
problem:

—div(||Dz(2)|P~2Dx(2)) = (6(z) + &) |z(2)[P~?2(2) + 7=(2) a.e. on Z,
{ i b e

In what follows by (-,-) we denote the duality brackets for the pair (W, 7 (Z),
w=1r'(2)) (Il) + i =1). Let A: Wy (Z) — W1 (Z) be the nonlinear operator
defined by

(A(z),y) = /Z | Dz||P~2(Dz, Dy)gndz for all x,y € Wy *(Z).

We can check that A is monotone, continuous, hence maximal monotone. In
particular then we can deduce that A is pseudomonotone and of type (S).
Also let N. : LP(Z) — L*' (Z) be the bounded, continuous map defined by

Ne(2)(-) = (00) + &) [z ()P ().
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Evidently due to the compact embedding of W, (Z) into LP(Z), we have that
N€|Wo1,p(z) is completely continuous. Hence x — A(x) — N.(z) is pseudomonotone.

Moreover, from the hypothesis on 6 (see H(j)1(iv)), we can show that there exists
&o > 0 such that

| D7 — /20|w|pdz > gDzl for all = € WEP(Z). (3.2)

Therefore for £ > 0 small the pseudomonotone operator z — A(z) — N.(x)
is coercive. But a pseudomonotone coercive operator is surjective (see Gasinski-
Papageorgiou [10], p.336). Combining this fact with the nonlinear strong maximum
principle, we are led to the following existence result concerning problem (3.1).

Proposition 3.1. If0 € L*>(Z)4 is as in hypothesis H(j)1(iv), then for e > 0 small
problem (3.1) has a solution T € intCy.

Because of hypothesis H(j)1(iv), we deduce easily the following fact:

Proposition 3.2. If hypotheses H(j)1 — (iv) hold and € > 0 is small, then the
solution T € intCy obtained in Proposition 3.1 is a strict upper solution for (1.1)
(strict means that T is an upper solution which is not a solution).

Clearly z = 0 is a lower solution for (1.1).
Let C = [0,7] = {x € Wy*(Z) : 0 < 2(z) <T(2) a.e. on Z}. We introduce
the truncation function 7 : R — R defined by

= {0 <0
Y e ifa>0

We set ji(z,x) = j(z,7+(2)). This is still a locally Lipschitz integrand. We
introduce ¢y : Wy (Z) — R defined by
1
o4 (x) = =||Dx||) — / ji(z,2(2))dz forallz € WyP(Z).
p z
The function ¢ is Lipschitz continuous on bounded sets, hence locally Lip-
schitz. Using hypothesis H(j);(iv) and (3.2), we can show that ¢, is coercive.
Moreover, due to the compact embedding of W, *(Z) into LP(Z), 4 is weakly
lower semicontinuous. Therefore by virtue of Weierstrass theorem, we can find
o € C such that

p+(z0) = inf oo . (3.3)

Hypothesis H(j)1(v) implies that for ¢ > 0 small we have ¢ (uui) < 0 =
©+(0). Since puy € C, it follows that xzg # 0. Moreover, from (3.3) we have

0 < (A(zo),y — x0) — /Zuo(z)(y —x0)(2)dz forall yeC, (3.4)
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with ug € L' (Z), uo(2) € 9j1 (2, 20(2)) = 0j(2,20(2)) a.e. on Z. For h € Wy"(Z)
and ¢ > 0, we define

0 if z € {xog+eh <0}
y(z) =< xo(z) +eh(z) if z€{0<zg+eh<7T}.
T(2) if ze{z<zo+eh}

Evidently y € C and so we can use it as a test function in (3.4). Then we
obtain

0 < (A(zo) — uo, h). (3.5)
Because h € W, *(Z) was arbitrary, from (3.5) we conclude that
A(zo) =ug = xg € WyP(Z) is a solution of (1.1). (3.6)

Nonlinear regularity theory implies that zo € C}(Z), while the nonlinear
strong maximum principle of Vazquez [14], tell us that z¢ € intC,..
Using the comparison principles of Guedda-Veron [11], we can show that

T —xp € intCy .
Therefore zo is a local C(Z)-minimizer of ¢, hence zy is a local
WO1 P(Z)-minimizer of ¢ (see Gasinski-Papageorgiou [9], pp.655-656 and Kyritsi-

Papageorgiou [12]). Therefore we can state the following result:

Proposition 3.3. If hypotheses H(j)1 hold, then there exists xg € C which is a local
minimizer of o1 and of .

If instead of (3.1), we consider the following auxiliary problem

{ —div(||[Dv(2)[[P72Dv(z)) = (6(z) + €)|v(2) [P~ 2v(2) — 7 (2) a.e. on Z,
U|g}Z =0.
(3.7)
then we obtain as before a solution v € —intC;. of (3.7). We can check that
this v € —intC} is a strict lower solution for problem (1.1). Now we consider the
set
D={zecve WyP(Z) :v(z) <v(z) <0 ae. on Z}.

We introduce the truncation function 7_ : R — R_. defined by

oz if <0
~@=10 ifr>0

Then j_(z,2) = j(z,7(z)) and p_(z) = %||Dx||g — [, - (z,2(2))dz for all
T € VVO1 "P(Z). We consider the minimization problem ir[l)f ¢_. Reasoning as with ¢

on C, we obtain:

Proposition 3.4. If hypotheses H(j)1 hold, then there exists vy € D which is a local
minimizer of ¢ and of .

Propositions 3.3 and 3.4, lead to the following multiplicity theorem for solu-
tions of constant sign for problem (1.1).
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Theorem 3.5. If hypotheses H(j)1 hold, then problem (1.1) has at least two con-
stant sign smooth solutions xo € intCy and vg € —intCy.

Remark 3.6. Since zq, vy are both local minimizers of ¢, from the mountain pass
theorem, we obtain a third critical point yg of ¢, distinct from xzq, vyg. However, at
this point we can not guarantee that yo # 0, let alone that it is nodal. This will
be done in the next section under additional hypotheses.

4. Nodal solutions

In this section we produce a third nontrivial solution for problem (1.1) which is
nodal (i.e., sign-changing). Our approach was inspired by the work of Dancer-
Du [6]. Roughly speaking the strategy is the following: Continuing the argument
employed in Section 3, we produce a smallest positive solution y; and a biggest
negative solution y_. In particular {y } is an ordered pair of upper-lower solutions.
So, if we form the order interval [y_,y,] and we argue as in Section 3, we can show
that problem (1.1) has a solution yg € [y_, y4] distinet from y_, y . If we can show
that yo # 0, then clearly yo is a nodal solution of (1.1). To show the nontriviality
of yg, we use Theorem 2.4 and (2.3).

We start implementing the strategy, by proving that the set of upper (resp.
lower) solutions for problem (1.1), is downward (resp. upward) directed. The proof
relies on the use of the truncation function

— if s<e
E(s)=< s if s€[—e,¢]
e if s>¢

Note that

1 _
gﬁs((yl — 1) (2)) = X{pm<ys}(2) ae.on Z as e/0.
So we have the following lemmata

Lemma 4.1. If y1,y2 € WYP(Z) are two upper solutions for problem (1.1) and
y = min{y1,y2} € WHP(Z), then y is also an upper solution for problem (1.1).
1)

Lemma 4.2. If vi,v5 € WYP(Z) are two lower solutions for problem (1.1) and

v = max{vy,v2} € WHP(Z), then v is also a lower solution for problem (1.1).

In Section 3 we used zero as a lower solution for the “positive” problem and
as an upper solution for the “negative” problem. However, this is not good enough
for the purpose of generating a smallest positive and a biggest negative solution,
as described earlier. For this reason, we strengthen the hypotheses on j(z,z) as
follows:

H(j)2: j: Z xR — R is a function such that j(¢,0) = 0 a.e. on Z, 95(z,0) = {0}
a.e. on Z, hypotheses H(j)2(7) — (iv) and (vi) are the same as hypotheses
H(j)1(i) — (iv) and (vi) and
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(iv) there exists 7 € L°°(Z), such that

< limsup < 7(2)

limint u
A< lgljgl |x|1’*2x 50 |x‘p72x

uniformly for a.a. z € Z and all u € 9j(z, z).

Using this stronger hypothesis near origin, we can find ug € (0,1) small such
that 2 = pouy € intCy is a strict lower solution and T = po(—uy) € —intCy is a
strict upper solution for problem (1.1). So we can state the following lemma:

Lemma 4.3. If hypotheses H(j)2 hold, then problem (1.1) has a strict lower solution
z € intCy and a strict upper solution v € —intC.

We consider the order intervals
[2,7] = {x € WyP(Z) : 2(2) < x(2) < T(2) a.e.on Z}
and [v,7] = {v € Wy P(Z) : v(z) <wv(z) <T(z) ae. on Z}.
Using Lemmata 4.1 and 4.2 and Zorn’s lemma, we prove the following result:

Proposition 4.4. If hypotheses H(j)a hold, then problem (1.1) admits a smallest
solution in the order interval [x,T] and a biggest solution in the order interval [v, D).

Now let x,, = e,u; with &, | 0 and let E? = [z,,,T]. Proposition 4.4 implies
that problem (1.1) has a smallest solution z7} in E7. Clearly {27 },>1 C WyP(Z) is
bounded and so by passing to a suitable subsequence if necessary, we may assume
that

e Sy, in WyP(Z) and 2l — vy, in LP(Z) as n — co.

Arguing by contradiction and using hypothesis H(j)2(v), we can show that
y+ # 0 and of course y; > 0. Here we use the strict monotonicity of the principal
eigenvalue on the weight function (see Section 2). Moreover, by Vazquez [14], we
have y; € intC and using this fact it is not difficult to check that y, is in fact
the smallest positive solution of problem (1.1).

Similarly, working on E" = [v,7,] with 7,, = ,(—u1), €, | 0, we obtain
y— € —intCy the biggest negative solution of (1.1). So we can state the following
proposition:

Proposition 4.5. If hypotheses H(j)2 hold, then problem (1.1) has a smallest pos-
itive solution yy € intCy and a biggest negative solution y_ € —intCy .

According to the scheme outlined in the beginning of the section, using this
proposition, we can establish the existence of a nodal solution. As we already
mentioned, a basic tool to this end, is equation (2.3). But in order to be able to
use (2.3), we need to strengthen further our hypothesis near the origin. Also we
need to restrict the kind of locally Lispchitz functions j(z,x), we have. Namely,
let f: Z xR — R be a measurable function such that for every r > 0 there exists
ar € L>*(Z)4 such that

|f(z,2)] < ar(z) foraa. z€Z andall || <7r.
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We introduce the following two limit functions:

fi(z,2) = liminf f(z,2") and fa(z,2) = limsup f(z,2).

’
x/—x ' —x

Both functions are R-valued for a.a. z € Z. In addition we assume that they
are sup-measurable, meaning that for every x : Z — R measurable function, the
functions z — f1(z,2(2)) and z — fa(z,2(z)) are both measurable. We set

Jj(z,z) = /Ox f(z,8)ds. (4.1)

Evidently (z,x) — j(z,x) is jointly measurable and for a.a. z € Z, x — j(z,x)
is locally Lipschitz. We have

0j(z,x) = [fi(z,x), fa(z,2)] foraa. ze€Z, foral z€R.

Clearly j(z,0) =0 a.e. on Z and if for a.a. z € Z, f(z,-) is continuous at 0,
then 9j(z,0) = {0} for a.a. z € Z. The hypotheses on this particular nonsmooth
potential function j(z,x) are the following:

H(j)s: j: Z xR — R is defined by (4.1) and
(i) (z,2) — f(z,x) is measurable with fi, fo sup-measurable;
(i) for a.a. z € Z, x — f(z,x) is continuous at z = 0;
(iii) |f(z,2)| < a(z) + c|z[P~! ae. on Z, for all z € R,with a € L>®(Z),,
c> 0
(iv) there exists § € L*°(Z), satisfying 0(z) < A\ a.e. on Z, 6 # A1 and

fa(z, )

|z[P=2z

lim sup <0(z)

uniformly for a.a. z € Z;
(v) there exists € L*°(Z)4 such that

fl(Z,(E) lim su fQ(Zax)
|x|P=2x L0 |x|P2x

IN

A2 < liminf n(z)
z—0

uniformly for a.a. z € Z;
(vi) for a.a. z € Z and all z € R, we have f1(z,2)z > 0 (sign condition).

From Proposition 4.5, we have a smallest positive solution y; € intC; and a
biggest negative solution y_ € —intC for problem (1.1). We have

Alys) = us with us € LP (Z), us(z) € 9j(z,24(2)) ae.on Z.
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We introduce the following truncations of the functions f(z,z) :
R 0 if <0
f+(zz)=q flz2) i 0<z<yy(z),
uy(z) if yp(z) <z

~

f-(z,2) =< f(z,z) if y_(2)<z<0,

flzz) = flzz) if y_(2)

up(2) if g4 (2)

Using them, we define the correspondlng locally Llpschltz potent1a1 func-
tions namely j4(z,z) = [ fi(z,8)ds, j(z, ) = [ f=(z,s)ds and j(z,2) =

I f f(z,s)ds for all (z,2) € Z x R.
Also, we introduce the corresponding locally Lipschitz Euler functionals de-
fined on Wol’p(Z). So we have

Bi(a) = 1\|Dx|\z— / Fi (2 2(2)dz, B(z) = f||Dx||p / (2,a(2)) d
and p(x) = fHDpr /Z i(2,2(2))dz forallz € WyP(Z).

Finally, we set
T+ = [07y+]a T = [y,,O} and T' = [yfver] .

We can show that the critical points of ¢ (resp. of p_, ¢) are in T} (resp. in
T_,T). So the critical points of @ (resp. $_) are {0, y+} (resp. {0,y_}). Moreover,
Pi(y+) =info, <0=0¢,(0) and P_(y-)=inf@_ <0=2_(0).

Clearly y;,y_ are local C}(Z)-minimizers of @ and so they are also local

I/VO1 P (Z)-minimizers. Without any loss of generality, we may assume that they are
isolated critical points of @. So we can find ¢ > 0 small such that

Py-) < inf [pla) : v € 0Bs(y-)] <0,
P(yy) <inf [p(z) : 2 € dBs(yy4)] <0,

where OBs(y+) = {# € W)P(Z) : ||& — y=| = 6}. Assume without loss of
generality that (y_) < P(y4).

If we set S = 0Bs(y+), To = {y—,y+} and T = [y_,y], then we can check
that the pair {Tp, T} is linking with S in Wol’p(Z). So by virtue of Theorem 2.2,
we can find yo € W, ?(Z) a critical point of @ such that

Blus) < 3(u) = inf, max B((1) (42)

where T = {7 € C([—Ll],WOl’p(Z)) :7(=1) = y—,5(1) = y+}. Note that
from (4.2) we infer that yo # y+.
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We will show that @(yo) < @(0) = 0 and so yo # 0. Hence yg is the desired
nodal solution. To establish the nontriviality of yo, it suffices to construct a path
%o € I such that

?(v0(t)) <0 forall ¢t €0,1] (see (4.2)).

Using (2.3), we can produce a continuous path vy joining—eu; and euy for
& > 0 small. Note that if S, = C3(Z) N 9B %) and § = Wi?(2) n 0B ?) are
equipped with the relative C§(Z) and W, *(Z) topologies respectively, then

C([-1,1],8.) is dense in C([-1,1],5).
Also we have
Pl < 0. (4.3)
Using Theorem 2.4, we can generate the continuous path
Y+(t) = h(t,eur), te[0,1],

with h(t,z) the deformation of Theorem 2.4. This path joins cu; and yy.
Moreover, we have
2l <0. (4.4)
In a similar fashion we produce a continuous path v_ joining y_ with —eu;
such that

ply. <0. (4.5)
Concatinating v_, 7o and 74, we produce a path 7, € T such that
?ly, <0 (see (4.3),(4.4) and (4.5)).

This proves that yo # 0 and so yg is a nodal solution. Nonlinear regularity
theory implies that yo € C3(Z).

Therefore we can state the following theorem on the existence of nodal solu-
tions

Theorem 4.6. If hypotheses H(j)s hold, then problem (1.1) has a nodal solution
Yo € Cé(Z)

Combining Theorems 3.5 and 4.6, we can state the following multiplicity
result for problem (1.1).

Theorem 4.7. If hypotheses H(j)s hold, then problem (1.1) has at least three non-
trivial soﬁm’ons, one positive xg € intC'y, one negative vg € —intC'y and the third
Yo € C&(Z) nodal.
Acknowledgment
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A Young Measures Approach to Averaging

Zvi Artstein

Dedicated to Arrigo Cellina and James Yorke

Abstract. Employing a fast time scale in the Averaging Method results in
a limit dynamics driven by a Young measure. The rate of convergence to
the limit induces quantitative estimates for the averaging. Advantages that
can be drawn from the Young measures approach, in particular, allowing
time-varying averages, are displayed along with a connection to singularly
perturbed systems.

1. Introduction

The Averaging Method suggests that a time-varying yet small perturbation on a
long time interval, can be approximated by a time-invariant perturbation obtained
by “averaging” the original one. The method has been introduced in the 19th
Century as a practical device helping computations of stellar motions. Its rigorous
grounds have been affirmed in the middle of the 20th Century. Many applications,
including to fields beyond computations, make the field very attractive today.
For a historical account and many applications consult Lochak and Meunier [10],
Sanders and Verhulst [14], Verhulst [17], and references therein.

In this paper we make a connection between the averaging method and an-
other useful tool, namely, probability measure-valued maps, called Young mea-
sures. These were introduced by L.C. Young as generalized curves in the calculus
of variations; other usages are as relaxed controls, worked out by J. Warga, limits
of solutions of partial differential equations, and many more. For an account of
some of the possible applications consult the monographs and surveys Young [19],
Warga [18], Valadier, [16], Pedregal [12,13], Balder [6], and references therein.
For a connection to singular perturbations extending, in particular, the Levinson-
Tikhonov scope, see Artstein [3].

Incumbent of the Hettie H. Heineman Professorial Chair in Mathematics. Research supported
by the Israel Science Foundation.
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The qualitative consequences of the averaging method played a role in all
the aforementioned applications of Young measures. The purpose of this note is
to show that the Young measures approach can contribute to the considerations
of averaging, including to the quantitative estimates the theory offers.

In the next section we explain how Young measures arise in the averaging
considerations. A general estimate based on the distance in the sense of Young
measures is displayed in Section 3. Applications to the classical averaging, along
with some examples, are given in Section 4. Averaging considerations relative to
subsequences, resulting, in particular, in time-varying averages, is a feature Young
measures help to clarify; it is displayed in Section 5 along with a comment on the
connection to singularly perturbed systems.

2. The connection

In this section we provide the basic definitions of Young measures and explain
how they arise in considerations of averaging. We start actually with the latter,
namely, provide the motivation first.

Averaging of ordinary differential equations is concerned with an equation
which depends on a small positive parameter € and given by

dr
dat

We assume, throughout, continuity of f(¢,x,€) in 2 and measurability in ¢ (con-
tinuity in € is not needed in general; it is explicitly assumed below when used).
In many applications one has to carry out a change of variables in order to arrive
to the form (2.1); in fact, the form (2.1) already depicts the small perturbation;
see Verhulst [17] for an elaborate discussion. Of interest is the limit behaviour of
solutions of (2.1) as € — 0. A typical result assures, under appropriate conditions,
that the solution, say z(-), of (2.1) (it depends on ¢) is close to the solution, say
xo(+), of the averaged equation, namely, the equation

dx

& =@, @(0) = =0; (2.2)

here the time-invariant right hand side of (2.2) is the limit average of the original
equation, namely,

=cf(t,z,e), x(0)=uwx. (2.1)

O x) = T_)OO . T/ ft,z,e)d (2.3)

assuming, of course, that the limit exists. (The order of convergence between T
and ¢ in (2.3) may play a role; we do not address this issue in this general dis-
cussion.) Furthermore, the theory assures that the two solutions, z(-) and z¢(-),
are uniformly close on an interval of length of order £~!, say uniformly on [0,e71].
Estimating the order of approximation is a prime goal of the theory. Discussions
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and examples can be found in Arnold [1], Bogoliubov and Mitropolsky [8], Guck-
enheimer and Holmes [9], Lochak and Meunier [10], Sanders and Verhulst [14],
Verhulst [17]. We provide some concrete examples later on.

A standard approach to verifying the approximation and establishing the
order of approximation is via differential or integral inequalities, e.g., Gronwall
inequalities, carefully executed so to produce the appropriate estimates. We offer
another approach which starts with a change of time scales, namely, s = et. In the
“fast” time variable s equations (2.1) and (2.2) take the form

d
diz = f(s/e,x,€), (0) = x0 (2.4)
and, respectively,
dx
== Px), #(0) == . (2.5)

Verifying an approximation estimate for solutions of (2.1) and (2.2) uniformly on
[0,e7!] amounts to verifying the same estimate for solutions of (2.4) and (2.5)
uniformly on [0, 1].

When attempting to apply limit considerations to the right hand side of
(2.4) a difficulty arises, namely, to determine the limit, as ¢ — 0, of the function
f(£,2,¢), as a function of s for a fixed x. Indeed, the point-wise limit may not
exist, while weak limits, although resulting in the desired average, are not easy to
manipulate when quantitative estimates are sought. What we suggest is to employ
the Young measures limit, as follows.

The best way to explain the idea is via a concrete example. Suppose that the
right hand side in (2.4) is the function sin(£). As € — 0 the function oscillates more
and more rapidly. What the Young measure limit captures is the distribution of
the values of the function. Indeed, on any fixed small interval, say [s1, $2] in [0, 1],
when ¢ is small the values of sin(2) are distributed very closely to the distribution of
the values of the sin function over one period; namely, the distribution is o (d€) =

-1 - 52)_%d§ which is a probability measure over the space of values of the
mapping sin(-). A way to depict the limit is to identify it with the probability
measure-valued map, say u(-)(d€) which assigns to each s € [0, 1] the probability
distribution g (d€) just defined. In the example, the same probability distribution
is assigned to all s in the interval. The general definition of a Young measure allows
probability measure-valued maps which may not be constant over the interval.
Later we take advantage of this possibility when allowing time-varying averages.

A probability measure on R" is a o-additive mapping, say u, from the Borel
subsets of R™ into [0, 1] such that u(R™) = 1. The space of probability measures
is endowed with the weak convergence of measures, namely, u; converge to g if
f h(&)pi(d§) converge to [ h(&)po(d€) for every bounded and continuous mapping

h(:) : R™ — R. Here £ is an element of R™. The space of probability measures on
R™ is denoted P(R"™). In the next section we recall the Prohorov metric; it makes
the space P(R™) with the weak convergence of measures a complete metric space.
On this space see Billingsley [7].



18 7. Artstein

A measurable mapping pu(-) : [0,1] — P(R™) is called a Young measure, the
measurability being with respect to the weak convergence. A Young measure, say
u(+), is associated with a measure, marked in this paper in bold face font, say w,
on [0,1] x R™ defined on rectangles E x B by p(E x B) = [ u(s)(B)ds. The
resulting measure is also a probability measure (since the base space has Lebesgue
measure one, otherwise we get a probability measure multiplied by the Lebesgue
measure of that base). The convergence in the space of Young measures is now
derived from the convergence on P([0, 1] x R™), and likewise the Prohorov metric.
A useful consequence is that the space of Young measures with values supported
on a compact subset of R™ is a compact set in the space of Young measures.

An R™-valued function, say f(s), is identified with the Young measure whose
values are the Dirac measures supported on the singletons { f(s)}. The convergence
of functions in the sense of Young measures, say of {f;(-)}, is taken to be the
convergence of the associated Young measures. More on the basic theory of Young
measures and their convergence see Balder [6], Valadier [16].

The application of the Young measure convergence to the averaging prob-
lem is via the convergence, as € — 0, in the sense of Young measures of the
functions f(£,z,¢). We shall also consider convergence of f (i, x,¢;) for a subse-

quence €; — 0. The limit in the general case is a Young measure, say po(s, z)(d€)

(here z is the parameter carried over from the function f(2,,¢), and d¢ is an
infinitesimal element in R™). The resulting limit differential equation is defined by
dx
i E(,uo(s,x)(dﬁ)) , x(0) =z, (2.6)

where E(0(s,z)(d€)) is the expectation with respect to € of the measure, namely,
it is equal to [, Epo(s, x)(d). Thus, the differential equation (2.6) is an ordinary
differential equation whose right hand side is determined via an average of values.
When the measure po(s, 2)(d€) is a Dirac measure, namely a function, the equation
reduces to the form in (2.4). We abuse rigorous terminology and refer to (s, x)
as the right hand side of the differential equation (2.6). It is easy to see that when
the convergence holds when ¢ — 0 (rather than for a subsequence €; — 0), the
limit Young measure is constant-valued, see Remark 5.3.

It should be pointed out that, throughout the derivations, it is the expecta-
tion of the Young measure which plays a role, and not the Young measure itself.
Considering the entire Young measure does not, however, restrict the scope of the
applications and, in turn, helps in the analysis.

It has been known for a long time that, under appropriate conditions, if
the right hand side, say f;(s,z), of a differential equation converges in the sense
of Young measures to, say, po(s,z), then the corresponding solutions converge
uniformly on bounded intervals. This may be considered a qualitative aspect of
averaging. It was exploited in many frameworks. One such application is to relaxed
controls, see Warga [18], Young [19]. Applications more related to the averaging
principle were to systems with oscillating parameter and to singularly perturbed
systems, see Artstein [2, 3], Artstein and Vigodner [5]. In the present paper the
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direction of the contribution is reversed, namely, we exploit the Young measures
convergence in order to derive quantitative estimates within the averaging method.

3. A quantitative estimate

In this section we present an estimate of the distance between solutions of two
ordinary differential equations driven by Young measures. The estimate is based on
local averages of the equations. Standard ordinary differential equations with R™-
valued right hand side form a particular case. The application of the estimate to the
averaging method is carried out in the next section. There are other applications
of the general estimates, e.g., to relaxed controls; they are not examined in the
present paper.

The Prohorov distance p(+,-) among probability measures is the basis of the
quantitative estimates in this paper. For measures, say p and v on a metric space
M, the Prohorov distance p(u,v) is defined by

p(pu,v) =inf {n: for all B, u(B) < v(B")+nand v(B) < u(B")+n} (3.1)

(here B" is the n-neighborhood of the Borel set B in M); see Billingsley [7].
Notice that when the two measures are Dirac, namely, each supported on a point,
then the Prohorov distance coincides with the Euclidean distance. We apply the
definition to measures in the space P(R™) of probability measures in R™ and to
Young measures (as defined in the previous section) in P([0,1] x R™).

Lemma 3.1. Let p and v be two probability measures on R™ whose supports are
included in the ball of radius r. Then |E(u(d€)) — E(v(df))| < ap(p,v) with «
depending only on .

Proof. Recall that in general, when h(§) : R™ — [0,00) is a nonnegative measur-
able function which is bounded, say by r, and p is a probability measure on R"
then

/ h(€)de) = /0 Cn(fgh©) = A})an, (3.2)

where d\ being the Lebesgue measure, see, e.g., Billingsley [7, page 223]. The i-th
coordinate of the expectation E(u(df)) is the integral [, &u(d€) (with & being
the i-th coordinate of £). Clearly, the integration can be carried out when &; is
replaced by 0 outside of the ball of radius r, and when replacing & by & + r the
integration is of a positive bounded function. Employing (3.2) we deduce that the
difference between the i-th coordinates of E(u(d€)) and E(v(df)) is

/OT (u({£:£i+r2)\})—V({f:{i—i—rz)\}))d)\. (3.3)

The inequalities in (3.1) establishing the Prohorov distance imply, in particular,
that p({§ : & +r > A}) < v({§: & +r+plp,v) > A}) + p(p,v) and likewise
with the roles of u and v exchanged. Plugging these inequalities in (3.3) implies
the existence of the desired coefficient «; this completes the proof. O



20 7. Artstein

The estimate in this section refers to solutions of two ordinary differential
equations given by

dx

T = Blus2)(dg)),  #(0) = o, (3.4)

where for every x the mappings u; (-, z) for i = 1,2 are Young measures defined on
s € [0, 1], with values being probability distributions on R™ (Compare with (2.6)).
Lipschitz continuity of p;(s, ) in the variable x is understood with respect to the
Prohorov metric on P(R™).

Recall that we use bold face, say p, to indicate the Young measure p(-)
defined on s € [0,1]. A Young measure p is bounded if there is a bound, say 7,
such that all the supports of pu(s) for all s are contained in the ball of radius r
in R™. When [ is a subinterval of [0, 1] we write p(I) for the normalized value of
p(I x R™) namely, we divide the latter by the length of I; then u(I) is a probability
measure (analogous to u(s) for a single s). Notice that E(u(I)(d€)) is the average
of the expectations of p(s) for s € I; it coincides with the average of the function
on the interval when the measures u(s) are Dirac measures.

The first estimate utilizes the Prohorov distance on P(R"™) and information
about the averages of the Young measures. We later connect it to the Prohorov
distance on the space of Young measures.

Theorem 3.2. For each x let pyi(s,x) and ua(s,x) be Young measures on s € [0, 1]
uniformly bounded, say by r. Suppose that both mappings are Lipschitz in the
variable x with Lipschitz constant K. Let (A,n) be a pair of nonnegative numbers
such that whenever an interval I in [0,1] is of length A then |E(u1(z)(I)(d€)) —
E(ua(z)(1)(dE))| < n. Then the distance between the solutions x1(s) and xza(s)
of (8.4), with p, and, respectively, p, being the right hand side, is uniformly
bounded on [0,1] by cmax(A,n) where ¢ is a constant which depends only on r
and K.

Proof. In view of the Lipschitz condition of each p;(s, x) and Lemma 3.1 we deduce
that both E(u;(s,2z)(d€)) are uniformly Lipschitz in the a variable; denote the
Lipschitz constant by K;.

Rather than estimating directly the distance |x1(s) — 22(s)| we start by esti-
mating |x1(s) — z2(s)[e”*K1; let 5o be a point in [0, 1] at which the maximum of
the latter term is attained, and denote this maximum by my.

Since we are dealing with solutions of the differential equation (3.4) for i =
1,2, the equalities z;(s) = zo + [ E(pi(0,2i(0))(d€))ds hold, and we can use the
triangle inequality and deduce that mg is bounded by

/OSU <E(“1(”’$1(U))(d§)> - E(uz (o,xl(a))(d§)>>dg

6780]{1

(3.5)

+ e%0K1

/Oso (E(MQ (0 21(0)) (d)) — B (pa o, xg(a))(df))>dg
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We estimate the two terms in (3.5) separately.

We claim that the first term in (3.5) is bounded by ¢; (A +n) with ¢; depend-
ing only on r and K. To show this we divide the interval [0, so] to sub intervals
of length A, with the exception, possibly, of the last one which may be shorter.
Consider the piecewise constant map z(-) which on each interval of the partition
takes the value x1(s’) where s’ is the middle point of the interval. Then for i = 1,2

[ (B(mtom@)@e) = £(mi o 2(07) ) o

with ¢o depending only on K7 and r; indeed, the estimate follows from the claim
stated in the beginning of the proof and the observation that |z(s) — z(s)| < rA.
The condition on (A, n) implies that

/Oso (E(ul(a,z(a))(d§)> - E(uz(a,z(a))(dg)))dg

—s0 K1

e < A (3.6)

—so K1

€ < 03(A+77)7

(3.7
with ¢z depending only on 7. Combining the two inequalities in (3.6) and the one
in (3.7) verifies the estimate concerning the first term in (3.5).

We resort again to the observation in the beginning of the proof and conclude
that the second term in (3.5) is bounded by

—sok Sox o) —xzs(0)| do
e /0|1<> 2(0)] do. (3.8)

Multiplying the integrand in (3.8) by e~ %1751 and using the particular choice
of sg as the point where my is attained we can bound (3.8) by

S0
eiSOKlmO/ KieSido < mo(l—ele), (3.9)
0

namely, a bound on the second term in (3.5). Combined with the previous estimate
we get

mo < cr(A+n)+mo(l—e ). (3.10)
The last inequality clearly establishes the desired estimate, however, for the quan-
tity mo. Since |z1(s) — x2(s)| < ef1mg the proof is concluded. O

The preceding result utilizes the distance between averages of the two Young
measures. Being close in the Prohorov distance is not a necessary condition for the
averages to be close; it induces, however, an estimate on how close the averages
are, as follows.

Lemma 3.3. Let pi(-) and ps(-) be two bounded Young measures on [0,1], say
bounded by r, and let § = p(py, pby). Then whenever an interval I in [0,1] is of

length 62 then |E(u1(I)(d€)) — E(ua(1)(d€))| < ¢82 with ¢ depending only on 7.
Proof. From the definition of the Prohorov distance we deduce (in fact, for every

interval) that [, (I x R") — py(I x R™)| < 26. Dividing the two terms by 6% and
invoking Lemma 3.1 yield the result. o
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Corollary 3.4. For every x let pi(s,x) and ps(s,z) be Young measures, uniformly
bounded, say by r. Suppose that both mappings are Lipschitz in the variable x with
Lipschitz constant K. Suppose that p(p,(x), po(x)) < 6 for every x. Then the
distance between the solutions x1(s) and x2(s) of (3.4) with p, and, respectively,
Wy being the right hand side, is uniformly bounded on [0,1] by 8% with ¢ being a
constant which depends only on r and K.

Proof. Follows from Theorem 3.2 and Lemma 3.3. a

As mentioned already, the results in this section apply also when the right
hand side of the equation is an R"-valued function. An elaboration on this partic-
ular case with further applications will be documented separately.

4. The application to averaging

In this section, following the arguments in Section 2, we translate the general esti-
mates obtained in the previous section to estimates within the averaging method
in ordinary differential equations.

The equation we examine is (2.1), copied here with the specification of the

time span.

%:sﬂt,x,e), z(0) ==z, tel0,e]. (4.1)

The change of time scales s = et transforms the equation to
d
= =fls/ewe), w(0)=w0, sefo1]. (4.2)
S

The following assumption is a bit stronger than the existence of the averaged
equation as reflected in (2.2) and (2.3); it captures, however, all the applications
of the classical averaging of ordinary differential equations. In the next section we
introduce a generalization that goes beyond the classical averaging.

Assumption 4.1. As ¢ — 0 the functions f(2,,¢) converge in the sense of Young
measures to a Young measure on [0,1], say po(s,z), which is constant-valued,
namely, does not depend on s. We denote the common value by po(x).

Under Assumption 4.1 we identify the averaged equation as

B o B(uo@)d), #(0) =20, tef) (4.3)

The averaging method establishes the distance (hopefully small) between solutions
of the time varying equation (4.1) and the time-invariant one (4.3), uniformly
on the interval [0,e7']. Notice that in the s-scale the time-invariant equation is

% — E(juo(z)(d6)).

Lemma 4.2. Suppose that f(x,t,€) is uniformly bounded, say by r, and Lipschitz
in x with a Lipschitz constant independent of t and €. Under Assumption 4.1 the
probability measure po(x) is bounded by r and Lipschitz in x.
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Proof. Tt is easy to see that the probability measure pg(z) is, in fact, the limit as
¢ — 0 of the distributions of the values f(2,x,¢) over [0, 1] with the Lebesgue mea-
sure. The latter distributions are uniformly Lipschitz in x, and the limit, clearly,
inherits the Lipschitz property. O

Theorem 4.3. Suppose that f(x,t,€) is uniformly bounded, say by r, and Lipschitz
in x with a Lipschitz constant independent of t and €. Suppose that Assumption
4.1 holds. Let (A(e),n(e)) be a pair of nonnegative numbers such that for every
s€[0,1—A(e)]

s+A(e)
A}g) / (F(o/e.2.2)do — E(po()(de)) ) do

Then the distance between the solutions of (4.1) and (4.3) is uniformly bounded on
(0,71 by cmax(A(g),n(e)) where ¢ is a constant which depends only on r and K.
In particular, if 6(¢) is a bound on the Prohorov distance between f(2,x,€) and

<n(e). (4.4)

wo(x) for all x, then the mentioned distance is bounded by 82 where ¢ is a constant
which depends only on r and K.

Proof. The two statements amount to applying Theorem 3.2 and Corollary 3.4 in
the framework of the present section, on, however, the time scale s. O

We display now some illustrations of the previous result. The first two are
paraphrases of the well known periodic averaging, see Sanders and Verhulst [14,
Theorem 3.2.10], Guckenheimer and Holmes [9, Theorem 4.1.1], (but notice that
in our version the period may depend on ¢).

Example 4.4. Consider the system

dx

I ef(ple)t,z), x(0) =, (4.5)
with p(e) positive and bounded away from 0 and f(¢,z) periodic with period T
Suppose also that f(¢,z) is uniformly bounded and uniformly Lipschitz in 2. Then
the distance between the solution of (4.5) and the solution of the autonomous

averaged equation

T
‘C% - g%/o f(t,x)dt,  2(0) =, (4.6)

is of order &, uniformly on the intervals [0,e7!]. Indeed, it is easy to see that the
conditions of Theorem 4.3 hold with the Young measure being the distribution
of f(t,z) over a period (leading indeed to the averaged equation (4.6)) and with
(A(e),n(e)) = (ep(e)T,0). The boundedness away of p(¢) from zero guarantees the
desired estimate.

Example 4.5. Consider equation (4.5) with, however, allowing p(e) approaching
zero as € — 0. For instance, let p(¢) = |loge|~!. The natural averaged system is
again (4.6). The pair measuring the averages is again (A(e),n(e)) = (ep(e)T,0).
Thus, the order of approximation in this case is £|loge|, which converge to zero
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as ¢ — 0. When ep(e) does not approach zero as ¢ — 0 the approximation is of
order 1. It is easy to see that any order between £ and 1 can be materialized.

Example 4.6. Consider the system

dx

i 5<f1 (pl(g)t7 x) + o+ [ (pk(a)t, x)) . z(0) =z, (4.7)
with each pj(e) positive and bounded away from 0 and f;(¢,«) periodic with
period T'. Suppose also that f;(¢, ) are uniformly bounded and uniformly Lipschitz
in z. It is clear that the conditions of Theorem 4.3 hold with the Young measure
being the cumulated distribution of f;(t,z), j =1,...,k over a period, leading to

the averaged equation
dx 1

T
o —ET/O (fit, )+ ...+ fut,2))dt, x(0)=x0. (4.8)

It is also easy to see that the Prohorov distance between the right hand side
of (4.7) (in, however, the s time scale) and the limit Young measure is of order ¢.
By Theorem 4.3 we deduce that the rate of approximation in =7 If, for instance,
we allow p(g) to be |loge|~! away from 0, the Prohorov distance becomes of order
e|loge| and the order of approximation is therefore 2 |loge].

5. Time-varying averages

Underlying the classical averaging is Assumption 4.1, guaranteeing that one equa-
tion captures the limit behaviour as ¢ — 0 of the time-varying system. The Young
measures approach allows a relatively simple and rigorous examination of a situa-
tion where more than one limit equation exists. We examine this possibility now.
We consider the system (4.1) and its fast scale version (4.2).

Definition 5.1. A Young measure, say p(s,x), is a limit average of the right hand
side of the time-varying equation if it is a limit, in the sense of Young measures,
of a subsequence f(*,x,¢5), as e; — 0.
J
The next result guarantees that limit averages exist; recall that in the classical
averaging method the existence of the averaged equation is an assumption.

Lemma 5.2. Suppose that f(z,t,e) is uniformly bounded, say by r, conlinuous in
e and Lipschitz in x with a Lipschitz constant independent of t and €. Then every
sequence ; — 0 has a subsequence, say €;, such that f(fj,x,ej) converges in the
sense of Young measures. Any such limit average, say u(s,x), is bounded by r and
Lipschitz in the x wvariable. The family of all such limit averages is compact and
connected in the space of Young measures.

Proof. The boundedness by r is clear. Existence of subsequences which converge
and the compactness follow since the family of Young measures on [0,1] with
values in a compact set is compact. The continuity in ¢ implies that as a Young

measure f (?,x,a) depends continuously on ¢; this easily implies that the family
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of limit averages is connected. What is a bit subtle is the Lipschitz dependence
on z (the Lipschitz dependence of the entire Young measure p(z) on z is easy,
but we need the Lipschitz property of u(s,x) separately for almost every each s).
To this end let f(fj,w,aj) converge to p(s,z). For almost every sy € [0,1] the

probability measure u(sg,x) is the limit of u(I,z) for I of length tending to zero
with sg € I (for the definition of p(I) see the paragraph preceding Theorem 3.2).
The value pu(I,x) is, in turn, the limit of the distribution of f(é, x,e5) for s € I,
thus it is Lipschitz in z. A simple limit argument shows that the limit (s, ) is
also Lipschitz in x. a

Remark 5.3. Notice that unlike the case in Section 4, the limit Young measures
may not be constant-valued. If, however, f(2,z,e) converge as ¢ — 0, say to
u(s, ), the latter is constant-valued. Indeed, it is easy to see that if f(*,z, ¢ )

J
converge to (s, ) then on, say s € [0, %]7 the sequence generated by %aj converges
to 1(2s,x). Such relations clearly imply that (s, z) does not depend on s.

The preceding observations combined with the estimates of Section 3 enable
to determine approximation rates for subsequences of solutions. We state now a
global result, followed by an illustration.

We consider equation (4.1) with f(¢,z,¢) bounded and Lipschitz in x, and
denote the family of its limit averages by .

Theorem 5.4. Suppose that f(t,x,e) is uniformly bounded, continuous in £ and
Lipschitz in x with a Lipschitz constant independent of t and €. Let d(g) be the

Prohorov distance between f(2,x,€) and the family £ of limit averages of the
equation. Then the distance between the solution of
Z—j =ef(t,z,e), x(0)=uzp, (5.1)
and the solution of
Z—j =eBE(u(et,z)(d€)), x(0) =z, (5.2)

for one of the Young measures in £, is of order 6(5)%, uniformly on [0,e71].

Proof. The statement amounts to applying Corollary 3.4 to equation (5.1) in,
however, the fast time scale and to equation (5.2) when its right hand side is the
Young measure closest to f(2,2,¢) in €. O

Example 5.5. Consider a system

— =¢ef(t,x), z(0) ==, (5.3)

with right hand side which on intervals [N;_1,N;], j = 1,2,... with Ny = 0, is
equal to one of, say, three prescribed periodic functions, f;(¢,2) with periods T,
for i = 1,2, 3. Furthermore, the functions appear cyclically, namely, on [N;_1, N;]
the right hand side is f;;)(t,2) where i(j) = j mod 3. Consider now the case
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where, say, Ny = 2 and N1 = Nj2 for j > 1. The limit averages are easy to
determine. Indeed, when sj_l = N; the distance of f(2,x) from the constant-
J

valued Young measure whose distribution is equal to the distribution of f;(;)(t, z)
over a period, is less than or equal to €;7T;(;). Denote this distribution by p;(;)(z).
When €511 < ¢ < g the associated Young measure takes the value ,ui(j)(:v) on
part of the interval, say s € [0, s'] and takes the value ;1 1)(2) on the rest of the

interval; the dividing point is s’ = (¢7! — 5;1)(5;:1 - 5;1)_1. Respectively, the
solution of (5.3) is of order € away from the solution of the autonomous equation on
[0, 1s’] and continues to be of order € away from the solution of the corresponding
autonomous equation on [ ~1s’, e 71]. The order ¢ for the approximation is justified

by Theorem 3.2 applied separately on the two subintervals.

Remark 5.6. We conclude by relating the previous considerations to singularly
perturbed systems. Consider the system

d
di; =ef(z,y)
(5.4)
dy
E - g(xay) )

with € R™ and y € R™ and when the desired time interval is ¢ € [0,e7!]. Thus,
the z-equation in (5.4) is of the form (2.1) with the time dependency provided by
the trajectory y(t), which in turn is coupled with x. This is, indeed, the general
form used in the averaging problem, see Arnold [1], Lochak and Meunier [10],
Verhulst [17]. When the fast time scale s = et is introduced, the system becomes

dx
- = f €z,
7 = @) 59

dy
6% - g(x7y)a

namely, a singularly perturbed equation; the desired time interval here is s €
[0,1]. The classical approach to the analysis of (5.5) is via the Levinson-Tikhonov
method, assuming that for a fixed x the fast solution converges to an asymptot-
ically stale point y(x). Further regularity conditions identify the limit behaviour
as (z(s),y(z(s))) with z(s) the solution of %£ = f(z,y(z)). See O'Malley [11],
Tikhonov et al. [15]. Such an analysis covers only a degenerate form of averaging.
Removing the assumption of the convergence of the fast dynamics to a stable equi-
librium is offered in Artstein and Vigodner [5], Artstein [3], where the equilibria
are replaced by invariant measures; the resulting differential equation is driven by
a Young measure, exactly as in the present paper. In the special case where g(z,y)
in (5.4) does not depend on the x variable we get exactly the form (2.1), with
time dependency induced by the solution y(t) of % = ¢g(y). Indeed, Example 5.5
is a simplified version of an example analyzed in detail in Artstein [4] within the
framework of singular perturbations.
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Abstract. Some issues on chaotic solutions, to Lorenz systems, for instance,
are related to the concepts of viability kernels of subsets under continuous time
systems, or in the case of Julia or Cantor sets, for instance, under discrete
time systems.

It happens that viability kernels of subsets, capture basins of targets
and the combination of the twos provide tools for the analysis of the local be-
havior around equilibria (local stable and unstable manifolds), the asymptotic
behavior and the fluctuation of evolutions between two areas of a domain, etc.

Since algorithms and softwares do exist for computing the viability ker-
nels and the capture basins, as well as evolutions viable in the viability kernel
until they converge to a target in finite time, we are able to localize the at-
tractor, to compute local stable and unstable manifolds, heteroclinical points,
etc.
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1. Introduction

Existence and uniqueness of solutions to differential equations, was and still is
identified by many scientists with the mathematical description of determinism,
after the 1796 book L’FEzxposition du systéme du monde and the 1814 book FEssai
philosophique sur les probabilités by Pierre Simon de Laplace [1749-1827]: “We
must regard the present state of the universe as the effect of its anterior state
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and not as the cause of the state which follows. An intelligence which, at a given
instant, would know all the forces of which the nature is animated and the respective
situation of the beings of which it is made of, if by the way it was wide enough to
subject these data to analysis, would embrace in a unique formula the movements
of the largest bodies of the universe and those of the lightest atom: Nothing would
be uncertain for it, and the future, as for the past, would present at its eyes.”

Does it imply what is meant by “predictability”? In 1770, even before Laplace,
Paul Henri Thiry, baron d’Holbach [1694-1778] wrote in his book Systéme de la
nature: “Finally, if everything in nature is linked to everything, if all motions are
born from each other although they communicate secretely to each other unseen
from us, we must hold for certain that there is no cause small enough or remote
enough which sometimes does not bring about the largest and the closest effects on
us. The first elements of a thunderstorm may gather in the arid plains of Lybia,
then will come to us with the winds, make our weather heavier, alter the moods
and the passions of a man of influence, deciding the fate of several nations.”

Later, in a mathematical perspective, Henri Poincaré [1854-1912] wrote in
“La science et Uhypothese” (1908): “If we knew exactly the laws of Nature and
the situation of the universe at the initial moment, we could predict exactly the
situation of that same universe at a succeeding moment. But even if it was the
case that the natural laws had no longer any secret for us, we could still know
the situation approximately. If that enabled us to predict the succeeding situation
with the same approximation, that is all we require, and we should say that the
phenomenon has been predicted, that it is governed by the laws. But it is not al-
ways so; it may happen that small differences in the initial conditions produce very
great ones in the final phenomena. A small error in the former will produce an
enormous error in the latter. Prediction becomes impossible and we obtain a fortu-
itous phenomenon.” Jumping ahead in time, with the advent of computers, while
studying a simplified meteorological model made of a system of three differential
equations, Edward Lorenz discovered in the beginning of the 1960’s that for cer-
tain parameters where the system has three repelling equilibria, the “limit set”
was quite strange, “chaotic” in the sense that evolutions approach one equilibrium
while circling around it, then suddenly leave away toward another equilibrium
around which it turns again, and so on. In other words, this behavior is strange.
“chaotic”, in the sense that the limit set of an evolution is not a trajectory of a pe-
riodic solution. Lorenz presented in 1979 a lecture to the American Association for
the Advancement of Sciences entitled: Predictability: Does the flap of a butterfly’s
wing in Brazil set off a tornado in Texas?

Chaos was thus “born again” | resurrected with another name, soon to become
famous. Some nonlinear differential equations produce indeed chaotic behavior,
quite sensitive to initial conditions. Was chance rooted in deterministic system? Is
uncertainty observed in living systems living systems consistent with differential
equations?

However, for many problems arising in biological, cognitive, social and eco-
nomic sciences, I believe we face a completely orthogonal situation, governed by
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differential inclusions, but producing evolutions as regular or stable (in a very
loose sense) as possible for the sake of adaptation and viability required for life.

Myopic, conservative, lazy and opportunistic agents, from molecules to
(wo)men, have some contingent freedom to choose among some regulons to govern
the evolution, in order to protect themselves against tychastic uncertainty, obey-
ing no statistical regularity, produced by tyches, from the Greek goddess Tyche,
meaning and embodying a concept of “chance”.

Differential inclusions and dynamical games are useful tools for providing
mathematical metaphors for this kind of evolution. Their chaotic properties have
to be studied ... for avoiding them.

Some issues on chaotic evolution are related to wviability kernels and capture
basins of subsets under continuous time systems (attractor of the Lorenz, for in-
stance) or discrete time systems (Julia and Mandelbrot sets, Cantor and fractal
nature of inverses of Hutchinson maps, etc.).

Viability kernels of subsets, capture basins of targets and the combination
of those two provide other tools for the analysis of the local behavior around
equilibria (local stable and unstable manifolds), the asymptotic behavior (localizing
the attractor in the intersection of the forward and backward viability kernels), the
fluctuation basin, heteroclines, etc.

The viability kernel of a constrained subset under an evolutionary system is
the (possibly empty) set of initial states from which at least one evolution remains
(viable) forever in the constrained set and the capture basin of a target is the set
of initial states from which at least one evolution reaches the target in finite time.
We refer to the viability literature for the mathematical properties of viability
kernels and capture basins. We stress here the numerical results are provided by
the Viability Kernel and Capture Basin Algorithms introduced in [23, Saint-Pierre]
(See also [10, Cardaliaguet, Quincampoix & Saint-Pierre], [22, Quincampoix &
Saint-Pierre]). They allow us to

1. compute the viability kernel of a constrained set or the capture basin of a
target under a differential equation, or even, a control system,

2. compute the evolutions viable in the constrained set forever or until they
reach the target in finite time. Indeed, starting from an initial state in the
viability kernel, standard algorithms for computing solutions (the so-called
shooting methods) do not take into consideration the necessary conditions
for imposing the viability of the solution. Since the initial state lies only in
an approximation of the viability kernel, the absence of these corrections
does not allow us to “tame” evolutions which quickly leave the constrained
set, above all for systems which are sensitive to initial states, as the Lorenz
system.

These algorithms handle subsets instead of functions, and are part of the emerging
field of “set-valued numerical analysis”, to which belongs by the way interval
arithmetic (see [19,20, Moore]). Since fluctuation basins can be expressed in terms
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of viability kernels and capture basins, these algorithms provide new numerical
results that can be of interest.

For systems with high sensitivity to initial states, this is quite important, be-
cause, even starting from an initial state in the attractor, approximations provided
with very precise schemes of solutions which should be viable in the attractor may
actually leave it (and converge to it, but from the outside).

Although the results we present in this paper hold true for control systems, we
test them only on the Lorenz system for the sake of comparison in the continuous
time case, on the Julia sets in the discrete time case.

2. Viability concepts

Definition 2.1 (Control Systems). Let X and U be finite dimensional spaces,
1. fi(zu) e X xUw— f(z,u) € X,
2.U:zx € X~ U(zx) CU with which we associate the set-valued map F : x €
X ~ F(x):= f(z,U(z)) C X.
The evolutionary system S : X ~» C(0,00; X) maps any © € X to the set S(x)
of evolutions x(-) starting from x and governed by the control system (or by a
differential inclusion)

2'(t) = f(x(t),u(t)) where u(t) € U(z(t)) or 2'(t) € F(x(t)) (2.1)
The backward (or negative) evolutionary system S is associated with
2'(t) = —f(x(t),u(t)) where u(t) € U(x(t)) or 2'(t) € —F(x(t))
There are several ways for describing continuity of the evolutionary system
x ~ S(x) with respect to the initial state, regarded as stability property.

Definition 2.2. The evolutionary system S is said to be upper semicompact from
X to C(0,00; X) if for any x, € X converging to x in X and for any evolution
xn(+) € S(ay) starting at x,, there exists a subsequence of x,(-) converging to a
evolution x(-) € S(x) uniformly on compact intervals.

The main (and difficult) theorem states that the set of solutions depends
continuously upon the initial states in the upper semicompact sense. This is the
case for Marchaud differential inclusions:

Definition 2.3. We say that F' is a Marchaud map if

(7) the graph and the domain of F are nonempty and closed
(ii)  the values F(x) of F are convex
(#91) I ¢ > 0such that Vo e X,

IF(@)[| := sup,epe) ([0l < e(llz]] +1)

We recall the statement of the Stability Theorem 3.5.2 of [2, Aubin]:

Theorem 2.4. If F': X ~ X is Marchaud, the solution map S is an upper semi-
compact evolutionary system.
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The basic viability problem is reformulated in terms of the definition of via-
bility kernels:

e
NIk

[ viab ()

Viabllity Kernel

FIGURE 1. Viability Kernels. Let K C X being regarded as a con-
strained environnement. The viability kernel Viab(K) of K is the set
of initial states o € K such that one evolution z(-) € S(zo) starting
at xg is viable in K

Viabgs(K) := {z¢ € K | 3z(-) € S(xp) such that ¥t > 0, z(t) € K}

When targets to be reached in finite time are involved, we introduce the
concept of capture basins of targets:

CACk
Ik
[ viab (%)
| cwnxo

FiGURE 2. Capture Basins of Targets. Let C C K C X be two
subsets, C' being regarded as a target, K as a constrained envi-
ronnement. The viable-capture basin Capt(K,C) of C in K is the
set of initial states zg € K such that C is reached in finite time
before possibly leaving K by at least one solution z(-) € S(zg) of
the control system starting at xg

Captg(K,C) :=
{z € K |3z(-) € S(x),3t* > 0 such that x(t*) € C' and Vt € [0,t*], z(t) € K}
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For more details on viability theory, we refer to [2, Aubin] and to the forth-
coming book [5, Aubin, Bayen, Bonneuil & Saint-Pierre]. We provide here basic
only definitions and some results which may be relevant to fluctuations of evolu-
tions.

2.1. Lorenz systems
Lorenz introduced the following variables
1. z, proportional to the intensity of convective motion,
2. y, proportional to the temperature difference between ascending and descend-
ing currents,
3. z, proportional to the distortion (from linearity) of the vertical temperature
profile.

Their evolution is governed by the following system of differential equations:
(1) 2'(t) = oy(t) —ox(t)
(i) (1) = ra(t) —y(t) — =(t)=(t) (2.3)
(wii)  2'(t) x(t)y(t) — bz(t)

where o > b+ 1.

The vertical axis (0,0, z).ecr is a symmetry axis, which is also the viability
kernel of the hyperplane (0, y, z) under the Lorenz system, from which the solutions
are (0,0, ze~).

] \-\.\-\\\
— —
— s
—1 Locakisation de & trjectoimes pourt entee 190 ot 200

" tseues des postions mstiades (L0010, 3

F1GURE 3. Trajectories of six evolutions starting from initial con-
ditions (4,50,0), ¢ = 0,...,5. Only the part of the trajectories
from step times ranging between 190 and 200 are shown for clar-
ity. If the normalized Rayleigh number r €]0,1[, then 0 is an
asymptotically stable equilibrium. If » = 1, the equilibrium 0 is
“neutrally stable”
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When r > 1, the equilibrium 0 becomes unstable and two more equilibria appear:
e = (\/b(r — 1) /b(r —1),7 — 1) and
€9 1= (—\/b(r — 1), —/b(r —1),7 — 1) .

b+3
They are stable when 1 < r* := U«Lb—i_l) and unstable when r > r*.
c—b—
The Viability Kernel Algorithm provides the forward and backward viability

kernels under the Lorenz system:

FIGURE 4. Examples of viability kernel of a cube K in R? of the
forward and backward Lorenz system. We take 0 = 10, b = %
and r = 28. Whenever the backward viability kernel is contained
in the interior of K, the backward viability kernel is contained in
the forward viability kernel. The color scale provides the third

coordinates
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The following figure provides views of the Backward Viability Kernel

(50,500

(50,50,
FIGURE 5. The trajectories of three evolutions converging to the

backward viability kernel are shown

The Viability Kernel Algorithm “tames” evolutions in the viability kernel in
the following sense:

FIGURE 6. Taming Evolutions in the Viability Kernels. The via-
bility kernel algorithm involves a correction procedure allowing them
to compute evolutions viable in the viability kernel. They “trap and
tame” viable evolutions even though they are sensitive to initial condi-
tions, whereas usual solvers without lacking such correction procedure
cannot maintain them viable so that solutions escape quickly from the
kernel or basin
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3. Attractors and their localization

We recall the définirons of limit sets of evolutions and of attractors:
Let z(-) € C(0,00; X) be an evolution. We say that the (closed) subsets

{ w(z() = Orsgclz(Ry))
a(z(r) = w(@()) = Nrsocl(z(R-)
of the cluster points when ¢t — oo and t — —oc are respectively the w-limit set of

z(+) and the a-limit set of the evolution z(-).

Definition 3.1. Let S¥(x) denote the set of evolutions starting at x € K viable
in K. We denote by

Attrs(K) = U {w(z(-))} and

z()ESK (z) zeK

U fatO)

z(-)ESK () zeK

Attrg (K) :

the w-attractor or simply attractor and the a-attractor or backward attractor of
the subset K under S respectively.

If S is upper semicompact, the w-limit set w(x(+)) of an evolution z(-) € S(x)
is always forward and backward viable under S:

w(z(-)) = Viabs(w(z(-))) = Viabg(w(z(-)))

The forward and backward attractors of K under S, as well as their closures are
respectively subsets viable and backward viable under the evolutionary system:

Attrs(K) = Viabs(Attrs(K)) = Viabs (Attrs(K))

and
Attrg (K) = Viabg (Attrg (K)) = Viabg (Attrg(K))
They are consequently contained in the intersection of the viability kernel
of K and the backward viability kernel of K:

Attrs(K) U Attr< (K) C Viabs(K) N Viabg (K)

Theorem 3.2 (Localization of the attractor). Assume that the evolutionary system
is upper semicompact. Then

Attrs(K\Viabg (K)) C Viabs(K) N dViabg (K).
Consequently, if Viab< (K) C Int(K), then
Attrs(K) C Viabg(K) C Invs(K).
Consider two subsets K and L C K. we can also prove that
Attrs(K) C Attrs(L) UCCaptg(K, Viabs(L)) . (3.1)

As a consequence, we can localize the Lorenz attractor in its backward via-
bility kernel.
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3.1. Localization of the Lorenz attractor

FIGURE 7. Usually, the Lorenz limit set is illustrated (but not
computed) by computing solutions to the systems and drawing
their trajectories. By the way, these trajectories do not belong
to the limit set (except when they start from the limit set), just
approach it. In our example, we draw the trajectory of only one
solution and we superpose it to the viability kernel under the
backward system. The “eyes” around around the two nonzero
equilibria are disjoint from the attractor

4. Fluctuation basins

Let K1 € K and K5 C K be two closed subsets covering K: K = K7 U Ky. The
fluctuation basin Fluct(K1, Ky) between K7 and Ko is the subset of initial states
2 € K from which all evolutions z(-) € S(z) viable in K fluctuate back and forth
between K7 to K5 in the sense that the evolution leaves successively K7 and Ko
in finite time. We refer to [7, Aubin & Saint-Pierre] the following characterization
of the fluctuation basin:

Theorem 4.1. The fluctuation basin is equal to the complement
Fluct(K1, K2) := C(Captg (K; U K3, Viabs (K1) U Viabs(K>)))

of the capture basin of the union Viabs(K;)UViabgs(Ks). If we assume furthermore
that K; C Int(K;), 1 = 1,2, then

FluCt(Kl,Kg) = E(Viabs(Kl)UViabs(KQ)) .
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As an example, one can compute the fluctuation basin under the Lorenz
system by the Viability Kernel Algorithm:

ViB(K] )L Viabi?) o

FIGURE 8. Fluctuation under the Lorenz system. Forward Via-
bility Kernel of K; and K, . Viability kernels of K; and K are
separated on the left and united on the right. Evolutions starting from
each of these viability kernels remain in them, and cannot fluctuate.
Starting outside the viability kernel of K , the evolutions reach K;
in finite time. Either they reach it in the viability kernel of K", and
they do not fluctuate anymore, or they reach the capture basin of K
viable in K, and they fluctuate once more. They fluctuate back and
forth from K, to K" if they do not belong to the capture basin of the
union of the two viability kernels

5. Local behavior around equilibria

Definition 5.1 (Stable and unstable local manifolds). Let E be the intersection of
the forward and backward viability kernels of some compact subset C'. A subset L
between E and C' is a local stable manifold of F in C' if from any initial states
x € L starts at least one evolution x(-) € S(x) viable in L such that its w-limit set
w(z(+)) C E is contained in E (when E := {e} is reduced to an equilibrium, such
an evolution converges to this equilibrium). A local unstable manifold of E is a
local stable manifold for the backward system.

These definitions can be couched in termes of viability kernels:

Theorem 5.2. The local stable manifold of E in C' is equal to the (forward) viability
kernel Viabs(C) and the local unstable manifold of E in C is equal to the backward
viability kernel Viab (C).

For any state x belonging to C\(Viabs(C') U Viabg(C)), all evolutions passing
through x arrived in C' a finite time earlier and will leave C' in finite time without
meeting the union of the local forward and backward manifolds.

The Viability Kernel Algorithm allows us to compute the stable and unstable
manifolds around the trivial equilibrium:
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FIGURE 9. Local Manifolds around the Trivial Equilibrium. For-
ward and backward viability kernels of a neighborhood of the ori-
gin (trivial equilibrium) are the two-dimensional local stable and one-
dimensional unstable manifolds.

The trajectory of an evolution (red) computed with the viability kernel
algorithm remains viable in the stable manifold and converges to the
origin, whereas another approximation of the evolution (grey) start-
ing from the same initial state computed with a high precision Runge-
Kutta method leaves the stable manifold due to the sensitivity to initial
conditions

and the nontrivial equilibrium:

FiGURE 10. Local Manifolds around a Nontrivial Equilibrium.
Forward and backward viability kernels of a neighborhood of a non-
trivial equilibrium e; are the one-dimensional local stable manifold and
the singleton reduced to the equilibrium.

The equilibrium is thus given by the viability kernel algorithm, and not
computed analytically.

For every non-equilibrium point z in this neighborhood, the evolution
passing through x arrived in it a finite time earlier and will leave it in
finite time. Evolutions may cross this neighborhood, but for any only a
finite duration. This explains why these balls (the “eyes”) are disjoint
from the attractor
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The Viability Kernel Algorithm allows us to compute also and heterocline
joining the trivial equilibrium to any of the nontrivial equilibrium:

Ficurg 11. Heteroclinic Evolutions. Let ¢4y € K and C5 C K be
two subsets. Then through any state in the intersection

Capt (K, Viabz (C1)) N Capt g (K, Viabg(Cz))
passes an heteroclinic evolution z(-) linking the a-limit set a(z(:)) C
Attr(C1) to the w-limit set Attrs(C'2): There exist subsequence t;, —
—oc and t;) — +oc such that z(t;}) converges to C3 and z(t} ) converges
to Cz‘]_

Through any state in the intersection Viab (K\B(ey, 15))NViabs(B(ey, 15))
passes an evolution connecting the trivial equilibrium to the nontrivial equilibrium.
Knowing such an element. one can compute the heterocline:
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FIGURE 12. The heteroclinic evolution from O to e;. The hetero-
clinic evolution linking the trivial equilibrium 0 to the non triv-
ial equilibrium e; is obtained from a point in the intersection
Viabg (K\B(e1, 15)) N Viabs(B(e1, 15)) by piecing together the evolu-
tion of the forward system viable in viability kernel of a neighborhood
of e; and the evolution of the backward system viable in its complement

6. Fractal properties of viability kernels under discrete systems

Viability kernels under some discrete systems enjoy fractal properties as well as
high sensitivity. Some of them are Cantor subsets. We begin with Julia sets:



Viability Kernels and Capture Basins for Analyzing the Dynamic Behavior 43

o3 _‘%‘M

FIGURE 13. Julia Sets and Fractals. Pierre Fatou [1878-1929] and
Gaston Julia [1893-1978] studied in depth the iterates of complex func-
tion z — 2% + u, or, equivalently, of the map

(z,9) = @(@,y) = (2 =y +a, 20y + b).
The subset K, := Viab,(B(0,1)) is the filled-in Julia set and its
boundary J,, := 0K, the Julia set.

Examples of a filled-in Julia sets and of a Julia set with empty interior,
called Fatou dust

Contrary to “shooting methods”, the viability kernel algorithm provides the
exact filled-in Julia sets and the viable iterates.

Actually, Theorem 6.1 provides a characterization of the Julia set which can
be used by the viability kernel algorithm to compute it:

FIGURE 14
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Theorem 6.1 (Julia sets and Filled-in Julia sets). The boundary
OViab,,(K) = Viab, (K \ C)
of a wiability kernel is the viability kernel of the complement of a subset C' C
Viab, (K)
if and only
if the boundary OViabs(K) is viable and the interior Int(Viabs(K)) captures C.

Hence the viability kernel algorithm computes also the Julia set.
We turn our attention to viability kernels under disconnecting discrete sys-
tems.

Definition 6.2 (Hutchinson Map). A set-valued map ® is said to be disconnecting
on a subset K if there exists a finite number p of functions «; : K — X such that
P
Vee K, o '(z) = U o (x)
i=1
and such that there exist constants \; €]0,1[ satisfying: for each subset C C K,

(1) Vi=1,....p, 0;(C) C C (o is antiextensive)
(i) i) ai(C)Nay(C) = 0
(i) Vi=1,...,p, diam(e;(C)) < Ndiam(C)
If the functions «; : K — K are contractions with Lipschitz constants A; €]0, 1],

then @1 is called an Hutchinson map (introduced in 1981 by John Hutchinson
and also called an iterated function system by Michael Barnsley).

Definition 6.3 (Cantor Sets). A subset K is said to be

1. perfect if it is closed and if each of its elements is a limit of other elements
of K,

2. totally disconnected if it contains no nonempty open subset,

3. a Cantor set if it is non-empty compact, totally disconnected and perfect.

Classical results can be reformulated in the following way:

Theorem 6.4. The viability kernel of a compact set under a disconnecting map is
an uncountable Cantor set.

The first point to check is that the Cantor set is a cantor set and to compute
it with the Viability Kernel Algorithm:

Theorem 6.5. The Cantor Ternary Set is the viability kernel of the interval [0, 1]
under the Cantor Ternary Map ® defined on K :=[0,1] C R by

O(z) = (3z,3(1 —x))
The Cantor Ternary Set is a self similar, symmetric, uncountable Cantor set with

fractal dimension %Zég and satisfies C = a1(C) U a(C) and a1 (C) Na(C) = 0.
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The interval [0, 1] is viable under the the Verhulst logistic differential equation
2'(t) = rx(t)(1 —x(t)) whereas its viability kernel is a Cantor set under its discrete
analogue 41 = r&p4+1(1 — @p41) when r > 4, also called the logistic system or
the quadratic map. This is due to the fact that under for r > 4, the quadrating
map is disconnecting:

&
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FIGURE 15. The Quadratic Map. The quadratic map ®(z) :=
{rz(1 — z)} is disconnecting for r > 4. The viability kernel of the
interval [0,1] under ®(z) := {5z(1 — )} is a uncountable, symmetric
Cantor set

The two-dimensional version of the Cantor set is the Sierpinski Gasket:

FIGURE 16. The Sierpinski Gasket. The Sierpinski Gasket is the
viability kernel under the discrete map

B(z,y) = {(2m,2y), (22 —1,2), (23: - %,Qy - 1)}

Since this map is disconnecting, the Sierpinski Gasket is a self similar,

. . . log 3
uncountable Cantor set with fractal dimension 1‘;§2
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Generalized Steiner Selections
Applied to Standard Problems
of Set-Valued Numerical Analysis
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Dedicated to Arrigo Cellina and James Yorke

Abstract. Generalized Steiner points and the corresponding selections for set-
valued maps share interesting commutation properties with set operations
which make them suitable for the set-valued numerical problems presented
here. This short overview will present first applications of these selections to
standard problems in this area, namely representation of convex, compact sets
in R™ and set operations, set-valued integration and interpolation as well as
the calculation of attainable sets of linear differential inclusions. Hereby, the
convergence results are given uniformly for a dense countable representation of
generalized Steiner points/selections. To achieve this aim, stronger conditions
on the set-valued map F have to be taken into account, e.g., the Lipschitz
condition on F' has to be satisfied for the Demyanov distance instead of the
Hausdorff distance. To establish an overview on several applications, not the
strongest available results are formulated in this article.

Mathematics Subject Classification (2000). 54C65; 93B03, 93C05, 28B20.
Keywords. generalized Steiner selections, set-valued quadrature methods and
interpolation, linear differential inclusions, attainable sets, Lipschitz and ab-
solutely continuous selections, set operations.

1. Preliminaries

In this section, some basic notations for convex sets are introduced. B,.(m) denotes
the closed Euclidean ball with radius r and center m in R™, By, S,,_1 the unit
ball resp. sphere, || - || the Euclidean norm in R™ and K.(R™) the set of all convex,
compact, nonempty subsets of R™. 6*(I,C") and Y(l7 C) are the support function
resp. the supporting face of C' € K.(R™) in direction I € R™, where Y(l,C)
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coincides with the subdifferential of the support function. Unique supporting points
are denoted by y(I,C).

In this paragraph, some well-known set operations are briefly recalled. The
Minkowski sum of two sets C, D € K.(R™), the scalar multiplication with A € R
and the image under a linear matrix A € RP*™ are defined as usual:

C+D=J{c+d}, AC=[J{A} and AC=|]J{Ac}. (1.1)
ceC ceC ceC
deD

The Demyanov difference from [8,16] is defined as

c=D=w |J {y.C)-y(,D)},

leTcNTp

where T C S,,—1 defines the set of directions ! with Y (1,C) = {y({,C)}. The
Demyanov distance dp(C, D) could be calculated as the maximal norm element
IC' = D]J| of the Demyanov difference and is stronger than the Hausdorff distance.
It plays a major role in this article, since it could also be expressed by the norm
of the differences of generalized Steiner points.

Within the set of all Borel probability measures on the Borel o-algebra B
onto Bi, a smooth measure 3 is defined by a density function § € C*(B;) and

5(a) = [ 5tan) = [ 6) dp,

where A € B is a Borel-measurable subset of By. This class of measures is shortly
denoted by SM, the so-called smooth measures.
Atomic measures from AM are concentrated in a single point [ € S,,_1, i.e.,

o (4) = 0, ifl¢A AcB
W71, ifle A, AeB.

Measures with finite support in S,,_; (class FM) are convex combination of mea-
sures in AM (cf. [4]). CM denotes either the family of measures AM or FM.

Generalized Steiner points and selections are introduced for smooth mea-
sures in SM by Dentcheva in [9-11]. They are generalization of the well-known
Steiner center St (U) (take the smooth measure with uniform density in the next
definition) as mentioned in [9], cf. also the references given therein.

Definition 1.1. The generalized Steiner (GS-) point of a set C € K.(R™) for a
measure v € {FM,SM} is defined as
St (C) = / St (Y (5, C)) (dp).
B

Definition 1.1 equals the definition given in [9] (cf. [4, Lemma 3.3]), where the
norm-minimal element of Y( 7C’) is used instead of the Steiner center. However,
the definition above from [4] generalizes the GS-point from smooth measures to
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measures with finite support. For atomic measures o), aje € AM with [,§ € S,
and A € [0, 1], the following formulas (cf. [4, Lemma 3.3]) apply for the GS-point:

St (C) =5t (Y(lv C)) s Staag+a-Nagg (C) = AStay, (C) + (1= A) St (C)
For simpler notation, we set

_Jst(c), if I = Ogn,
Stayy (C> B {Stam (C’) , if 1 # Ogn and n = 4 - 1.

1]}
2. Representation and arithmetics of sets
GS-points form a dense, non-minimal representation of a convex compact set, i.e.,

c="U {50}= U (56(©) .1)

acFM pBESM
(see [9, Lemma 5.4] for measures in SM resp. [4, Corollary 3.5] for the class FM).

Proposition 2.1. For C € IC.(R"), there exists a sequence (Bpm)men C SM with

¢ = U s, ).

meN

The sequence of measures could also be chosen from FM.

Proof. This follows for smooth measures from [10, Theorem 3.4]. (2.1) allows to
choose a measure o, y € FM for N € N and each m € N with

1
H Sta'm,N (C) - Stﬁrn (C)” S N .
The following union gives the representation stated in the proposition:

U U {Sta.~ (O)} O

NeNmeN

GS-points commute with the arithmetical operations for sets in K.(R™), cf. [9,
Remarks after Theorem 3.6] for measures in SM resp. [4, Lemma 4.1] for F M.

Proposition 2.2. Let C, D € K.(R™) and v € CM. Then,
Sty (AC 4 D) = ASt, (C) + pSty (D) (A, p>0),
Sty (RC) = RSt5 (C) (R orthogonal matriz) . (2.2)
Hereby, 5¥(B) = (R - B) for all sets B € B.
Example 2.3. Let

el GO {6

and W = U + V. Figure 1 shows that U and V are represented in the left picture
by 8 GS-points Sta[”,] (C) (8 small crosses), ¢ = 1,...,8. By Proposition 2.2 the
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3 3t =
2 O 2
1 & 1
0 0
-1t -1
-2 -2
33 -3

-3 -2 -1 0 1 2 3 = -2 -1 0 1 2 3

F1GURE 1. Minkowski sum W (right) of the summands U,V (left)

GS-points of U and V in common directions [* are added (see how the GS-points
marked by squares resp. triangles add to form the GS-point of W in the same
direction in the right picture).

One could not expect that (2.2) holds for a general matrix R € R"*". Nev-
ertheless, this property could be fulfilled for special classes of sets.

Definition 2.4. The tuple (M,U) with M € R™*™ and U C R™ fulfills the GSCL-
property (commutation of GS-points under linear maps), if

Stam (MU) = M St U) for eachl € S,_1.

MT1] (

Lemma 2.5. Let M € R™™™ and p° € R™. Then, (M,{p°}), (M, B1(Ogn)) and
(M, [—1,1]™) fulfill the GSCL-property.

Proof. Clearly, all GS-points of singletons coincide with the only element of the
set, so that the case U = {p°} is simple to prove.
For a set U symmetric to the origin (i.e., U = (—1)-U), one has forn € S,,,_1:

Y(=nU)=-Y(nU), St(U)=0rm and Sto_, (U)=—Sta,, (U).

Ifl € S,_1 and n := M "l = Ogm, then Y(MTZ,U) =U, MU = (—1) - MU so
that

MSto, ., (U) = MSt (U) = 0z = St (MU) = St (Y (I, MU)) = Sta,, (MU).
If n # Ogm, then Y (9, B1(Or=)) = {y(n, B1(0g=))} and M St (B1(0gm)) equals

M St (Y (1, B1(0rm))) = My(n, B1(0gm)) = Stay, (MB1(0gm)).
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Let v € R™. Then, M Stq,,, (co{—v,v}) coincides with

v ifnTv>0, Muv if 1" Mv >0,
M St (Y (n,co{—v,v})) =M - S Ogm  ifnTv =0, p =1 Ogn if [TMv=0,
—v ifnTv <0 ~Mv  ifI"TMv <0
= St (Y (I, co{—Muv, Mv})) = Stq,, (M co{—v,v}).
The assertion follows from [—1,1]™ = 3" co{—e’, e’} with unit vectors e’ € R™.
i=1
O

An immediate consequence of Proposition 2.2 is the representation of the set
operations in (1.1) with A being orthogonal (cf. [4, Corollary 4.4]) as well as for
the Demyanov difference/distance, cf. [4, Theorems 4.5, 4.6 and Corollary 4.8].

Theorem 2.6. Let C, D € IC.(R™). Then, there exists (Vm)men C CM with

C=D =[] {Sty, (C) =Sty (D)}, dp(C,D) = sup || St (C) = Sts,, (D)
meN m

3. Regularity of set-valued maps

In this paper, a set-valued map F : I = R” is given with images in K.(R"™) and
to each measure v € CM the generalized Steiner (GS-) selection corresponds:

t— Sty (F(1)).

It is interesting that the regularity of the set-valued map F' carries over to the
uniform regularity of its GS-selection and vice versa, if the regularity is in some
sense uniform. The first result states the Castaing representation by GS-selections
characterizing the measurability of F' (i.e., each preimage of an open set lies in 5).

Theorem 3.1. Let F' : I = R"™ be measurable with images in KC.(R™). Then,
Sty (F(-)) is measurable for each v € CM and there exists (Ym)men C CM with

Fiy = {Stw (F(t))} (tel).

meN

Proof. For smooth measure, this result could be found in [10, Theorem 3.4].

For atomic measures, proceed as in the proof of [10, Theorem 3.4] and choose
the same measures (B, )men C SM with densities (6,,)men C CH(B1). Given an
accuracy ¢ > 0, each point (¢,y) € graph F, i.e., y € F(t), could be approached as

ly — Stg,, (F(1)]| <& := ﬁ

Apply [7, Proposition 3.4.5] to construct countable, dense sequences (g, k)ken
of simple, measurable functions in Lq(By, B, 8,,). Let s,,; be the function with
values of the i-th coordinate of Stg,, (F(-)). By [7, Proposition 3.4.2], there exists
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a simple, measurable map hy, ; with ||Sy, i — A ||z, < €. Following the proof of [7,
Proposition 3.4.5], one could choose gy, ki With ||hm.i — gm k.illz, < €. Due to the
construction, g, i, is a finite sum of terms am k4,; XAt () with (k5,5 Deing
an é-approximation of the values s, ; on A, 1 ; ;. Hence, one could replace ay, . ;
by Sm.i(Emkij) With & ki € Am ki S0 that the resulting sum coincides with
the measure with finite support in Uﬂ?’k’z){§m7k7i7j}. Since one could approach
(t,y) € graph F within accuracy e, the Castaing representation is proved.

For each | € S,,_1, the Borel measurability of the GS-selection Sty (F())
follows from the one of marginal map ¢ — Y (I, F'(t)) by [6, Theorem 3.4]. Indeed,
the proof of [4, Lemma 3.2] could be modified by focussing on the time ¢ instead
of the direction I. O

Proposition 3.2 ( [4, Proposition 5.1]). Let F' : I = R™ be a set-valued map with
images in KC.(R™). Then, F is D-Lipschitz, i.e., dp(F(t),F(7)) < L-|t — 7|, if
and only if for each measure v € SM, the GS-selection St (F()) s uniformly
Lipschitz continuous with constant L. SM could be replaced by AM or FM.

E.g., the maps F(t) = r(¢t)U with U € K.(R"), r(t) > 0 or A(t)B; with
A(+) € C(I), A(t) invertible, are D-Lipschitz. If the Lipschitz continuity of F is
demanded only w.r.t. the Hausdorff distance, the GS-selections for SM are still
Lipschitz (cf. [10, Theorem 4.1]), but with constants depending on the measure.

Example 3.3 ( [4, Example 5.2]). Let I = [—Z,2%] and consider the set-valued

map F(t) = co {(8), (Z?jg;)} on I. Then, F is Lipschitz continuous w.r.t. Hausdorff
distance with constant 1.
Consider # € C'(R™), the normal Dirac sequence (6,,)men from [14, Chapter 7.1C]

and their measures 3,, € SM. If L > 0, the Lipschitz constants Lg, with

1

Lg, =L- (n - max 0,,(]) + max VGm(p)H) , VO,(p)=m"-VO0(m-p),
1€S, _ pE B
tend to 400, since the second maximum is positive and bounded uniformly in m.

In [4] the bounded variation of F' is discussed and results on the uniform
bounded variation of the GS-selections are obtained. Before discussing the case of
absolutely continuity, we recall the definition of the Aumann integral in [2]:

/F(t) dt = {/f(t) dt| f € L£1(I) and f be a selection of F}
1 I

Proposition 3.4. Let F' be an indefinite integral as in [1], i.e., there exists a meas-
urable, integrably bounded G : I = R™ with images in K.(R™), Fy € K.(R™) and

F(t) := Fo—|—/tG(s) ds (tel).

to
Then, each GS-selection of F is absolutely continuous for all v € CM with

St (F(t)) = Sty (Fo) +/IStv (G(t)) dt. (3.1)
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Proof. The measurability of St (G ()) follows from Theorem 3.1, the integrability
by the integrably boundedness of G(-). Equation (3.1) can be proved by Proposition
2.2 and [4, Propositions 6.2 and 6.4]. O

Especially, the proposition yields a dense, countable representation of the
Aumann-integral by Lebesgue integrals of GS-selections with measures in CM.

4. Set-valued interpolation and quadrature methods

Proposition 4.1 (piecewise linear interpolation in [20]). Let I = [to,T] and F :
I = R"™ be a set-valued map with images in KC.(R™) which is D-Lipschitz with
constant L. Then, the piecewise linear interpolation

tig1 —t t—t;
%F(ti) + TF(ti-H) (t € [tirtisa])

with step-size h = T&t" , N €N, and grid points t; = tg +th, i =0,..., N, yields

Py (F;t):= Pi(t) :=

dp (F(0). (1) = sup [|Sts, (F(0) =Str,, (RO)] < 7h

with a suitable sequence (Vm)men C CM.
Proof. Propositions 2.2, 3.2 and Theorem 2.6 yield:

tin—t t—t tin—t t—t
dp(F(t), Py(t)) :dD< S F(t) + (), S F () + szF(tiJrl))
ti+1 —1 t_ti
< TdD(F(t),F(ti)) + dp(F(t), F(tit1))
b —t t—t
g%-L-hﬁ—tiH— Lot = i
2L L
=i =) —ti) < 7 -h O

Hence, F'(t) could be densely approximated by a countable number of piece-
wise linear interpolants of GS-selections, since St,,, (P1(F;-)) = Pi(Sty,, (F(:));").

Given some weights b, > 0 and nodes ¢, € [0,1], ¢ =1,...,s, a set-valued
quadrature formula (cf. [5,12] and references therein) is given by

Q(F) := (T —to) > _ buF(to + cu(T — to))
p=1
for a set-valued function F': I = R™ with images in IC.(R™). The iterated version
of this quadrature formula is given as
N—-1 s
Qn(F):=h Y > buF(ti + cuh) (4.1)

=0 p=1

for the equi-distant step-size h = TI_Vt", N € N, and nodes t; = to+ih,i =0,...,N.
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In the next proposition, the assumption of bounded variation in [4, Propo-
sition 6.6] is replaced by the stronger condition of Lipschitz continuity to shorten
the exposition. In the proof, Propositions 2.2, 3.2, 3.4 and Theorem 2.6 are used.

Proposition 4.2. Let F' : I = R™ have images in K.(R™) and be D-Lipschitzian
with constant L. Consider an iterated set-valued quadrature method (4.1) with

> by=1and N € N. Then, there exists (Ym)men C CM with
p=1

o ([ F© atQx(e)) = sup | [ 8t (F0) dt - Qu (St (7)1 < L
I me I

Consequently, Proposition 4.2 shows that the integral of each GS-selection

Sto,., (F ()) is uniformly approximated by the corresponding point-wise iterated

quadrature formula of order O(h), since St.,, (Qn(F())) = Qn (St (F(-))).

1 15

1
=

05 N
05
0 0
-05

0.5 AN VA

-1 S~——"
-1 -15
- 05 0 05 1 15 -1 05 0 05 1 15

FIGURE 2. Approximations of the Aumann integral

Example 4.3 ( [19, Example before Theorem 2]). Consider F' : [0,27] = R™ with
F(t)=1. (gg;gg)[_l, 1] and §*(I, F(t)) = L - |sin(t)l1 + cos(t)lo| for I € .
Then, [7 F(t) dt = B; and

(ig;((?)) , if sin(t)ly + cos(t)ly > 0,
Stag, (F(1) =1 () if sin(t)ly + cos(t)ly = 0,
*(ié‘éiii) , ifsin(t)ly + cos(t)la < 0.

Clearly, Stq, (F ()) has bounded variation uniformly in [ € S, since it is piece-
wise Lipschitz with maximal two jumps depending on [ in I (the jump height is
independent from [). Hence, a set-valued iterated quadrature method converges at
least with order O(h) with the weakened form of Proposition 4.2 in [4]. Figure 2
shows the iterated Riemann sum Qn(F) = h Efif)l F(t;) for N = 10 (left picture,
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the GS-points are marked by crosses) and the approximating sequence of the con-
vex hulls Qu, (F) with N; = 2% i = 0,1,...,4 (on the right, i = 4 emphasized).

TABLE 1. Approximate convergence order for iter. Riemann sum

N M Ay PN

| i| N M Ay PN
1 3 1.83540766

i

41 16 24 0.18109238 1.01091
5| 32 40 0.09037697 1.00270
6
7

2 3 1.83540766 0.00000
4 8 0.78379807 1.22755
8 16 0.36493295 1.10285

64 72 0.04516741 1.00067
128 136 0.02258107 1.00017

W N = O .

Table 1 shows the approximate convergence order for the iterated Riemann
sum. N is the number of subintervals M is the resulting number of different
GS-points, Ay ~ dp(Qn(F f I ) dt) is an approximation of the Demyanov
distance to the reference set (1terated trapezmdal rule with Ner = 100000) and
pn is the estimated order of convergence which tends to the expected order 1.

5. Linear differential inclusions

Consider the linear differential inclusion (LDI) with absolutely continuous solu-
tions z(+) and given integrable matrix functions A : I — R™*™ B : [ — R"*™ 4
starting set X € IC.(R™) and a control region U € K (R™).

a'(t) € A(t)z(t) + BOU (ae. t € I = [to,T]), (5.1)
.’ﬂ(to) € Xo, (52)

The following representation of the attainable set A(T,to, Xo) (the set of all
end points z(T) of absolutely continuous solutions) is well-known and is recalled
in the next lemma, cf., e.g., [17].

Lemma 5.1. Given the problem (LDI) in (5.1)~(5.2) and l € S,_1, the reachable
set can be represented with the fundamental matriz solution ®(-,-) as

A(T, t(], X()) = (D(T, to)X(] + / (I)(T, ’T)B(T)U dT,
I
Y (1, A(T, to, Xo)) = ®(T,t0)Y (®(T, to) "1, Xo)

+/‘I)(T,T)B(T)Y(B(T)T(I)(T,T)Tl,U) dr. (5.3)

I

Proof. The second equality follows from [15, §2, Theorem 1] applied to the sub-
differential 96* (1, F(t)) = Y (I, F(t)) with F(t) = ®(T, t)B(t)U. O
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Corollary 5.2. Given the problem (LDI) in (5.1)~(5.2), v € CM andt € I = [ty, T,
the GS-point of the reachable set evaluates as

Sty (A(t, to, Xo)) = Sty (P(t,t0)Xo) + / Sty (®(t,7)B()U) dr (t€ ).
I
If furthermore, Xo and U are singletons, Euclidean balls or unit cubes in R™ resp.
R™ and n(t;1) = ®(t, to) "1, ((t, ;1) = B(t) " ®(¢,7) "1, then
Stay, (A(t’tO’XO)) - (I’(t7t0)8ta[n<t;z>1 (XO)

+/fI>(t,T)B(T) Ste(t,m) (U) dr. (5.4)
I

Proof. Clearly, Lemma 5.1 can be applied together with Lemma 2.5, since (®(¢, ty),
Xo) and (®(t,7)B(7),U) fulfill the GSCL-property. O

Equation (5.4) means that the GS-selection u(+) = St¢(,.;y (U) is the optimal
control for the optimal control problem (OCP)
max 1T2(T)
st. 2'(t) = A®)z(t) + Bt)u(t) (ae tel), (5.5)
w(to) = Stay, . (Xo)

The corresponding solution z(-) is nothing else than an extremal solution of (LDI),
where the proof was considerably simple and does not use the maximum principle.
Although it should be noted that mild assumptions are available in [13] on which
the strong convexity of the attainable set follows, one should observe that in any
case there could not appear a multivalued situation in (5.4) as present in (5.3).

F1cure 3. Euler’s solutions with N = 100 for Example 5.3

Example 5.3. Consider (LDI) on I = [0, 27| with

A(t)—<_01 é) B(t)—io((f), U=[-11], Xo= {0}

The attainable set A(27,0,{Ogz}) equals the Aumann integral in Example 4.3.
Figure 3 shows 40 Euler grid functions with N = 100 subintervals (left picture)
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approximating optimal solutions of the ODE in (OCP), each one corresponds to
a different direction [ € S,,_1. The opening of the solution funnel is bounded by
the attainable set A(2m, 0, {Ogz2}). In the right picture, one trajectory originating
from a GS-selection is depicted which has two kinks due to jumps in the control.

6. Conclusions

Using the Demyanov difference in the regularity concepts of set-valued maps, er-
ror estimates which compare GS-points in common outer normals are possible (in
contrast to [5,12,19,20]). This overview did not present the weakest versions of
available results. As examples it should be mentioned that the class of sets which
fulfill the GSCL-property is broader than mentioned in Lemma 2.5. One could
introduce concepts of bounded variation as in [4] to establish order of convergence
O(h) under weaker assumptions than in Propositions 4.1 and 4.2. For the general-
izations for higher order in interpolation resp. quadrature methods and existence
proofs of smooth dense solutions, special classes of ”smooth” set-valued maps need
to be studied in a forthcoming paper. Furthermore, the application of GS-points
to set-valued Runge-Kutta methods (cf. [3,18]) needs further investigation.
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Abstract. In this paper we prove the existence of a solution in Lis.(€2) to the
Fuler-Lagrange equation for the variational problem

inf / (Ip(Vu) + g(u))dz, (0.1)

at+ Wy () Ja

with D convex closed subset of R™ with non empty interior. By means of a
disintegration theorem, we next show that the Euler-Lagrange equation can
be reduced to an ODE along characteristics, and we deduce that the solution
to Euler-Lagrange is different from 0 a.e. and satisfies a uniqueness property.
Using these results, we prove a conjecture on the existence of variations on
vector fields [3].
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1. Introduction

We consider the existence of a solution to the Euler-Lagrange equation for the
minimization problem

inf {g(u),uea+W(,1’°°(Q),VueD}, (1.1)

where g : R — R strictly monotone increasing and differentiable, {2 open set with
compact closure in R”, and D convex closed subset of R™. Under the assumption
that Vu € D a.e. in €, there is a unique solution u to (1.1) and we can actually
give an explicit representation of u is terms of a Lax-type formula. The solution is
clearly Lipschitz continuous because Vu € 9D a.e. in €.
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The Euler-Lagrange equation for (1.1) can be written as
div(n(z)) = ¢ (u(@)), (x)- Vu(z) = max {w(x) d,de D} : (1.2)

where 7 is a measurable function. The first equation is considered in the distri-
bution sense, and the second relation follows by using the subdifferential to the

convex function
0 zeD
Ip(x) =
o() {+oo zdé D

in the standard formulation of the Euler-Lagrange equations. It means that the
vector 7(x) lies in the convex support cone of 9D at the point Vu(x).

In [5], the authors prove that under the assumption D = B(0,1) (in which
case u is basically the solution to the Eiconal equation), there is a solution to the
Euler-Lagrange equation (1.2), which can be rewritten as

div(p(z)Vu(z)) = ¢'(u(z)), p=>0. (1.3)

The main point in the proof is that in the region 2\ J, where J is the singularity
set of u, the solution u is C1!, and thus the above equation can be reduced to an
ODE for p along the characteristics. We recall that in this case u is locally semi
convex, so that Vu has many properties of monotone functions (see for example [1]
for a survey on monotone functions).

Simple examples show that such differentiability properties do not hold for
general sets D. However, using some weaker continuity property of Vu, in [4] the
author proves that the Euler-Lagrange equation holds and in the case the dual D*
of D is strictly convex, an explicit representation formula of the solution can be
given.

In this paper we extend the results of [4] to the general case, i.e., under the
only assumption that D, D* are convex. The proof is based on the following steps.

First, by relaying on the explicit form of the solution (Section 2), one defines
the set valued function B(z) C 9 as the set of boundary data such that

u(y) —u(z) = ly — x|p-, y€oIN,

where |- |p. is the pseudo norm generated by D*, the dual of D (Section 3). If D*
is strictly convex, it is known that B(z) is single valued H™ a.e., and we denote
this function by b(x) (Section 3.1).

Then we select a L function b(z) € B(x) with good properties: the principal
one is that it can be approximated H" a.e. by functions b;(x) generated by strictly
convex sets D7. This allows to pass many properties of b; to the limit, in particular
that if we define the vector field

b(z) —x

d(z) = b(z) — 2| p-

then divd is a bounded measure and it is the limit of the vectors d;(z) constructed
by considering the strictly convex sets D] (Section 3.2).
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Using the estimates inherited by the sequence d;, one can prove the following
theorem (Section 4):

Theorem 1.1. The Lebesgue measure can be disintegrated as

HH‘Q = /V(y,z)dﬂ(yvz)> (14)

where vy is a probability measure supported only on the set of lines [x,b(z)], and
(y,z) parameterizes all segments [x,b(x)].

Moveover we have the explicit expression of vy .): Vi 2)(s) = a(s,y, 2)H' (s)
with « satisfying the ODE

dioz(s,y7 z) = a(s,y,z)(divd) q.c. - (1.5)
s
with (divd) ... the absolutely continuous part of divd.

The proof is divided in several steps: the problem is not in the existence of
the disintegration, but in the form of the measure v(, .). The idea is to use an
estimate on the divergence of d to obtain that the measures v(, .y are absolutely
continuous w.r.t. H! (Section 4.1).

As a corollary, using an estimate of (divd),... along the segment x + td(x),
one obtains that a > 0 H™ a.e. (Section 4.2).

The final step is to use this disintegration of H"|g to prove that the weak
solution to the Euler Lagrange equation

div(p(z)d(z)) = ¢'(u(z)), d(z) =0D(Vu(z)) (1.6)

satisfies an ODE on each segment a + td(z). This allows to find the explicit form
of the solution as

p(s,y,2) = _ /5 a(t,y,z)g(u(t))dt. (1.7)

Ck(87 y’ Z) — 00

This shows that p > 0 H™ a.e. in 2, so that we can prove the following theorem:

Theorem 1.2. There exists a solution for the Euler Lagrange equation (1.6) strictly
positive H" a.e. in 2.

As noticed in [4], a consequence of this positivity is that a conjecture stated
in [3] is true (Section 6).

2. Preliminaries

We consider the following variation problem

inf /Q(ID(Vu)—f—g(u))d:c, (2.1)

atwy™
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with ¢ : R — R strictly monotone increasing and differentiable, €2 open set with
compact closure in R™. The function 14 is the indicative function of a set A C R",

0 reA
Ta(z) = 2.2
A(@) {-l—oo r¢ A 22)

Moreover, to have a finite infimum in (2.1), we assume that the function @ satisfies
VueD. (2.3)

As a consequence, the infimum is finite and it is attained.

To avoid degeneracies, in the following we assume that D is a bounded convex
closed subset of R™, with non empty interior, and without loss of generality we
suppose that

B(0,r) = {x e R, |z| < r} cD. (2.4)
We then denote the dual convex set D* by
D*:{deR":d~€§1V€eD}, (2.5)

where the scalar product of two vectors x,y € R™ is x - y. The set D* is closed,
convex and D** = D. We will write the support set at £ € 9D as

5D(£):{d€D*:d-€:supd~€}. (2.6)
teD
Let |- |p be the pseudo-norm given by the Minkowski functional

|z|p =inf{k € R:z € kD} =sup{d-z,d € D*}, (2.7)
and define the dual pseudo-norm by

|z|p» =inf{k e R: 2 € kD*} =sup{l-z,£ € D}. (2.8)
Note that due to convexity the triangle inequality holds,

[z +ylp- < |2lp- +Iylp-, =y€R", (2.9)

and that | - |p, | - |p+ are the Legendre transforms of Ip«, Ip respectively.

In the following, we denote with H"~! the n — 1 dimensional Hausdorff mea-
sure [2], Definition 2.46 of page 72: for any ' C Q,

s = H ()

= Ksup (inf{z |diam(B;)|" !, diam(B;) < 6,Q C U Bi}) ’ (2.10)

>0 icl i€l
where r is the constant such that H" ' is equivalent to the Lebesgue measure on

n — 1 dimensional planes:

n—1

Tz oo
K= v, ()= / t*te~tdt .
L+ 0
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We recall that H™ is the n dimensional Lebesgue measure £, [2], Theorem 2.53
of page 76.

If f: X — Y is a measurable map between the measure space (X, S, 1) into
the measurable space (Y,7), we define the push forward measure ftu as ( [2],
Definition 1.70 of page 32)

Jiu(T) = p(f7N(T)), TeT. (2.11)

The first proposition is the explicit representation of the solution by a Hopf-
Lax type formula.

Proposition 2.1. The solution of (2.1) is given explicitly by

u(x) = max{u(i) — |z —x|p+, T € 0N, ax + (1 — a)T € Q Vo € (0, 1)} . (2.12)

Moreover, u is Lipschitz continuous and Vu € D a.e..

The proof of this proposition is standard, and can be found for example
in [4], Proposition 2.1. The basic ideas are that the function defined by (2.12) has
derivative still in D and is the lowest possible function such that Vu € D.

3. Regularity estimates

Before studying the Euler-Lagrange equation for the variational problem (2.1), we
introduce some important functions and prove some basic regularity estimates.
Define the set valued functions

B(z) = {z € 00 : u(z) = u(z) — |z — z|p~ } C 09, (3.1)

x+— D(x) = { i
Thus D(z) is the set of directions where u has the maximal growth in the norm
| - |p~. It is easy to prove that both sets B(z), D(z) are closed not empty subset

of 00, OD*, respectively (see the proof of [4], Proposition 2.1). The normalization
in (3.2) implies that

, TE€ B(x)} C 0D*. (3.2)

|§:—xp*

u(z +td) = u(x) +¢ (3.3)
for all x € Q, d € D(x). We can say that B(x) is the set where the half lines
x +td(z), with d € D(x) and t > 0, intersect 0S2.

The first result is the upper continuity of the set valued map D(z).

Proposition 3.1. The function D(x) is closed graph and upper semicontinuous:
more precisely for all y € Q, for all € > 0 there exists § > 0 such that

D(z) C D(y) + B(0,¢) (3.4)
for x € y+ B(0,9).

The same result can be said for the the function B(x).
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Proof. Fixed the point y, by rescaling we can restrict to the set of points distant

1 from y

D*(y,1) = {z:|o —ylp-},
and we can assume that u(y) = 0. By the explicit formula of solutions, the set
D(y) is given by

D(y)={z~y:lz—ylp- =1, u(z) =1},
so that it follows from Lipschitz continuity that for all € there is a ¢ such that
D = 1,dist(z,D(y)) >0.
p+ < €/2
u(z) > —¢/2 >u(z) — 1+ ¢/2.

Thus the set D(z) for such a z has a distance from D(y) less than O(6 + €). The
closed graph property follows from the fact that each D(z) is closed. O

u(z) <1l—ce Vz:lz—vy

We thus have that for all z such that |z —y

We next prove that the set valued map B is measurable: we repeat the com-
putations of [4], Proposition 3.3. We recall that if F' is a set valued function, then

FYA) = {x: F(z)n A #0}. (3.5)

Lemma 3.2. The function B(x) is measurable, i.e., the inverse image of open sets
are Borel measurable.

Proof. We have to prove that for all open set O in 02, the inverse image
{x :B(z) € O}

is Borel. Take a sequence of closed set O; C O, i € N, on the boundary 99 such
that U;O; = O. The measurability of B=1(0;) is trivial for the function

ug = max{u(z) — |z — z|p+,Z € Oj,ax+ (1 —a)T € AVa € [0,1)},
since it coincides with the whole €2. Then, one only observes that
B~YH0;) = {z:uo(z) = u(x)},

where u(z) is the solution to the variational problem. Since ug, u are Lipschitz
function, it follows that B=1(0;) is a closed set in , hence B~1(0) = U;B-1(0;)
is Borel. (]

We finally prove the following relation among the derivative of the Lipschitz
function w and the function D.

Lemma 3.3. If x is a point of differentiability of u, then
VuedD*(d)={teD:(-d=1}, (3.6)
where d € D(x). In particular, d € 0D(Vu(x)), so that
D(z) C dD(Vu(z)). (3.7
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Proof. This follows from the equation u(x +td) = u(x)+1 for all d € D(x), which
gives

Vu-d=1 = Vu € 9D*(d)
by definition of 9D* and the fact that Vu € D (Proposition 2.1). O

3.1. The strictly convex case

In this generality we cannot say much on the functions B, D. Following [4], in this
section we make the following assumption.

Assumption. The conjugate set D* is strictly convew.

This implies that D is differentiable. Using (3.7), it follows that

Corollary 3.4. The functions B and D are single valued in each differentiability
point of u.

We can thus consider the set of lines

Y(x) = U {z+td:t e Ru(z+td) =u(x)+1t}. (3.8)
deD(x)

The set B(x) is the set of end points for ¢ > 0, while by considering the end points
for ¢t <0, we define the function

a(z) ={z—td:t>0,d € D,u(x — td)

(3.9)
=u(x) —t,u(z — (t+€)d) > u(z) — (t+¢€) Ve > 0} .

From the strict convexity of D*, it follows in fact that a(x) is single valued: if D(x)
contains two different directions, then a(x) = x. This is clearly not the case when
D* is not strictly convex.

As a corollary of the explicit form of the solution and the above definitions,
we have

Corollary 3.5. If D* is strictly convez, the function a(x) is single valued and, on
the differentiability set of u, the functions B(x), D(x) are single valued.
Moreover, the solution u can be written as

D+, T € U a(y),ax + (1 —a)z € QVa € (0,1) »,
yeN

u(z) = min  u(Z) + |z — T

u(r) = max{ u(z) — |z — x|p-,T € U B(y),az+ (1 —a)z € Q Va € (0,1)

yeN
(3:10)

In the set S where B(z), D(x) are single valued, we will use the notation

B(z)‘s = b(z), D(z)‘s = d(z). (3.11)
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An important consequence of the continuity property of B (Proposition 3.1)
and Corollary 3.4 is that we have some stability of the vector d w.r.t. perturbation
of the boundary data, of the set D and approximation by smooth vector fields.

Proposition 3.6. The function x — d(x) is continuous w.r.t. the inherited topology
on the differentiability set of w. Moreover, it holds
1. If w;(02) — w(09Q) in L>(09), then d;(x) — d(x) in LP(Y), for all p €
[1,00), where d; = §D(Vu).
2. If pe is a convolution kernel, then p. * d converges to d in LP(Q), for all
p € [1,00).
3. If D; is a sequence of convex sets converging to D w.r.t. the Hausdorff dis-
tance, with D} strictly convex and D C D;, then the vector field d;(x) corre-
sponding to the solution u; to

inf / (Ip,(Vu) + g(u))dz, (3.12)
at+Ww, = (Q) Ja
converges to the vector field d corresponding to w in LP(QY), for all p € [1,00).

The key argument in the proof is the convergence of D(z), which follows from
the upper continuity of D(z).

3.2. The general case

We now consider a sequence of strictly convex sets D; converging to D: natural
candidates are the sets D; obtained by the inf-convolution,

D; = DOB(0,1/i) = {x : 3x1 € D, x5 € B(0,1/i),x = z1 + x5} . (3.13)
By construction, D; is smooth and its Legendre transform is
1
|#|p; = |z|p- + g|37|B- (3.14)

We thus have that D} is strictly convex, and D} C D*. By computations similar
to the proof of Proposition 3.1, it follows that for all x € 2, € > 0,

Di(z) C D(x) + B(0€) (3.15)

if i = i(e, z) sufficiently large.
We now show that the functions d;(x) converges a.e. to a precise measurable
selection of the set valued function D(x).

Lemma 3.7. Define the selection B(x) C B(z) as
B(z) = {be B(z),|b— x| is minimal} . (3.16)
Then B(x) is single valued H™ a.e. in Q, if Q is a polyhedron.

Proof. This follows simple because if B (z) contains two vectors with directions on
different faces of D*, then the set is n — 1 rectifiable, with the same proof given
in [4], Lemma 6.2 and Proposition 6.4.



On the Euler-Lagrange Equation for a Variational Problem 69

Conversely, the set where B(x) contains two vectors on the same face, is
contained in the set

{z € Q: 31,25 € 0Q, 21 # 22, |11 — 7] = |22 — 2} .
which for a polyhedron is contained in the planes bisecting the angles of the faces

of 0% it is thus of measure 0. O

In the following we assume thus that €2 is a polyhedron. The general case can
be treated by covering the open set 2 with a countable number of polyhedra, and
solving the Euler-Lagrange equation in each polyhedron with suitable boundary
conditions.

Proposition 3.8. Assume that u;|sq — ulaq in C°(OL,R). Then, for all x € Q,
for all € there exists i such that

Bi(x) C B(x) + B(0,¢). (3.17)

Proof. The proof follows the same analysis of Proposition 3.1: in fact, for ¢ > 1

the set B;(z) is a subset of B(x) + B(0,¢). O
In particular we have a corollary:

Corollary 3.9. Let d(x) be the vector field
b(x) —x
d(zx) = ———— € L*®(Q,0D"). 3.18
(@) = T € L (2.00") (318)
Then the function d; € L*>(Q,0D}) converges to d H"™ a.e..
Also in this case, we can consider the set of lines
S)= |J {z+td:t e Rula+td) =ulx)+t}. (3.19)
deD(x)

This set reduces to a segment H™ a.e.. We can introduce the function
x—a(r) = {x + td(x),t = inf {s td(z + sd(z)) = d(m)}} . (3.20)

Since d is Borel measurable, then also a(z) is: moreover, a(a(z)) = z. We will
denote by J the set of the initial points of X:

J={Ja(). (3.21)
zeQ
Following the same proof of [4], Proposition 5.1, we can prove that

Proposition 3.10. The divergence of the vector field d(x) is a positive locally finite
Radon measure, satisfying

o >0 (3.22)

div d(z) + dist(5, 00) =
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for all x € ' cC Q, with p depending on on D. Moreover, we have the estimate
20|B(x,r)|
dist(B(z,r),00)

B(x,r) cC Q.
(3.23)

|div d|(B(z, 7)) < dist(9D*,0)10B(0,7)| +

Finally, the singular part is strictly positive in 2.

Proof. The idea of the proof is that the above estimates holds for the approximat-
ing sequence d;, so that we can pass to the limit divd; — divd. ]

To end this section, we deduce also a uniform estimate on the push forward of
the n— 1 dimension Lebesgue measure by the map z — x +td(z). These estimates
are the extension to this case of the estimates of [4], Lemma 5.4.

Let  be a Lebesgue point of d: without any loss of generality we assume

‘%:07 d(0)261:(170)7

where we denote with e; the unit vector along the i-th coordinate axis.
Consider the Borel measurable sets

Z=2(0)=B0,r)n{e-y=0}n{-er-aly),e-bly) =2},  (324)
Z(s) ={w=y+sd(y),yeS( )},
Z(—h,h) —jx—y%—sd()yeS(), te[—hhl}. (3.25)

We now show that (I+ td)fH" 1|z remains equivalent to H" 1.

Proposition 3.11. We have the following estimates: there exists C = C(h,r, D)
such that

SHH(Z(s)) < W (2(0) < OH (2(6), (3.26)
for all —h < s <t < h. Moreover
éH” (Z(s,t)) <H" 1 (2(0))(t —s) < CH"(Z(s,1)) . (3.27)

The constant C'(h,r, D) can be estimated by

1
C(h,r,D) = " exp{is} , e = ;gg{ez cotd(y)}, (3.28)
with p the constant entering in (3.22).

Proof. By the construction of Z, it follows that the vector field d;(x) converges to
d for all points z € C(—h h). Similarly, if we define A = {y — 3hd(y)/2,y € Z},

= inf {u(a) + |z — a|pi,a € A},

then the vector field d; corresponding to the function ; converges to d for all
x € Z(—h,h). By Lusin and Egoroff theorems, we can find a compact set Z; where
d is continuous and d; converges to d uniformly. We thus have that (I + ¢d;)Zy, is
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compact, and if O(t) is an open set containing Z(t) such that H*~1(O\ Z(t)) < e,
then (I+td;)Z, C O(t), i,k < 1, and

HHO®) > H" (T +tdy) Zg) > %H"*l(zk).

We have used the uniform estimate on the divergence of d;, which can be obtained
by Proposition 3.10. By passing to the limit we obtain the first inequality of (3.26).

To obtain the second one, one can repeat the computation starting from
the set Ugez,a(x), where now A(z) is slightly perturbed in order to have the
convergence of the d;: more precisely, the set A(z) is the set z — (t — s + h)d(z2),
with z € Z(t). O

Using the above lemma we show that the set J = U eqa(x) is negligible, by
using an argument similar to the one in [4,5].

Proposition 3.12. The set J has Lebesgue measure 0.

4. Disintegration of the Lebesgue measure

Consider now the Borel maps = — b(z),  — d(x), and the Borel measure m on
R™ x R™ x R™ defined by

/ qﬁ(m,y,z)dmz/¢(x,b(x),d(x))dx, (4.1)
R™ xR™ xR"™ Q

for all continuous function ¢ : R™ x R™ x R” +— R. We can write equivalently

m = (L,b,d)fH"|q . (4.2)
Denote with 7o the projection on the second set of coordinates, i.e.,
m : R"XR"xR" — R"™
(2,y,2) = ma(x,y,2) = (Y, 2)

We recall the following disintegration theorem [2], Theorem 2.28 of page 57:

Theorem 4.1. Let m be a positive Radon measure on R™ x R™2 such that, if ™
is the projection on R™, the measure u = wim is Radon. Then there exist finite
positive Radon measures vy, on R™ such that o — vy, is measurable, v,(R™) =1
for u a.e., and for all measurable functions f € L*(R™ x R"2 m), the function
21— f(x1,22) is measurable for p a.e.

22 [ Flaradvy () € R, ) (4.3)

and the following disintegration formula holds:

/R B f(x1,z0)dm (w1, 20) = /R ( - f(xl,:vg)dzxm(xl))du(xg). (4.4)

This decomposition is unique, in the sense that if there is another u measur-
able map v, such that (4.3) and (4.4) hold for every Borel function Borel function

2
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[ with compact support, and such that v, (R™) € L{, (R™, ), then v}, = vy, for
I a.e..

In our case, since [m|(R3") = ||, the measure m is clearly Radon, and also
the projection p = mofim,

/ oy, z)du = / o(b(x),d(x))dx
R2n Q
is clearly a Radon measure. Moreover, 1 is concentrated in the set
T={(y,2): 3z e bt =z}. (4.5)

because

d—l(RQn \ T) —_ @7
it follows that p is concentrated on Y.
Remark 4.1. We use the disintegration w.r.t. (b(z),d(x)) because we need not
only to control the direction d, but also the end point b(x): in fact the coordinates
(b(x), d(z)) parameterizes the set U,cq>(x), and to all (b, d) there corresponds at
most one segment x + td(z).

Applying the above theorem to our case, we obtain the following proposition:
Proposition 4.2. There exists probability measures vy . such that for all functions

f € LY(R3™ m) it holds

f(x7yaz)dm(x7yvz) = / ( f(xay7z)dl/(y,z)($)) d“’(yaz) ) (46)
R3n R2n R
where p = mafm. Moreover p is concentrated on Y, and v, .y is concentrated on
the lines (b,d)~(y, 2).
Proof. The support of the measure p and v(, ;) is a consequence of the construction

of 1 and the fact that (b,d)~1(y, 2) is a straight line for (y,2) € Y. O

The problem here is that we do not know much about the structure of v, ,),
apart from the the validity of the disintegration formula: in fact, there are examples
where the disintegration of the Lebesgue measure w.r.t. sets of straight lines does
not generate measures v absolutely continuous w.r.t. H?.

4.1. Absolute continuity of the measures v, .

We first recall that in [4], Theorems 5.7 and 5.8 show that, in the case of strictly
convex sets Dy, the disintegration of the Lebesgue measure satisfies

dv(y,),i(s) = a(s,y, z)ds,
with a(s,y, z) uniformly bounded in all sets Q' CC Q. If ¢ = ¢(x1), then
[ @ (e + i) <0 [ o,

for a.e. (y,z) such that e; -y > sup{x; € suppg} + h, e; - z > 1/2. In fact, the
last condition means that e; - d(z) > 1/2, i.e. the integral on the line x + sd(x) is
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equivalent to the integral in dz, and the other assures that we are away from the
boundary.

Lemma 4.3. If (b;,d;) — (b,d) a.e., then m; = (L,b;,d;))fH"|q — m and p; =
(bi, di)iH™ o — p.

The proof is a straightforward application of the definition of push forward
of a measure.
We are now able to show that v, .y is a.c. w.r.t. Lebesgue.

Proposition 4.4. The measures v(y .y is a.c. w.r.t. HE.

Proof. Tt is sufficient to prove the statement on the sets e -y > sup{z € supp¢}+h,
e1Z > 1/2, since by changing direction or constant h we can cover all T with a
countable number of sets satisfying these assumptions.

For this set, taking as a test function 1 (z, y, 2) = ¥(y, z)¢(x1 ), we thus obtain

/Qw(bi(x)vdi(x))(b(wl)dx
:/ d'ulw(y’z)/dy(y,z),1(8)¢(8) <C
R2n B

By the weak convergence, we obtain (the integral [ ¢(¢)dt is constant w.r.t. (y, 2))

dpib(y) /R P(x1)dx, .

R2n

dpu(y, 29y, 2) / vy - (5)6(s)

R2n

- / $(b(@), d(@))dle)de < C | duly, )b (v, 2) / b(w1)da
Q R

R2n
It thus follows that, by the freedom in choosing 1, that for all ¢ for u a.e.

/ P(s)dy(y,-(s) < C’/ o(s)ds,
R R
so that v, is absolutely continuous w.r.t. HL:

vy, < CH! 1 a.e.. (4.7)
U

The next step is to study the relation between dv(, .y(s) = a(s,y, z)ds and
the divergence of d(z).

4.2. Divergence disintegration

By definition of divergence, we have that

o(z)d¢ = —/ d-Vedr ¢ CHQR). (4.8)
Q Q

We use again the approximation given by the d;.
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By [4], Theorem 5.8, for the d; we can write for all ¥ (z,y, z) = ¥(y, z)d(z1),
where 1 is selected in such a way that supp{¥(y, z)¢(x1)} CC Q,

¢($1)d(div(¢(bi($),di(x))dz‘(l’))) = —/ Y (bi(z),di(x)) (e1-di(z)) ¢’ (z1)da .
Rn "

(4.9)
Note that ¥ does not need to be smooth, since we are working with d;.
Passing to the limit and using the weak convergence of divd;, we can write
for the vector d the same estimate:

| elana(di (v, dw)i)) = = [ (b)) (e - de)o (z:)d.
(4.10)
The first part of the integral defines a linear function on ¢(y) (if the divergence is
a measure) for all ¢ fixed: in fact we have the uniform estimate on the divergence
measure given by (3.23).
If we thus consider the functional

b [ ola)div(v(b(), d(x))d(x) )de,
R’Il
we have that it can be written as

(o) div (6 (b(a), o)) d@) ) do = [ diio(y 2000,

R’VL
— [ dnty. 2oty ol2).
where here and in the following we will use the notation
m = (I, b, d)g|divd]| , m = mofii = (b, d)|divd| .

We have used the fact that |fy] < fi.

Note that since (b, d) is Borel, we obtain Borel measures. By restricting the
divergence to ' CC 2, we have a finite measure by Proposition 3.10, so that the
Radon property holds and we can apply again the disintegration theorem.

By taking a countable dense set in C., we have that the dependence w.r.t.
¢ is linear for all ¢ for i a.e., and moreover, from the bounded estimate, we have
that ¢y < | ¢||. We thus can extend it to the whole C. and use the representation
theorem to write

[ otandiv (w(0ta). @) d@))do = [ divt2) [ dngo o). @)
Using the disintegration of the r.h.s. of (4.8), we have the equality
/dﬁw(yvz)/dﬁ(y,z)(s)qb(s) = _/d:uw(yﬂz)/dy(y,z)(s)¢l(8) (412)

By decomposing
div = k(y, 2)dp + dfis ,
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we have that for all ¢ (at least in a countable dense subset of C)

/dsa 5,9, 2)¢'(8) —k(y,z)/df/y(s)qzﬁ(s). (4.13)

This gives the following representation of «(s,y, z).
Proposition 4.5. The density a(s,y, z) can be written as

a(s,y,z) = k(y, 2)0(y,2) (=00, 5), (4.14)

where Uy, . is the measure corresponding to the disintegration

divd = /f/(y)z)dﬂ(y,z), (4.15)
and k(y,z) = di/dp, p= (b, d)fH"|q.

This representation can be improved to show that only the absolutely con-
tinuous part of the divergence enters in the computation of a(s,y, z).

4.3. Explicit representation of the density «(s,y, 2)
We recall that by Proposition 3.11, the following estimate holds:

/¢(m1)div(x,4d)dx < /qb(a?l)da:l, (4.16)

where the constant C' depends on the compact support of ¢, the set A and the
distance from the initial points A and the boundary 9f2. This shows that we can
cover the set where the singular part of divd is concentrated by cylinders with
total Lebesgue measure as small as we want.
It thus follows that
m = (divd)a.c.m + ms .

so that we can obtain

Theorem 4.6. The Lebesgue density satisfies the ODE

d
d—oz(s,y7 z) = a(s,y, z)(divd) q.c. - (4.17)
s
A more precise estimate and using the same argument of [4], Theorem 5.7,
it follows that
b(x) — _
as.,9) < g { 22 el (418)
€ €

where z is the point corresponding to (s, vy, 2).
By studying the ODE (4.14), on can easily prove the following corollary:

Corollary 4.7. The function «(s,y, z) is different from 0 H"™ a.e. in Q, and uni-
formly bounded in ' cC Q.

This concludes the analysis of the disintegration of the Lebesgue measure.
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5. Existence of a solution to the Euler-Lagrange equation

After this machinery, it is quite easy to solve the Fuler Lagrange equation, and
thus to prove that the solution is positive inside the domain. In fact, the Euler
Lagrange equation can be written thus as

div(p(e)d(z)) = o (u(x))

with p > 0. By weak compactness, there exists a solution to the Euler Lagrange
equation: this result is proved in [4], Theorem 4.3.
We disintegrate the Euler Lagrange equation: for all ¢ € C1(Q),

/Q (p(2)d(2) Vo(x) + g(2)é(x)) dz
= [ ant.2) ( [ (vt 900400.9) +g(y,s>¢<y,s>)a<s,y,z>ds) .

We thus obtain that on each line the function p satisfies

p(s,y7z) :po(y,Z) + ; /_S a(t7y7'z)g(u(t))dt7 (51)

a(s,9,2) J oo

where the initial data pg(y, z) can be chosen arbitrary(but in a measurable way)
if the segment = + td(z) has both ends on the boundary, otherwise po(y, z) = 0.
Clearly this solution is different from 0 a.e. on €2, because c(s,y, z) # 0 a.e..

It thus follows

Theorem 5.1. The Euler Lagrange equation corresponding to the variational prob-
lem (2.1) has a solution which is different from 0 a.e. in Q.

The possibility of choosing pg(y, z) allows in the general case to join the
polyhedra in such a way that non divergence on the boundary occurs, so that one
can construct the solution to Euler-Lagrange equation for general €.

6. A conjecture of Bertone-Cellina

In this section we consider the following conjecture. Let 2 be an open bounded
set in R™, and D a convex closed bounded set in R". Let u € W*°(Q) such that
Vu € D a.e.. The conjecture stated in [3] is the following:

1. either there exists a function 7 € Wol’OO(Q)7 1 # 0, such that Vi + Vu € D;

2. or there exists a divergence free vector m € (L .(2))" such that 7 # 0 and

m(x) - Vu(z) = rkneag{w -k} (6.1)

a.e. in Q.

The following proposition has been proved in [3,4]:

Proposition 6.1. If there exists m satisfying point (2), then n = 0.
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To prove the other implication, consider in fact the two minimization problem

inf /(ID(vu)—u)dx, inf /(ID(VU)+u)dx. (6.2)
a+ Wy () Jo ut+Wy (@) Jo

Since we assume that there are no variations, then the two solutions coincide

with u, so in particular there are two positive functions p~(z), p* () belonging to
Ly (§2) and satisfying the Euler-Lagrange equation

div(p~ (z)d(z)) = -1, div(p"(z)d(z)) =1. (6.3)

For the second minimization problem, we have to reverse the directions on x+td(x),
by setting

a(z) ={z+td(z),t e R} NN, b(x)={x—td(z),t € R} NIN.

Clearly, it is equivalent to consider the minimization problem

inf / (I-p(Vv) —v)dz,
—a+w Q) Ja
and setting u = —v.
By adding the two equations in (6.3), it follows that w(z) = p*(z)d(z) +
p~(x)d(x) satisfies point (2), if we can prove that it is different from 0: this follows
from Theorem 5.1.
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Singular Limits for Impulsive Lagrangian
Systems with Dissipative Sources

Alberto Bressan

Dedicated to Arrigo Cellina and James Yorke

Abstract. Consider a mechanical system, described by finitely many Lagrang-
ian coordinates. Assume that an external controller can influence the evolution
of the system by directly assigning the values of some of the coordinates. If
these assignments are implemented by means of frictionless constraints, one
obtains a set of ordinary differential equations where the right hand side
depends also on the time derivatives of the control functions. Some basic
aspects of the mathematical theory for these equations are reviewed here. We
then consider a system with an additional dissipative term, which vanishes
on a stable submanifold A. As the coefficient of the source term approaches
infinity, we show that the limiting impulsive dynamics on the reduced state
space N can be modelled by two different systems, depending on the order
in which two singular limits are taken. These results are motivated by the
analysis of impulsive systems with non-holonomic constraints.

1. Introduction

Consider a mechanical system described by N Lagrangian variables ¢', ..., ¢". Its
kinetic energy T = T(q,¢) will be given by a positive definite quadratic form of

the time derivatives ¢, say

Ti) =5 > Ay(@) i (11)

This work was completed with the support of our TEX-pert.
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If the system is affected by external forces having components Q; = Q;(t, g, q), its
motion is determined by the equations

d or 0T . )

aaqlzaiql—’—Ql(tﬂ(LQ) 7’:17"'7N'
In a common situation, an external controller can apply additional forces, whose
components ¢;(q, u) depend continuously on the state ¢ of the system and on the
value u = u(t) of the control function. In this case, the evolution of the system is
described by

d or 9T
= = Qi g, ) + il i =1,...,N.
i 0 aqurQ( a.4) + ¢i(q,u) i

This leads to a control system in standard form, where the right hand side depends
continuously on the control w.

In a quite different but still realistic situation, a controller can prescribe the
values of the last m coordinates ¢"*',...,¢" ™ as functions of time, say

g (t) = uy(t) i=1,...,m. (1.2)

We now make the crucial assumption that the identities (1.2) are achieved by
implementing m frictionless constraints. Here frictionless means that the forces
produced by the constraints make zero work in connection with any virtual dis-
placement of the remaining free coordinates ¢',...,¢". Calling ®;(t) the compo-
nents of the additional forces, used to implement the constraints (1.2), the motion
is now determined by the equations

d or oT . )
aaqi:a—qi—l—Qi(?ﬁ,%q)—&—@i(t) i=1,...,n+m. (1.3)
The assumption that the constraints are frictionless is expressed by the identities
Oy(t)=---=D,(t) =0. (1.4)
In this case, the evolution of the remaining free coordinates ¢',...,¢", together

with their conjugate momenta
oT )

pi:a—qi, i=1,....,n, (1.5)

is described by a first order system of 2n differential equations:

q' = i(t, q(t), p(t), u(t), u(t)) -
A e b (10)
where upper dots denote derivatives w.r.t. time. The presence of the time deriva-
tives 4; of the control functions accounts for the impulsive character of (1.6).
The theory of control of Lagrangian systems by means of of moving con-
straints was initiated independently by Aldo Bressan and by Charles-Michel Marle,
around 1980. The memoir [9] was motivated by problems of optimal control for the
ski or the swing, later studied in [10]. In [18] one can find a more general geomet-
ric approach, also including some mechanical applications. A subsequent paper by
Cardin and Favretti [11] clarified the relations between the two approaches.
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The impulsive control of mechanical systems leads to a rich mathematical
theory, different in many aspects from the standard theory of control.

1.1. Basic form of the equations.

Assume that the external forces @; in (1.3) depend at most linearly on the first
derivatives ¢'. Then, as shown in [9], the right hand sides of (1.6) are polynomials
of degree < 2 w.r.t. the derivatives ;. Renaming the variables z = (z1,...,22,) =
(¢%,...q", p1,..., pn), we thus obtain a system of the form

m m
&= flt,e,u)+ > Gtz )i+ Y Dt 2, u) i . (1.7)
i=1 i,j=1
To achieve a further simplification, one can introduce the additional state variables
ro=tand Tp41 =UL, ..., Tptm = Um , With equations

i =1, Gpig=1;  j=1,...,m.

This removes the explicit dependence of the vector fields f s Gi iLij on the variables
t and u:

m m
b= f(@)+ Y gi(@) i+ > hij(a) i, . (1.8)
i=1 i,j=1

In many important cases, all the coefficients h;; of the quadratic terms vanish
identically, and the right hand side of (1.8) is an affine function of the components
;, namely

&= f(x) + D gi) i (1.9)
i=1

The form of the basic equations plays a key role in determining the class
of control functions for which the corresponding trajectory of the system can be
uniquely defined. Systems of the form (1.9) were called “fit for jumps” in [9]. In this
case, since the derivative of the control enters linearly in the equations, solutions
can here be defined also in connection with a control function having jumps at
certain points. On the other hand, if we insert a control having a jump in (1.8),
a product like @;7; will formally contain the square of a Dirac delta distribution.
Therefore, if the vector field h;; does not vanish, the state of system will instantly
reach infinity. In this case, the model is clearly not well posed.

An analytic characterization of systems “fit for jumps” was first derived in [9].
This property also admits an elegant geometric characterization, in terms of or-
thogonal geodesic curves. In the case of a scalar control, this characterization was
obtained in Theorem 5.1 of [9]. For general vector-valued controls, the analysis
in [24] showed how “fitness for jumps” is related to another fundamental property
of foliations on a Riemann manifold, studied in [25, 26].

Of particular interest is the case where all vector fields g; in (1.9) commute,
i.e., their Lie brackets [g;, g;] = (Dg;) gi—(Dg;) g; vanish identically. By a suitable
change of coordinates one can then remove the presence of the derivatives u; from
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the equations [29]. The evolution is thus described by a standard (non-impulsive)
control system.

1.2. Construction of trajectories for non-smooth controls.

When the control functions v = (ug, ..., u,,) are absolutely continuous, one could
simply define v; = 4;, i = 1,...,n, and use v = (v1,...,0,,) as our basic control
function. Using these new variables, (1.8) becomes a control system in standard
form, namely

m m
&= f(x)+ Zgi(x) v; + Z hij(z) viv; .

i=1 i,j=1
This approach, however, is not of much interest. In most applications, the dynamics
of the system and the constraints on the control functions are naturally formulated
using the coordinates themselves as controls, rather then their time derivatives.
Moreover, in several optimization problems, the optimal control u°P(-) is a discon-
tinuous function of time. Restricting the search to absolutely continuous controls
would be fruitless. When studying the impulsive system in its original form (1.8),
a major issue is how to define solutions for controls which are not Lipschitz con-
tinuous. A natural approach is the following. Let the functions f, g;, and h;; in
(1.8) be smooth, and consider the initial data

z(0)==z. (1.10)

Then the Cauchy problem (1.8), (1.10) has a unique solution ¢ — z(t,u) for any
C*' control u(-). In order to construct a solution corresponding to a more general
(possibly discontinuous) control function u(-), one can approximate u by a sequence
of C' control functions u* and take the limit of the corresponding trajectories. The
key problem here is to identify suitable topologies on the space of controls and on
the space of trajectories which render continuous the control-to-trajectory map:
u(-) — (-, u). This problem has been the object of many investigations, in the
context of stochastic differential equations [29], and for control systems [2,4-7,
17,19]. Observe that, if the convergence u*(-) — wu(-) implies the convergence of
the sequence of trajectories x(-, u*), one can then uniquely define the trajectory
z(-, u) as the limit
.’E(', u) = lim :L'('a uk)v
k—oo

in a suitable topology.

A related problem is to characterize the L' closure of the set of all trajectories
which correspond to smooth controls. As shown in [8], this can be done in terms
of a differential inclusion with closed, convex right hand side:

% € F(xz(s)), (1.11)

where s +— t(s) provides a reparametrization of the time variable. Trajectories
of (1.11) can be interpreted as a kind of “generalized solutions” of the impulsive
control system (1.8). This characterization is useful in many applications. For
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example, some problems of optimal control, or asymptotic stabilization, are best
studied by looking directly at the differential inclusion (1.11).

1.3. Stabilization to a constant state.

We recall that the impulsive system (1.8) is said to be locally stabilizable at a
state Z if, given any € > 0 one can find § > 0 such that the following holds. Given
any initial state 27 with |27 — Z| < 6, one can find a C* control u(-) such that the
corresponding trajectory satisfies

|z(t,u) —z| <e forallt>0. (1.12)
If a control u(-) can be found such that, in addition to (1.12),
tlim z(t,u) =z, (1.13)

then we say that the system is locally asymptotically stabilizable at . Notice that
here we restrict the attention to C' controls. This is natural, because the more
general trajectories of (1.8) are always defined as limits of solutions corresponding
to smooth controls.

For results on the (asymptotic) stabilization of a Lagrangian system, by
means of moving constraints, we refer to the forthcoming paper [BR5]. The key
idea here is to reduce the problem to a stabilization problem for the corresponding
differential inclusion (1.11). In turn, the weak stability of a differential inclusion
can be analyzed by well established techniques [12,15,27, 28].

1.4. Optimization problems.

The problems of maximizing the amplitude of oscillation of a swing, or minimizing
the time taken by a skier to reach the end of a trail, were among the initial mo-
tivations for research on this subject [10]. A variety of optimal control problems
can be naturally formulated in the context of mechanical systems controlled by
moving constraints. As shown in [5], certain cases can be reduced to an optimiza-
tion problem for a standard (non-impulsive) control system. Other cases can be
studied in terms of a related differential inclusion. Further results on this type of
optimization problems can be found in [20-22]. For a general survey of the math-
ematical theory of Lagrangian systems controlled by moving constraints, we refer
to [3]. A key tool in the analysis of impulsive systems is the reparametrization of
the graph of the control function ¢ — u(t). Given a function u(-) with bounded
variation (BV), one can consider a Lipschitz continuous curve 7, parametrized as
s+ (t(s), u(s)), which contains the graph of u. Under suitable conditions, the
impulsive equations (1.9) reduce to a standard system of O.D.E’s, in terms of this
new variable s. This approach relies on the basic concept of “graph completion”,
which was introduced in [4].

Definition 1.1. A graph completion of a BV function u : [0,T] — IR™ is a Lips-
chitz continuous path v = (Yo, Y1, -+, Ym) : [0,5] — [0,T] x IR™ such that

(i) 7(0) = (0,u(0)), ¥(S) = (T, w(T)),
(i) vo(s1) < vo(s2) for all 0 < s1 < s9 <5,
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(iii) for each t € [0,T) there exists some s such that
V(s) = (t,u(t)).

Notice that the path v provides a continuous parametrization of the graph
of u in the (¢,u) space. At a time 7 where u has a jump, the curve v must include
an arc joining the left and right points (7, u(7—)), (7,u(7+)).

Definition 1.2. Let v be a graph completion of the control function u. Let y(-,)
be the unique Carathéodory solution of the Cauchy problem

L ys) = F(u(s)) ols) + Zgz ils) o =z, (114)

Then the (possibly multivalued) function

t—xz(t,y) = {ys'y —t}

is called the generalized trajectory of (1,9)7(1.10) determined by the graph com-
pletion .

Observe that, by definition, the path v is absolutely continuous, hence the
Carathéodory solution of (1.14) is well defined.

It can be shown that the trajectory z(-,~) depends on the path ~ itself, but
not on the way it is parametrized. In particular, let 5 : [0, 5] — [0,7] x IR™ be
another graph completion of u such that

(s) =v(8(s)) s€[0, 9]

for some absolutely continuous, strictly increasing ¢ : [0, S] — [0, S]. Then the
generalized trajectories x(-,7) and z(-,v) coincide.

It is important to understand how the trajectory of the system (1.9) depends
on the choice of graph completion. The main results in this direction, proved in [4],
are as follows. B

Let v:[0,5] — IR'™ and 7 : [0, 5] — IR'*™ be any two graph completions
of the same control function u € BV. Define their distance as

A(y,7) = inf max "Y(S) - ﬁ((b('o’))‘ : (1.15)

where the infimum is taken over all continuous, strictly increasing, surjective maps
¢ :[0,5] — [0, S]. In addition, we recall that the Hausdorff distance between two
compact sets A, B ¢ RV is

di (A, B) = max {maj( d(a, B), max d(b, A)} .

ac
The distances of a point from a set are here defined as

d(a,B) = mneljfB |z — al, d(b, A) = ;IelfA | —b].

‘We then have
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Theorem 1.3. Let the vector fields f,g; in (1.9) be Lipschitz continuous. Let u,, :
[0,T] — IR™ be a sequence of control functions. For each n > 0, let v, be a
graph-completion of u,, . Assume that the total variation of the maps v, remains
uniformly bounded, and that

A(vn, ) — 0 as m— oo. (1.16)

Then the graphs of the corresponding (possibly multivalued) trajectories x(-, vy)
converge to the graph of (-, vo) in the Hausdor(f metric.

For a proof, see [4]. The following result, also proved in [4], relates the gen-
eralized solution obtained from a graph completion to the limit of more regular
solutions, corresponding to smooth control functions.

Theorem 1.4. Let v : [0,S] — IRY™™ be a graph completion of a control u :
[0,T] — IR™. Let (un)n>1 be a sequence of Lipschitz continuous controls with
uniformly bounded total variation, which approximates v in the following sense:
Setting vn(s) = (s, un(s)), one has

Ay, ¥m) — 0 as n— oo. (1.17)

Then the generalized solution x(-, ) of (1.9)~(1.10) corresponding to the graph
completion ~y satisfies
z(t,y) = lim z(t,uy,) (1.18)
n—oo
at every time t where x(7y,t) is single valued, hence almost everywhere.

Besides the theory of impulsive control, the idea of graph completion was
also used in [13,14,16] to achieve a definition of non-conservative products, and
non-conservative solutions to hyperbolic systems in one space dimension.

The remainder of this paper is organized as follows. In Section 2 we dis-
cuss some elementary mechanical examples, which motivate the impulsive control
model. Following [9], in Section 3 we sketch the derivation of the basic equation of
motion, assuming that the controller always implements frictionless constraints.

Section 4 contains the main new results of this paper. We consider an impul-
sive control system of the form

&= f(x)+ Zgz(gc)uZ + %@(x) . (1.14)

where f, g;, ® are smooth vector fields on IR", while € > 0 is a small parameter. We
assume that the source term has dissipative character. More precisely, ® vanishes
on a submanifold A/ C IR", and every trajectory of the O.D.E.

&= P(x)

converges to some point in NV, as t — co. As the “relaxation time” & approaches
zero, we study the dynamics of the system (1.14), corresponding to a possibly dis-
continuous control u(-). Since the trajectory of (1.14) is defined as limit of trajecto-
ries corresponding to an approximating sequence of smooth controls u, (-) — u(-),
in the end one has to take two limits: € — 0 and n — co. Depending on the order
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in which these limits are taken, we show that two different dynamics are obtained,
for a system defined on the reduced state space N.

2. Mechanical examples

A mechanical system can be affected by an external controller in two basically
different ways. On one hand, the controller can influence the evolution of the
system by applying additional external forces. This leads to a standard control
problem, where the time derivatives of the state variables depend continuously on
the control function [23].

In other situations, also physically realistic, the controller acts on the sys-
tem by directly assigning the values of some of the coordinates. The remaining
coordinates are then be determined by solving a set of differential equations with
constraints, which also depend explicitly on the time derivative of the control
function. We illustrate these two cases with simple examples.

Example 2.1. Consider a child riding on a swing, pushed by his mother. In this
case, the equations of motion are the same as for a forced pendulum, say of length
ro and mass m. In addition to the gravity acceleration g, the child is subject to
a force F' = u(t) exerted by the parent. This force represents a control, and its
value can be prescribed (within certain bounds) as function of time. Let 6 be the
angle formed by the swing with a vertical line. The motion is then described by
the controlled differential equation

mrof = —mgro sin 6 + u(t) . (2.1)

Example 2.2. Now consider an older boy riding on the swing. We assume that, by
standing up or kneeling down, he can change at will the radius of oscillation (within
certain bounds). This new system can be described in terms of two variables: the
angle # and the radius of oscillation r. The kinetic energy is given by

T(r,0,7,0) = 5 (72 +1262) | (2.2)
while the potential energy is
V(r,0) = —mgrcost. (2.3)

The control implemented by the boy amounts to assigning the radius of oscillation
as a function of time, i.e., r = u(¢), for some control function u. Calling L =T -V
the associated Lagrangian function, the evolution of the remaining coordinate

0 = 0(t) is now determined by the equation
d oL 0L
4oL _ oL 2.4
dt o9 00’ 24)

which in this case yields

2mror + mr20 = —mgrsin . (2.5)
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Denoting by w = 6 the angular velocity, and recalling that » = u, we obtain the

impulsive system

. sinf 2w

f=w, =230 (2.6)

u U
Observe that the right hand side of the second equation depends linearly on the
time derivative of the control function. In this special case, we can remove the
dependence on 4 by a change of variable. Namely, calling p = mr20 = mu?6 the
angular momentum, from (2.6) one obtains
p

) = —, p=—mgusing, (2.7)
mu

where the right hand sides do not depend on .

Example 2.3. A bead of mass m slides without friction along a bar, while the bar
can be rotated around the origin, on a vertical plane. This system can be described
by two lagrangian parameters: the distance r of the bead from the origin, and the
angle 0 formed by the bar and a vertical line. The kinetic and potential energy are
still given by (2.2)-(2.3). In the present case, however, we assign the angle 0 = u(t)
as a function of time, while the radius r is the remaining free coordinate. The
evolution of the radius is now determined by the Lagrange equation

d oL 0L

dt or — or’
where L = T — V. Using (2.2)—(2.3), and setting 6 = u(t), from (2.8) we obtain
the second order equation

(2.8)

i =ru*(t) + g cosu(t) (2.9)

Observe that in this case the right hand side of the equation contains the square
of the derivative of the control.

3. The equations of motion

Consider the Lagrangian system at (1.3), subject to frictionless constraints as in
(1.2), (1.4). In this section, following [9], we derive a set of equations describing the
evolution of the free coordinates ¢',. .., ¢". Remarkably, this can be done without
explicitly computing the remaining components of the forces ®,41,..., Py,
Indeed, the variables ¢"*1 ... ¢"™™ are already assigned by (1.2). Of course,
their time derivatives

QT =g (t), o, T = (0)

are also determined. We now show that the evolution of components ¢', ..., ¢" can
be derived from the first n equations in (1.3), taking (1.4) into account.

In connection with the quadratic form (1.1) for the kinetic energy, introduce
the conjugate moments

o . 0T i
pi = pilg,q) = dgi = ZAij(Q)qJ- (3.1)
i=1
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Moreover, define the Hamiltonian function
n+m
Z BY(q) pip; , (3.2)
4,J=1

where B% are the components of the (n +m) x (n +m) inverse matrix B = A~L.

In other words,
n+m

” 1 if i=k
oA )
ZlB k=0 i 4k, (3.3)
=
Next, we solve the system of Hamiltonian equations for the first n variables
i oH
¢ = g, (a,p) :
. . 1=1,....n. 3.4
{ P = —gﬁ(q,p)ﬂLQi(t,qﬂ) (34
Notice that (3.4) is a system of 2n equations for ¢!, ..., q",p1,-- ., pn, where the
right hand side also depends on the remaining components ¢*, p;, i = n+1,...,n+
m. We can remove this explicit dependence by inserting the values
= u(t), Gt =1, (t) i=1,...,m,
_ ‘n+1 *n—+m M (35)
Py *pj(plv"'vpn7q yeeesq ) ]*n+157n+m

In the second line of (3.5), in order to express p; as a linear combination of

Plyeees Py @7 ¢, we proceed as follows. Let C' = (Cy;) be the inverse of
the m x m submatrix (B™); j—y+1, . n+m, so that
n+m . .
; 1 f = .
S OB = itg=", jke{n+1,....n+m}. (36)
Sl 0 it j#k,
="

Recalling that p = A¢, ¢ = Bp, we multiply by C}; both sides of the identity

n n+m
=> B¥*p.+ Y B¥p,
k=1 k=n+1

and sum over i =n+1,...,n+ m. By (3.6), this yields

n+m n+m n
Z Cji(ji— Z ZCjiBikpk j=n+1,....n+m. (37)
1=n—+1 i=n+1k=1
Inserting in (3.4) the values ppi1,...,Pntm given by (3.7), we obtain a closed
system of 2n equations for the 2n variables ¢',...,¢", p1,...,pn. More precisely,
fix an index i € {1,...,n}. Recalling the definition of the Hamiltonian function

at (3.2), we obtain
¢ =2 s Bjk<q>p~pk}
= Ej:l BY p; + j= n+1 BY p;

%l + 1 + +
= E?:l BY p; + E?:::lﬂ BY (Z? i1 Ciedt =2/ Y h_y Cju B pk)
(3.8)
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Next, using again (3.4) and (3.7) we compute
Pi = a?; { Z?ZmlB *(q )pjpk}-FQi(f»%d)
— (3 + X T+ ) B+ Qult 0. d)
— Ly B i
- Z?:l ZZ+;”+1 aangka (Eh n+1 Ckhq Eh n+1 n— CkhBMpe>
*l ;L—lgmn+1 aB;Jk (Zh n+1 Cind" Zh n+1 >t CinB" p/)
X (Z:}LTH Crrg" _Z:+TT+1 e 1 Crr B pf)
+Qi(t, ¢, 4) -

(3.9)
Recalling that ¢"™* = 4;, and that the matrices C(g) = (C;;(q)) are invert-
ible, a direct inspection of the above equations reveals that:

(i) The right hand side of (3.8) is always an affine function of the derivatives

1y -

(if) The right hand side of (3.9) is an affine function of the derivatives 1 , ..., Up
if and only if each Q; is an affine function of ¢"**,...,¢"*t™, and moreover
0B7*(q)

5 =0 forallie {1,...,n}, jke{n+1,...,n+m}. (3.10)
ql

Following [9], systems whose equations of motion are affine w.r.t. the time
derivatives of the control will be called fit for jumps. In the special case where
the derivatives u; do not appear at all in the equations, we say that the system is
strongly fit for jumps. From the above analysis we thus obtain

Theorem 3.1. The Lagrangian system controlled by moving constraints (1.2)—(1.4)
is “fit for jumps” if and only if the components of external forces Q; are affine
functions of the derivatives ¢, j = n+1,...,n+m, and the identities (3.10) hold.

Theorem 3.2. The system (1.2)—(1.4) is “strongly fit for jumps” provided that the
external forces Q; depend only on the variables t,q', and moreover the identi-
ties (3.10) hold, together with

BY(q)=0 ic{l,....,n}, je{n+1,....n+m}. (3.11)

4. Relaxation limits

Consider an impulsive system with dynamics depending linearly on the derivative
of the control:

2+ 3 gileii+ 2@(@ . (4.1)

Here f,g;, ® are smooth vector fields on IR"™, while x € IR™ is the state of the
system, u € IR™ is the control function and € > 0 is a small parameter, i.e., the
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“relaxation time”. In the following we denote by ¢ — xz(¢,y) the solution to the
Cauchy problem

&= ®(x), z(0)=y. (4.2)

Our basic assumptions are

(A1) The set of equilibrium points
N ={zeR"; &) =0} (4.3)

is a smooth manifold of dimension r < n. For each z € N, one can split IR" as a
sum of a null and a stable subspace:

R"=N,&5,, (4.4)

of dimension r and n — r respectively. Both subspaces in (4.4) are invariant under
the linear mapping D®(x) (the differential if ® at the point x). Moreover, N,
coincides with the tangent space to N at the point x, so that

D®(z)v=0 v E Ny,
while the restriction of D®(z) to the subspace S, has eigenvalues with strictly

negative real part.

(A2) The equilibrium manifold N is globally attractive, i.e., every solution of (4.2)
eventually approaches the manifold . For each y € IR™, the map
y = 7ly) = lim z(t,y) (4.5)

is a continuous projection of IR™ onto N.

Our main goal is to describe the limits of trajectories of (4.1), as the relax-
ation parameter ¢ — 0.

As a preliminary, we define the m + 1 vector fields f, g; : N — IR™ by means
of a suitable projection. Recalling the decomposition (4.4), at each point z € N
any vector v € IR™ can be decomposed as a sum of a vector in N, and a vector in
Sz, say
V=T7TNV+TTgV.

For x € N we can thus define
flz) =nnf(), gi(z) = 7ngi(z). (4.6)

This yields a “reduced” impulsive control system on N

i = f(z)+ Zgi(x)ui reN. (4.7)

By construction, the right hand side of (4.7) is tangent to N. Hence, for every
initial data & € NV, it defines an evolution inside .
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Given an initial data
u(0) =a, xz(0) =1, (4.8)

one might expect that (4.7) describes the limit of trajectories of (4.1) as ¢ — 0.
Actually, some care must be taken on the order in which limits are taken.

Let u : [0,7] — IR™ be a BV function. In the case where u is discontinuous
and the vector fields g; do not commute, to uniquely determine the solution of
(4.1), (4.8) one needs to assign a graph completion v of u. As recalled in Defini-
tions 1.1 and 1.2, the map v : s — (70(.9), y1(8),. -+, ’ym(s)) provides a Lipschitz
continuous parametrization of a curve in IR'*™ which contains the graph of w.

If () has a jump at a time 7, to compute the jump in the corresponding
generalized trajectory z(-,7y) we look at the non-trivial interval

[s7,st] = {s; Yo(s) = T}.
The value z(7+) of the trajectory corresponding to the graph completion v is then
computed by solving the Cauchy problem

m

y(s7) = a(r-), %y(S) = Zgi (y(5))3i(s) s€[s7,sT], (49)

and setting
z(t+) = y(sh). (4.10)

Observe that the O.D.E. in (4.9) is of Carathéodory type, having a right hand
side which is Lipschitz continuous w.r.t. ¥ and measurable w.r.t. s. Indeed, the
components ; are uniformly Lipschitz continuous functions of the parameter s.

Next, consider a sequence of smooth controls u” converging to u in L! and
for a.e. t, and whose graphs converge to the graph completion ~ in the distance
defined in [?]. Call t — 2% (t) the solution to

% 1
- ()0 4+ =0(z), 4.11
&= f(z)+ ;:1 gi(2)ii + —2(x) (4.11)
with initial data (4.8). Then set
z¥ = lim a7, Te = lim a¥.
e—0 v—00

We now have

Theorem 4.1. Let the hypothesis (A1) hold. Assume that u is continuous, T € N
and the smooth approximations u” converge to u uniformly on [0,T]. Then the
following two limits are well defined for every t € [0,T] and coincide:

x(t) = lim (lim ch(t)) = lim ( lim xg(ﬁ)) . (4.12)

v—oo \e—0 e—0 \r—o0

The limit trajectory x : [0, T] — N is a solution of the reduced impulsive control
system (4.7).
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Theorem 4.2. Let the hypotheses (Al), (A2) hold. Let w € BV, and consider a
sequence of smooth controls u” converging to u in L' and for a.e. t € [0,T], and
whose graphs converge to the graph completion v of u, in the distance (1.15). Then
the two limits
() = Tim (L a2(t)), #(t) = lim ( lim =2(t)) (4.13)
are well defined in L' and for a.e. t € [0,T]. However, they do not coincide, in
general.
The first limit coincides with the solution of (4.7) corresponding to the graph
completion vy with initial data
z(0) =« (z). (4.14)

The second limit is obtained by solving (4.7) outside the jump points, while,
at each time T where u has a jump, if t(s) =7 for s € [s—,s], then

x(r+) = 7r(y(s+)) , (4.15)

Here y(s™) is defined as in (4.9)~(4.10), while m : IR™ — N is the projection
defined at (4.5).

We shall first give a proof of Theorem 2, in several steps. Afterwards, we will
show how to recover Theorem 1 by a minor modification of the previous arguments.

1. By the assumption (Al), there exists a family of coordinates z = (z1,...,2,)
with the following properties. The set of equilibrium points has the representation
N ={z(2); € R"; 241 =+ =2, =0}. (4.16)
The projection 7 : IR"™ — N takes the form
w(x(zl, o zn)) =x(z1,...,2,0,...,0). (4.17)
Moreover, in the new coordinates, the O.D.E. (4.2) takes the form
{ Z ;gj(z) Z;Tl,—&-l,’r,7n, (4.18)

2. It will be convenient to construct a Lyapunov function on a neighborhood of
the manifold . This is a smooth function V such that

V(z)=0 if zeN,
V() >0 i a2 ¢ N (4.19)
VV(z)-®(z) <0 z¢N. (4.20)

The existence of such a function follows again from the assumption (Al).

3. Given the continuous control u(-), let ¢ — z(¢t) € N be the solution of the
reduced Cauchy problem (4.7)-(4.8). Using the adapted coordinates z1,. .., z;, for
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each € > 0 and v > 1 we call 2 = (21, ..., 2%°) the solution to

rn

2= fi(2) 4 00 gl (=) J=Ler, (4.21)
205 =)+ T g ()il + 2 di(2) j=r+1.n, |
with initial data
20) =2 (4.22)

corresponding to (4.8).

4. Our next goal is to show that each #¥ = lim._,o ¥ provides a solution to the
Cauchy problem

m

b= fo)+ Y gl 2(0) = (@) (4.23)

=1

Define 7. = /2. We claim that

lir% x¥ () = m(Z) (4.24)
£—
Indeed, let ¢ — w(t) be the solution to
w = P(w), w(0) =T,
and call y.(t) = z¥(et), so that

d

GVe=e [f(ye) + Zgi(ya)d%’ +®(ye) -

Using the assumption (A2) we obtain
lim 27(7.) = lim y. (e~ /?) = lim w(e"'/?) = 7(z),
e—0 e—0 e—0

proving (4.24).

5. For a fixed v > 1, call y”(-) the solution to the Cauchy problem (4.23). Since
u(+) is smooth, for some constant C,, we can assume

|u” (t)] < Cy tel0,7T].

Let N5 be a compact neighborhood of the image set {y”(t) i telo, T]} Using an
a priori bound on the vector fields f, g; restricted to N, for some constant M we
can thus assume

fx) + Zgl(a:)u,(t) <M tel0,T], z €Ns. (4.25)

6. Let any ¢y > 0 be given. Then there is §p > 0 such that

V(Z) < 50 — Z |Z]‘ <e€o. (426)
J=r+1
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Moreover, by (4.20) there is ¢y > 0 such that
V(z) > dg = VV(z) ®(x) < —cp. (4.27)

Together, (4.25) and (4.27) imply that, for all € > 0 sufficiently small,

VV(x) il < éVV(a:) “®(z) + |[VV(2)|- M <0. (4.28)
This implies that the trajectory x¥ cannot exit from the set {a:; Vix) < 50}.
7. The behavior of #¥ on the initial interval [0, 7.], with 7. = £!/2, was described
in step 4. To study the trajectory ¢t — a”(¢) on the remaining interval [r., T, we

use the formulation (4.21) in terms of the z-coordinates. By the previous steps,
given any dg > 0, for all € > 0 sufficiently small we have

V(zX(t)) <o telr,T)]. (4.29)

In particular, by (4.26), given any £y > 0 we have

M| <e telr,T)]. (4.30)
j=r+1

for all € > 0 small enough. Since ¢y > 0 can be taken arbitrarily small, and the
functions f and g;4; in (4.21) are uniformly Lipschitz continuous, as ¢ — 0 we
have the uniform convergence z"¢ — 2", where the limit trajectory provides a
solution to

#= )+ N gl () i=1...r,
{V / 1 (4.31)

Z’.: j:']"+17...,n7

J
with initial data
2(0) =7(2) = (z1,---,2,0,...,0). (4.32)

To conclude, we now only need to observe that (4.31)-(4.32) correspond precisely
to (4.7), (4.14), in the z coordinates.

8. Finally, assume that the sequence u” converges to the graph-completion v of u,
in the sense of graphs. An application of the results in [4], here stated in Theorem
1.4, implies that the corresponding trajectories z¥(-) converge to z°(-) pointwise
for a.e. t € [0, 7], and also in L*([0, T]). This completes the proof of the first part
of Theorem 4.2.

9. In the remainder of the proof, we consider the second limit in (4.13). By the
convergence assumption on the approximating controls u”(+), for every fixed € > 0
the limit

e = lim 2V (4.33)

V—00
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is described in terms of the graph completion 7 : [0, S] +— [0, T] x IR™ of the control
function u(-). Call s — Z.(s) the solution of

%5:(5): (f(i(s))JrifI)(i( )) d% +Z ) s€0,9],

(4.34)
with initial data (4.8). Since the map s — t(s) = vo(s) from [0, 5] onto [0, 7]
is nondecreasing, for almost every ¢ there exists a unique s = o(t) such that
t =t(o(t)). We then have the representation

z(t) = 2-(a(t)). (4.35)

10. It now remains to describe the limit of the maps 2., as ¢ — 0. Consider the
set

J= U Is @), sT@)], (4.36)

t€[0,T]
where
s~ (t) =min {s; y(s) =t}, st(t) =max {s; v(s) =t}.

Since s~ (t) = sT(t) for all but countably many times ¢, the set J is actually the
union of countably many open intervals, say

J = U 1sis sl (4.37)
k>1

Our goal is to prove that as ¢ — 0, the maps s — Z.(s) converge to the unique
map s — #%(s) providing a fixed point to the integral transformation w + Tw
defined as

Tw(s) =n(z)+ f[O,s]\J (f(w(r))%(r) + > G (w(r))'yl(r)> dr
(

{7 (vn(s)) — wlsy) .
{ fss;zl 191‘(5)(@)' (rydr if s €ls, , si, (4.38)
0 ifs¢ J.

for all o € [0, S]. Some words of explanation are in order. In (4.38), the vector fields
f, gi are the projections of f,g;, as defined at (4.6). For a given k, the function
Ykt [sy 8] +— IR™ is defined as the solution to the Cauchy problem

Zgz ) Dile) y(sg) = a(sy). (4.39)

Notice that, according to (4.38), the map s +— 3¥(s) is right continuous. At each
of the points s = 5? it jumps from y(sZ) to w(y(s;r))

12. In this step we prove the following lemma.
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Lemma 1. Given ¢y > 0, a time 7 < T and a compact set I' C IR", there exists
n €10, €] such that, for alle > 0 small enough, the following holds. Fix any z* € T
and call s — x.(s) the solution to (4.34) with initial data

ze(sT(r)) = 2*. (4.40)

Then
< €. (4.41)

ze(st(r) + 1) — m(a)

Proof of Lemma 1. For notational convenience, set st = st (7). Of course, this
implies 7 = #(s1). Consider any sequence 1, — 0 and define

g, = [t(s++ny)—t(s+)]2 > 0. (4.42)

For € < ¢, the value . (S+(T) + 77V) is more clearly estimated by a time-rescaling
technique. Set y.(£) = z.(sT + &£). We now look at the solution to the rescaled
problem

V(&) =e (st +eg)

= [efye) + (o)) G2 (st + &) + X0y e gilye) (st +2€),
(4.43)

for £ € [0, n, /¢], with initial data
y-(0) = a™. (4.44)
We now observe that

5.f0v/6<|f(y6 )| - ‘d70(5++€f)‘+21 1 9i(y=(©)] - |G

(st +e¢)|) de

<c. [ *"V(’d’*o e >ds ~ 0
(4.45)
as 7, — 0. On the other hand, if ¢ <¢,, as 1, — 0 we have
1 [mw/e + + (et 1/2
e Jo dg € €
Let w(-) be the solution to
d X
%w(t) = d(w(t)), w(0) = ™. (4.47)

The limits in (4.45) and (4.46) now show that, as v — oo, as long as € €0, &,| we
have

lim z.(sT +n,) = lim y.(n,/¢) = lim w(c/?/e) = lim w(t) = = (z*).
V—00 V—00 V—00 t—oo

Choosing n = 1, sufficiently small, by a standard compactness argument the
conclusion of the lemma holds uniformly for all initial data z* € T. O
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13. In connection with the given graph completion s — ~(s), we now prove an-
other key estimate. Roughly speaking, the next lemma says that, if an interval
[a,b] does not contain large subintervals [s~,s*] where t(s) = 7y(s) is constant,
then the value of the Lyapunov function V (z-(s)) in (4.19)-(4.20) remains small
throughout [a,b]. This happens because, when 7 is strictly increasing, by (4.27)
the large term e *®(z.) o forces V to decrease.

Lemma 2. For any compact set K C IR" there ezists a constant Cx such that the
following holds. For any g > 0, let [a,b] C [0, S] be such that, for every subinterval
[s,5"] € [a, b],

s = >eg = Yo(s") > y0(s'). (4.48)
Given any 6 > 0, if s — x.(s) is a solution of (4.34) with e > 0 sufficiently small
(depending on K and 0) and if

V(ze(a)) <4, ze(a) € K, (4.49)
then
V(ze(s)) <6+ Ck - €0 for all s € [a,b]. (4.50)
Proof of Lemma 2. By assumption, there exist values a = 09 < 01 < --- < oy =
b, and a constant c¢; > 0, such that
O; —04—1 Sé‘o, t(O’Z‘)—t(O'i_l) >c 1= 1,...,N. (451)

For a given o € [a,b], define
0¥ = max {s <o; V(ms(s)) < 6}.

Then, for s € [0*, o], by (4.27) we have

Ly (eas) = YV (aa(s)- 28 < 0 d0l) o (d% +Z’d%

ds ds — & ds ) '
Here the constant C' depends only on an upper bound on the vector fields f and
g; and on the gradient VV, valid on a suitable compact neighborhood of K. For

£ > 0 small enough, we can assume cy/2e > C, hence

d co do(s) [ dvils)
° < Q) o N | R 4.52
dsv(%(s)) — 2 ds +c ; ds (4.52)
To fix the ideas, assume
Sho1 S0 <op < <0 <0< Skt
Let L. be a Lipschitz constant for the function v, so that
| dvils)
; | <Ly (4.53)
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For every € > 0 small enough so that
€o
27601 >C L'y €0,
we now have
V(ze(on)) < V(2(6%)) +CLy(0p, —0*) < 6+ C Lyeg.
Moreover, by induction on j =h, h+1,..., k — 1 we find

V(xs(gj)) Sv(xe(gjfl))_%(”] 0j—1) + C Ly, (0j —0j-1)
< (6 +C Lygg) — §2er + C'Lygo

<0+ C Ly,
and finally
V(ze(0)) < V(xe(og)) +CLy(oc—0k) < (6+CLyeo) +C Lyeg.
This establishes the Lemma, with Cx =2C L., . O

14. In this step we construct a sequence of functions wy : [0, S] — IR™, converging
to a solution of (4.38). For a given integer N > 1, consider the finite union of open

intervals
Iv = Ispsil
k<N
Then s — wy(s) is defined as the unique piecewise Lipschitz continuous function
with jumps at the points sf, sg, ..., SN, such that w(O) = m(Z) and moreover

Zgl d%( ) zedy, (4.55)

w(sf)=m (SI%rSnJr w(s)) k=1,...,N. (4.56)

where 7 : IR™ — N is the projection defined at (4.5). The existence of the functions
wyy is straightforward. Moreover, by the local Lipschitz continuity of the projection
map 7 : IR" — N and of the vector fields f, g;, it is clear that the maps wy(-) con-
verge to the function 7(-) defined as the fixed point of the integral transformation
w— Tw in (4.38).

Notice that the convergence holds in L' ([07 S]), and also pointwise for a.e. s €
[0,S]. In the special case where .J consists of finitely many open intervals, one
simply has J = Jy and wh = wy, where N is the number of intervals.

15. Consider again the solutions Z.(-) of (4.34), with initial data £.(0) = z. To
complete the proof of the theorem, we need to show that, as e — 0, the functions
#.(-) converge to 2%(-). Toward this goal, we shall provide an a priori estimate of
the difference |z. — wy]| .
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This is more conveniently achieved working in the z-coordinates. The
map s +— z.(s) corresponding to Z. provides the solution to

fz= Pl B+ Y gz ) ) j=1,..r,
doi= (F(2)+ 10,(z)) - Doled p s gl() 9l 5= 1, n,
(4.57)
with initial data (4.22). On the other hand, the map s +— zy(s) corresponding to
wy in the z-coordinates satisfies the equations

{ %ZN,]‘Z (J)cj(ZN) i S)—le 192( )dﬂgis) j:zl,..i,r, s¢ Iy
ZN,j = Jg=r+1...,n, (2.58)
jgzNJ—;gg(zN)eris) j=1,....,n, s€Jy, (4.59)

while at the jump points s; there holds

{ ZNJ'(S§) = limgyg, 2n,;(9) ] =1,...,r, (4.60)
zn,j(sg)= 0 j=r+1,...,n

16. Let 1 > 0 be given. Choose § > 0 such that
Vi(z) <39 = ’z — 7r(z)| <er. (4.61)

Let Cx > 1 be the constant in Lemma 2 and choose g9 = § C;(l. Consider again
the countable sequence of intervals [s;, ;] where the map s — (s) is constant,
as in (4.37). Choose an integer N large enough so that

st —s, <eo forall k> N. (4.62)
We now estimate the distance |z.(s) — wx(s)|, for s € [0, S].
For notational convenience we set sar = 0, syy; = S. By relabeling the
intervals [s;, s;] we can assume that
0=s5 <sp <sf <--<sy<sy<sy=25.
By Lemma 1, given 19 €]0,&1], for all € > 0 sufficiently small we have

|zE (no) — m(z )| <e1, |ZN (no) — m(z )| <e1, V(zg(no)) <.
(4.63)
In particular,

‘zg(no) — zN(nO)’ < 2. (4.64)

Using Lemma 2 we deduce that, for s € [ng, s7 ],

V(ze(s)) <0 +2Ckeo < 36. (4.65)
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Therefore, by (4.61), for the components j = 1,...,r we have the estimate

<’ <51 —|—Z|z — 25 (s |> , (4.66)

where the constant C” depends only on the Lipschitz constants of the vector fields
f,g; and of the control ~.

For ¢ > 0 sufficiently small, similar estimates can be obtained for every k =
1,2,...,N. Indeed, set n, = 2~*ny. By Lemma 2, on every interval [s; + 1, 51t
we have

0~ ke

ze(s) — ﬂ(zs(s))‘ <er. (4.67)
Of course, this implies

|22(s)| < e j=r+1,...,n. (4.68)
In turn, this implies that (4.66) remains valid for all s € [s;} + nk, 5;,4] -

In addition, when s € [s, ,sk} the functions z. and zy satisfy the same
O.D.E. (4.59). Hence

d

£zg(s) < Z |2L(s) — 2 (s)] - (4.69)

Moreover, by Lemma 1, by possibly reducmg the size of 7, and choosing
€ > 0 sufficiently small we obtain

zE(sg + ) — W(Z(Sz))’ <27k

en(sf +m) = an(sf)| <27
V(ze(sf +mi)) <6
Observing that zy(s;) = m(zn (s} —)), from the previous inequalities we deduce
‘zg(sz + ) — zN(s;r + ﬁk)’ <ol=kg 4 ‘ze sy - zN(sz )’ . (4.70)

In (4.70) we used the fact that 7 : IR" — A is a perpendicular projection, when
expressed in the z-coordinates. Hence its Lipschitz constant is 1.

17. We now put together all the previous estimates. For notational convenience,

set
Z|z — 2z (s)], Z|z — 2 (s)] .

i=r+1
From (4-64)*(4.70) it now follows
a(no) + B(no) < 2e1,
) <o )
{gg% 261(04+5) 56[3$+77k,8k+1],
a(s) <C'(a+p) B
{ﬂs < C'(a+B) s €[5, s,
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alsi +me) <27 +alsy)
Blsy +mk) <er.
By induction on k, from the above inequalities we deduce

{ a(s) < 6ey - 620/5,

N
B(s) <er, s € [0,5]\ U[SL sy +mel - (4.71)

k=0

Recalling that the sequence zy converges to z# as N — oo, from (4.71) we see
that, as ¢ — 0, also the sequence z. converges to z!, in L! and for a.e. s € [0, 5].
Returning to the original z-coordinates, we deduce the convergence . — %, in
L' and pointwise almost everywhere. This achieves the proof of Theorem 2.

To prove Theorem 1, we simply observe that, if Z € A and if the control
function ¢ ~— u(t) is continuous, then 2” = z* and the arguments used in the proof
of Theorem 2 apply. Notice that the assumption (A2) was only used to study
jumps in the control u(-). One can omit this hypothesis and prove the same result,
if w is continuous.
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tonomous Bolza problem in control theory. Our results relax the usual fast
growth condition on the Lagrangian.

Mathematics Subject Classification (2000). 49J15, 49J30, 49K15, 49K30.

Keywords. optimal control, Bolza problem, existence of minimizers, Lipschitz
optimal trajectory, Lipschitz co-state.

1. Introduction

The so-called Bolza problem in optimal control concerns minimization of the func-
tional

T
J(z,u) = / L(a:(t),u(t))dt +€(x(T)) (1.1)
0
over all trajectory/control pairs (z,u) subject to the state equation

o' (t) = f(z(t),ut)) forae. tel0,T]
u(t) e U for a.e. t € 0,7 (1.2)
.Z'(O) € Cy.

We propose here some new results on the basic aspects of this problem: existence
of solutions, optimality conditions and regularity of optimal trajectories.

In literature, many papers have been devoted to these classical questions. In
particular existence of solutions was derived by several authors under very mild
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and third authors visited the CREA, Ecole Polytechnique, Paris and also while the second author
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regularity assumptions on the data, provided the Lagrangian L is convex with

respect to u, and has superlinear growth at oo, i.e., L(z,u) > ®(|ul), for some
&(r)
p

function @ : R — R satisfying lim,._ = 00. In such a framework, the super-
linearity of L can be used to deduce both existence and Lipschitz regularity results
by a direct method, see for instance Cesari [4], Clarke & Vinter [5], Frankowska
& Marchini [7], Sarychev & Torres [8], and Torres [9]. However, in control the-
ory there are some relevant examples which exhibit functionals with linear growth
(such as the brachistochrone problem or the area functional for minimal surfaces
of revolution), or even with no growth at all. For such functionals no general ex-
istence theory is available, to our knowledge. In fact, several counterexamples to
the existence of solutions are known in the literature.

For problems in the calculus of variations Clarke proposed, in [5], an approach
to the existence of solutions for Bolza problems based on Du Bois-Reymond nec-
essary optimality condition. In his paper, which also applies to state constrained
problems, existence is obtained imposing a separation property on the Hamiltonian
H(z,u,p) := (p,u) — L(x,u) of the form : for some constant k > 0

(ol Jul <k, peD, L (o) Hiw,u,p) <Umif oo s 00?13
where 0, L denotes the subdifferential of L with respect to u. For other ways to
relax the superlinear growth condition as well as the convexity of L, see also Cel-
lina [2] and Cellina & Ferriero [3].

We generalize here condition (1.3) to cover Bolza problems of type (1.1)—(1.2)
in absence of state constraints. Our method applies to control problems with slow
or no growth, as well as to superlinear growth of the Lagrangian, ensuring existence
and Lipschitz continuity of optimal trajectories, and the Lipschitz continuity of
the corresponding co-states.

Our main results stated here are provided without proofs, that are quite
lengthly and technical and will appear elsewhere. Instead we give some applications
to various problems of nonlinear optimal control.

2. Setting and notations

Let T > 0 and U C R™ be closed and convex. The following notations and
assumptions will be in use throughout the paper:
-I= [OvT];
- WHL(I;RY) denotes the space of absolutely continuous functions from I to
RY and W1°(I;RY) the space of Lipschitz continuous functions from I to
RN .

)

- we define
U :={u: T — R™ measurable : u(t) € U, for a.e. t € I}.

- a pair (z,u) where z € WHL(I;RY) and u € U is called a trajectory/control
pair if (z,u) satisfies (1.2);
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- for a,b € R, we set a A b:= min{a, b};
- for any w € U, Ny (u) denotes the normal cone to U at u.

Consider some functions L : RY x R™ — Ry, £ :RY — R, f:RY xR™ —
RY and let Cy € RY be closed, and, for every x € RY, L(x,-) be convex and
f(x,-) be differentiable. We define for all z € RV,

F(z):= {(f(;l:,u),L(x,u) +v):ueU and v > 0}.

In what follows we set inf ) = +o0.
Assumptions (H):

i) for some a > 1 and every R > 0, 3Cg > 0 such that, Va,y € B(0, R) and

VuelU,

i) [£(z) — £(y)| < Crlz —yl,
i2) |L(z,u) — Ly, u)| < Crle = yl|[1 + L(z,u) A L(y, u)],

)

i3) |f(w,u) — f(y,u)l < Crlz—y| (L[ £ (@ w)| ALF (s )|+ (L, u) A L(y, w) ]

ii) 37 € U such that, for some n € L*(I;R), for a.e. t € I, and for every z € RV,
|f(,a())| < n(t)(1+ |=]) ;
iii) for every R > 0, there exists mg € L'(I;R) such that, for a.e. t € I,

sup L(a:,ﬂ(t)) <mg(t);
z€B(0,R)

iv) for every x € R, F(z) is closed and convex.

Assumptions (H’): is the same as Assumptions (H) with i3) replaced by
cg 1/a
i37) f(2,u) = fly,w)] < Crle —yl[1+ (Lw,u) A Ly,w) "]

Remark 2.1. Assumptions (H’) imply Assumptions (H). So, every result obtained
assuming (H) still holds true under (H).

Remark 2.2. From (H) ii), iii) it follows that the infimum for problem (1.1)-(1.2)
is finite.

3. The main results

The theorems contained in this section ensure existence and Lipschitzianity of
solutions for the Bolza problem introduced in Section 1, the Lipschitzianity of
the corresponding co-states and the validity of the Du Bois-Reymond necessary
optimality condition. For (z,u,p) € RN x U x RY | set

P(z,u) = {p eRN: fr(x,u)p € Oy L(x,u) + NU(u)} ,

where 9, L(x,u) denotes the subdifferential of convex analysis of L(z, ) at u, and
fi¥(x,u) the adjoint of f,(z,u);. Define

H(IE,U,p) = <p,f(x,u)> o L(x,u) .
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Theorem 3.1. Assume (H). Suppose, for some k > 0 and some trajectory/control
pair (z1,u1) such that 2} € L(I;RY) and +o0o > J(z1,u1) > inf J(x,u) over all
trajectory/control pairs (x,u) satisfying (1.2), the following holds true:

1) for any trajectory/control pair (x,u) satisfying J(x,u) < J(x1,u1),

[#]loo <k and essinfer|f(2(t),ut))] < k;

2) sup H(z,u,p) < liminf inf H(z,u,p).
|z <k, |£(z,u)| < k emtoo ol <k |f(2,u)] 2 e
pEP(:E,u) pEP(;E,u)
Then,

a) problem (1.1)=(1.2) has an optimal solution (z*,u*) such that x* is Lip-
schitzian and L(z*(-),u*(-)) € L°(;RY);

b) the Du Bois-Reymond necessary optimality condition holds true: there exist
c€R and p € WH°(I;RN) such that, for a.e. t € I,

e = (p(t). (@ (), () ) = L(a" (1), u* (1))

The next theorem has the same conclusions but a less restrictive assump-
tion 2). Set, for v > 0,

P,(x,u) = P(z,u) N B(0,v).

Theorem 3.2. Assume (H’). Under the hypotheses of Theorem 3.1, with 2) replaced
by
2’) there exists vy > 0 such that, for every v > vy,

sup H(x,u,p) < liminf inf H(x,u,p),
lo| <k, |f(z,u)] <k c=too fa| <k, [f(z,u)| 2 e
p € P,(z,u) p € P, (z,u)

the same conclusions a) and b) of Theorem 3.1 hold true.

Proofs of the above two theorems are based on penalization and are very
technical. They can be found in Cannarsa, Frankowska and Marchini [1].

Remark 3.3. In Theorem 3.1, replace the assumptions on (z1,u1) and assump-
tion 1) with the following hypotheses, already appeared in Clarke [5] in the context
of the calculus of variations:

(z1,uy) satisfies o} € L(I;RY) and J(zy,u1) < +o0;
1’) for any trajectory/control pair (z,u) satisfying J(z,u) < J(z1,u1),
[#]lc <k and essinfier|f(z(t),u(t))]| <k.
Then:
a’) problem (1.1)—(1.2) has an optimal solution (z*,u*) such that z* is Lip-

schitzian;
b’) there exist ¢ € R and p € W1 1(I;RY) such that, for a.e. t € I,

e = (plt), f (2" (8),u" (1) ) = L(a" (1), w* (1)) -
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Indeed, if (z1,u1) is optimal then a’) holds true taking (z*,u*) = (x1,u1). The
validity of b’) follows from the Pontryagin Maximum Principle, see Vinter [10]. If
J(z1,u1) > inf {J(z,u) : (z,u) solves (1.2)}, then a proof similar to the one of
Theorem 3.1 implies a’) and b’).

4. Examples

We provide next some examples of problems satisfying assumptions of theorems
3.1 and 3.2. So, they admit an optimal solution (x*,u*) satisfying the Du Bois-
Reymond necessary optimality condition and such that z* is Lipschitzian, and
L(z*(-),u*()) is essentially bounded. Problems exhibiting functionals with linear
growth, or even with no growth at all, are considered.
In this section U will always be a closed convex cone in R™. Observe that in
this case:
for every w € U and every n € Ny(u), (n,u)=0. (4.1)

Example 4.1. Superlinear growth with respect to dynamics
Consider the problem of minimizing the functional

T
J(x,u) :/0 L(z(t), u(t))dt + £(2(T)) (4.2)

over all pairs (z,u) satisfying

2'(t) = f(z(t)) + Bu(t) forae tel
u(t) e U forae. tel (4.3)
z(0) = o ,

where [ = [0,T], L,{ > 0, L(z,-) is convex, Yz € RV, 25 € RY is fixed, and B is
an n X m matrix. Suppose that f is globally Lipschitz with Lipschitz constant C¥,
and that, VR > 0, 3Cgr > 0 such that, for every x,y € B(0, R) and every u € U,

|L(z,u) — L(y,u)| < Crlz —y|[1 + L(z,u) A L(y,u)] , |€(z) — £(y)| < Crlz —yl.

Furthermore, assume a function ® : R — R

lim o(r) =00 and L(z,u) > ®(|f(z) + Bu|), V(z,u) e RY xR™. (4.4)

r—oo T

Consider the trajectory/control pair (%, ), with u = 0. If J(Z,u) = inf {J(z,u) :
(z,u) solves (4.3)}, then (Z, %) is the optimal solution we are looking for: by the
assumptions on L and f, T is Lipschitzian, L(Z(-),u(-)) is essentially bounded, and
the Du Bois-Reymond necessary optimality condition are satisfied, see Vinter [10].

Otherwise, we prove that the assumptions of Theorem 3.2 hold true taking
(x1,u1) = (Z,w). Indeed, to verify (H’) notice that: i1), i2), i3’) follow immedi-
ately from the assumptions on L, ¢, f; ii) follows from the Lipschitzianity of f;
to prove iii) notice that the choice of @ and the continuity of L(-,u) imply that,
VR >0, L(-,0) is bounded on B(0, R); iv) comes from the fact L(x,-) is convex
and the dynamic is affine in the control. Using the superlinear growth and the
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Lipschitzianity of f, it is easy to verify assumption 1) of Theorem 3.1. Indeed,
let (z1,u1) = (%, W) and let (z,u) be a trajectory/control pair of (4.3) such that
J(z,u) < J(Z,u) and let v > 0 be such that,

|f(z) + Bu| < ®(|f(x) + Bul), as|f(z)+ Bu| > 7.

Then, from (4.4),
T

/ \f(x(t))+3u(t)}dtg:m+/ <I><|f(m(t))+Bu(t)|)dt
0 0

<Ty+ /T L(z(t),u®))dt + £(x(T)) < Ty + J(z,0),
0

so that, for some k > 0, [|z||cc <k and essinficr|f(x(t)) + Bu(t)| < k.

To show 27), notice that if p € P(z,u), then B*p € 0, L(z,u)+ Ny (u). Hence,
if |p| < v,
®(|f(z) + Bul) < L(w,u) < L(x,0) + (B"p,u) = L(x,0) + (p, Bu)

= L(,0) + (p, f(z) + Bu) — (p, f(z)) < L(z,0) + (p, f(x) + Bu) + v ISF& |f ()]

It follows that, when c is large enough, the set

Ce = {(z,u,p) : o] < k,|f(2) + Bul = ¢,p € P(z,u),|p| <v} (4.5)
is empty. So iglf H(x,u,p) =+oo and 27) follows.
Example 4.2. Superlinear growth with respect to control

Consider problem (4.2)-(4.3) introduced in the previous example. Assume that
there exists a function ® : R — R satisfying

d
lim (r) =+oo and L(z,u) > ®(Jul), V(z,u) e RN xR™,

r——4o00 r

Consider the trajectory/control pair (%, %), where u = 0. If J(Z, ) = inf {J(z, u) :
(z,u) solves (4.3)}, then (Z, %) is the optimal solution we are looking for.
Otherwise, we prove that the assumptions of Theorem 3.2 hold true. The
validity of (H’) is proved arguing as in the previous example. To prove 1) of
Theorem 3.1, set (z1,u;) = (T,w) and consider a trajectory/control pair (z,u)
satisfying (4.3) and J(x,u) < J(Z,@), and let v > 0 be such that,
jul < ®(Jul),  as [u] > 7.

Then, from the superlinear growth of the Lagrangian,

T T
/ |u(t)|dt§T7+/ & (|u(t)])dt
0 0

< Ty +/0 L(x(t), u(t))dt + (x(T)) < T+ J(T,u) .
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So, since, for a.e. t € I, |2/(t)| < Cylz(t)|+]f(0)|+| Bl||u(t)|, applying Gronwall’s
Lemma we obtain that, for some k > 0, ||z]lc <k and essinf,cr|f(x(t))+Bu(t)| <
k.
To show 27), notice that if p € P(z,u), then B*p € 9, L(z,u)+ Ny (u). Hence,
if |p| < v,
<I>(|u\) < L(z,u) < L(z,0) + (B*p,u) < L(x,0) + v||B]||u| .

Defining C.. as in (4.5), we obtain that, for ¢ large, C. = @, and again 2’) holds
true.

Example 4.3. a-growth with respect to control
Consider the problem of minimizing the functional

T
J(x,u):/ L(x(t), u(t))dt + £(x(T))
0
over all measurable u and absolutely continuous = satisfying

2 (t) = f(z(t) + g(a(t))u(t) forae tel
u(t) e U forae. t €1 (4.6)
z(0) =z,
where I = [0,T], L,¢ > 0, L(x,-) is convex, Yz € RV, 2y € RV is fixed, and
f:RY = RN g: RN — R™ are globally Lipschitz with Lipschitz constants Cy
and C, respectively. Suppose that, VR > 0, 3Cgr > 0 such that
|L(z,u) — L(y,u)| < Crlz —y|[1+ L(z,u) A L(y,u)] , |£(z) - L(y)| < Crlz —yl,
Vz,y € B(0,R) and Vu € U. Assume that there exist 3 > 0 and « > 1 such that
L(z,u) > Blu|® for all (z,u) € RN x R™,
Arguing as in the previous examples, if the trajectory/control pair (Z,%), where
u = 0, satisfies J(Z,u) = inf {J(z,u) : (z,u) solves (4.6)}, then (Z,u) is the
optimal solution we are looking for.
Otherwise, the assumptions of Theorem 3.2 hold true. Indeed, to verify (H’)

notice that: il1) and i2) hold true since L, ¢ are locally Lipschitz and, for every
z,y € RN, we have

|f(@)+g(x)u— f(y) — g(w)ul < [f(x) = fW)l+ |[9(x) — 9(y)]u]

C
< Cylo =1+ Cyla = ol < o = y1 [Cr + (L0 A LGy 0)

1/a

< Clz —y| {1 + (L(z,u) A L(%U))l/a} ;

where C' = max {Cf, ﬁ?ﬁ} So, 137) follows. To verify ii), iii) and iv) we proceed as
in the first example. Setting (z1,u1) = (T, u), arguing as in the previous examples,
and taking into account the global Lipschitzianity of g, we obtain the validity
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of Assumption 1) of Theorem 3.2. To show 2’), notice that if p € P,(x,u), then
g(x)*p € 0, L(z,u) + Ny (u). Hence,

Blul® < L(z,u) < L(z,0) + (9(x)"p,u) < L(x,0) + v|g(z)[|u] .

It follows that, when c is large enough, the set C.. defined as in (4.5) with B replaced
by g(z) is empty. So, 2”) follows.

Remark 4.4. The problems of the previous examples also satisfy the assumptions
of Theorem 3.1 under the hypothesis that f and g are locally Lipschitz, jointly
with some growth assumption as, for instance,

3 a > 0 such that, Vo € RN, |f(2)| + |g(2)| < a(|z] + 1)
instead of globally Lipschitz.

Example 4.5. Slow growth
Consider the problem of minimizing the functional

J(x,y,u,v) / V1 +u()? 4 v(t)2dt + (1) + y(1)?

over all measurable (u,v) and absolutely continuous (x,y) satisfying

2! (t) = z(t)u(t) + y(t)v(t) for ae. t €T
y'(t) = u(t) + () for ae. t €1 wn
u(t),v(t) € [0,400) forae tel

z(0) =z0 €R, y(0) =yo >0,

where I = [0,1]. We first check that the assumptions of Theorem 3.1 are satisfied.
Assumptions (H) hold true. Indeed, to prove i) notice that L is independent on
the trajectory, and, since u,v > 0, for every (z,y),

10, f (@, y,u,0)| = V2 + 02 < V/(wu+yo)? + (u+0)? = | f(2,,u,0)].

Taking © = v = 0 and arguing as in the previous examples, we deduce the
validity of ii), iii) and iv). We wish to check Assumptions 1) and 2) of Theo-
rem 3.1. Set (uy,v1) = (1,0), so that, V¢ € I, (x1(t),y1(t)) = (xoe',yo + t) and
J(w1,y1,u1,v1) = V2+x3e? 4+ (yo+1)% > 1+ 23 +y2 = J(T,9,4,0). Let (x,y, u,v)
be a trajectory/control pair such that

1
/ \/1 +u(t)? 4+ v(t)2dt + 2(1)% + y(1)? < V2 + zie? 4+ (yo + 1) =ko. (4.8)
0
Since yo > 0 and w,v > 0, y is non negative and non decreasing, so, by (4.8)

lylloe < y(1) < Vo .
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Moreover, since, for a.e. t € I, |2'(t)| < |z(t)|u(t) + y(t)v(t), from Gronwall’s
Lemma, (4.8), and the estimate on ||y|/~, we obtain that

1
ol < e84 izol + [ 00te)it] < e~ ljao] + ol [
0 0
< el (ool + %) < e (Vo + ko) = ki

(@, 9)lloo < \/ KT + ko - (4.9)
From (4.9),

1 1
]IﬂﬂﬂwwﬂM%MQWﬁSA ¢Rﬂﬂ+y@f+&kﬂﬂ+v@fﬁ
< ylloo V20 (2, 912 + 1 < VVEoy/2(k3 + ko) + 1.

Taking k = max{\/k? + ko, Vkor/2(k? + ko) + 1}, 1) holds. To prove 2), observe

first that, setting

1

v(t)dt]

So,

e = 7 4], (4.10)
we have that, for every (z,y,u,v) € R? x U, with U = {(u,v) € R? : u,v > 0},
u
f(x,y,u,v) = fO(xvy) |: v :| and a(u,v)f(zvyaua U) = fO(may) . (411)

So, if p € P(z,y,u,v) then
fg(m7y)p € 8(u7v)L(u7’U) + NU(U7U) )

and, since U is a cone, from (4.1) and (4.11) we obtain that
H($>y7u7v7p) = <p7f(‘r>y7u7v)> - L(u7v) = <f(3k($7y)p7 (U, U)> - L(U,U)

= (Ou,) L(u, v), (u,v)) — L(u,v)

1
= Ve ol Vi
- 1
VIituZ+0?

Since, Yu,v > 0, u? +v? < |f(z,y,u,v)[* and the function s — —1/(1 + s) is
increasing,

-1
sSup H(xayvuvvvp) < sup N )
(2, 9)| < k, | f(2,y,u,0)| < k @y <k V1I+uZ+o?
p € P(z,y,u,v) s, 0)] <
-1

IN

14+ k27
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Moreover, since | f(z,y,u,v)[* < [(z+y)? +1] (u+v)? < (2|(z,y)|* +1)2(u? +v?),
Ve > 0, such that

-1
inf H(x,y,u,v,p) > inf _
Iz, )| <k, |f(2,y,u,0)| > e [z, 9)| < k V14 u?+0?
p € P(z,y,u,v) [f(z,y,u,v)| > ¢
-1

> .
S ViTelmE iy

Since ————=—— — 0, as ¢ — +00, for ¢ sufficiently large we obtain the desired
1+ [ (ak2+42)
inequality. So, also 2) holds.

Example 4.6. No growth
Consider the problem of minimizing the functional

1
J(a,u) = / e 2Ol 4 (1) 4 y(1)?
0

over all measurable (u,v) and absolutely continuous (x,y) satisfying (4.7). We
prove that the assumptions of Theorem 3.1 are satisfied. Taking w = v = 0 an
arguing as in the previous example we deduce the validity of (H). Set (uy,v;) =
(1,0), so that, Vt € I, (x1(t),y1(t)) = (zoel,yo +t) and J(z1,y1,u1,v1) = e+ +
x3e? + (yo+1)? > 1+ 23 +y¢ = J(Z,7,%,0). Let (z,y,u,v) be a trajectory/control
pair such that

o,

1
/ eT®F2Olgr 4 (1) +y(1)2 <e 422 + (yo+1)2 =ko.  (4.12)

0
Exactly as in Example 4.5 we check that 1) of Theorem 3.1 holds true. We deduce

from (4.10) and (4.11) that, if p € P(x,y,u,v), then f5(z,y)p € O L(u,v) +
Ny (u,v), and, since U is a cone, from (4.1) and (4.11) we obtain that

H(‘T7 y,u,v,p) = <pa f(.%', y,u7v)> - L(u’ U) = <fg(xa y>p> (’U,,’U)> - L(u7v>
= <8(u,v)L(u» v), (u, v)> = L(u,v) = —e (v t2v) (u+2v) — e~ (vt
(1 4t 20).

Since, Vu,v > 0, u+2v < 2|f(z,y,u,v)| and the function s — w is increasing,

1 2
sup H(z,y,u,v,p) < sup —%
[z, )| <k, |f(z,y,u,0)] < k [z, y)| < k €
p € P(z,y,u,v) |f (2, y,u,v)| <k
(14 2k)

— e2k '
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Moreover, since, Vu,v > 0, [f(z,y,u,v)] < 2(u + 2v)\/1+ 2|(x,y)[?, we have
Ve>0

1 2
in H(x,y,u,v,p) > inf —(Ljv)
(@, 9)| < K, |f (@, y,u,0)] > c ()| < & elut2v)
p € P(z,y,u,v) If(z,y,u,0)] > ¢

<
> _ 1+ 2v142k2
o e2V1+2k2

. 1+c/(2V1+2k2)
USlng that _W
desired inequality. So, also 2) holds true.

— 0, as ¢ — 400, for ¢ sufficiently large we obtain the
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Abstract. We present results of existence of minimizers for the nonconvex
integral fabL(x,m')dt7 among the AC functions z : [a,b] — R" with
z(a) = A, z(b) = B. Our lagrangian L (-) is, e.g., Isc with coercive growth,
assuming +oo values freely. We replace convexity by almost convexity, a hy-
pothesis which in the radial case L (s,&) = f (s,|¢]) is automatically satisfied
provided f (s, -) has superlinear growth and is convex at zero.
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1. Introduction

Consider the problem of minimizing the integral

b
/ L(z(t), 2'(t))dt  on X'} 5, (1.1)

where X7} p is the class of AC (absolutely continuous) functions z : [a,b] — R"
satisfying boundary conditions z (a) = A, z(b) = B.

This paper was presented in the meeting “Views on ODEs”, in honour of Arrigo Cellina and
James Yorke on their 65" birthday, Aveiro, June 2006; and in the meeting “Variational and Dif-
ferential Problems with Constraints”, in honour of Arrigo Cellina on his 65t birthday, Venezia,
September 2006. The research leading to this paper was performed at Cima-ue (Centro de In-
vestigagdo em Matematica e Aplicagoes da Universidade de Evora), financially supported by the
project POCTI/Mat/56727/2004 “Célculo das variages : problemas escalares no-convexos e
nao-coercivos” and by the “Financiamento Plurianual do Cima-ue” both of Fundacao para a
Ciéncia e a Tecnologia, Portugal.
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Whenever the lagrangian L : R™ x R™ — [0, +00] is lsc (lower semicontinu-
ous) and has L (s, -) convex with superlinear growth at infinity, i.e.,

L(s,&) >0(&]) V(s,8) with 0(r)/r — +o0asr — +oo, (1.2)

Tonelli’s direct method may be applied to prove existence of minimizers for the
integral (1.1) .

In case L (s, -) is nonconvex, results of existence of minimizers have been
proved, for instance, by using the following strategy. Consider the bipolar L** (s, -)
of L(s,-), sothat epiL** (s, ) =7co epi L(s, ). One starts by proving the
existence of a relaxed minimizer y_(-), i.e., a minimizer of the convexified integral

/L**(:c(t), a'(t))dt  on X7 . (1.3)

The second step is to transform y_(-) into a new improved relaxed minimizer
y (+) for which L** (y (¢),y’ (t)) = L(y (¢),y’ (t)) a.e. on [a,b] ; so that y(-) also
minimizes the original, nonconvex, integral (1.1) . This strategy has been used
in the vector case n > 1, e.g., by [3]; while in the case n = 1 it has been refined,
as follows : one already starts with an improved y_ (-), i.e., satisfying convenient
regularity properties, see [1,7-12]. (In [13], Lipschitz regularity was also proved,
using quite weak hypotheses. )

The last authors dedicated these efforts to the scalar case because they
succeeded to obtain better results in such special case by using the above strat-
egy in combination with the hypothesis of O—convexity, L(-,0) = L**(-,0), which
turned out quite useful. Indeed, the option of minimizers to take or leave the
velocity zero turned out to be quite an essential feature of these minimizing
problems.

Another factor leading to the successive improvements in these scalar results
has been a new technique, bimonotonicity, developed there.

But the results (obtained in [2]) which we present in this overview deal
with n > 1; and since in this vector case the hypothesis of 0-convexity does not
suffice to guarantee existence of minimizers, we have used instead almost convexity.
This concept was born, for multifunctions, in the paper [4], to prove existence of
solutions to nonconvex differential inclusions and to time-optimal control problems,
using reparametrizations.

The first result we present here assumes superlinearity to ensure existence of a
relaxed minimizer, which is then changed to become a true minimizer; while in the
second result existence of a relaxed minimizer, y,_ (-) , is used as one hypothesis,
and we need no growth assumption to turn y_(-) into a true minimizer. We
also present applications of these results to show existence of true minimizers in
concrete examples, not covered by previous results.

Two techniques have been combined in [2] to prove these results. The first is
the above cited reparametrizations, used by A. Cellina and collaborators during
the last decade : starting in [5], to prove existence of minimizers for integrals with
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convex noncoercive lagrangians ; and continuing in the above stated [4] and other
references (which may be seen in [2]).

The second technique is the above mentioned bimonotonicity: [2] is the first
paper in which it is applied to the reparametrization.

2. Almost convexity

Definition 2.1. For a function L : R™ x R" — (—o0,+o0], we call L(s, -)
almost convex provided

V& with L™ (s,€) < L (s,§) (2.1)

INe[0,1]3A € [1,4+00) Ja € [0,1] for which (2.2)

L™ (s,€) = (1 — @) L(s,X§) + a L(s, A&) (2.3)

§=01—-a)(A) +a(Ag) . (2.4)

For completeness, we also set N =1 = A = « at those & where L** (s,£) =

L (s,&) , in particular at € =0. (The convention 0 - (+00) = 0 is used.)

Clearly L(s, -) convex lsc implies L(s, -) almost convex. Moreover Lf(s, -)
almost convex implies L**(s,0) = L(s,0). But the opposite implication does not
hold, even for simple 2—dim superlinear polynomials. Indeed, e.g., L(s,§) :=

h(€) = (& +€3) (€ —1)° + & satisfies h** (0) = h (0) = 0 but :
3 =(1/2,1)3A =0 3A =2 3a = 1/2 with
E=1-a)(A)+a(Af), K (A)=h(\) =0, B (A =h(AE) =4
R (€) =1 < h(€) < (1—a) h(\) + ah(Af) =2 (2.5)

(and : A must be zero, while 2 is the best value of A, i.e., the one yielding the
smallest rhs in (2.5)) ; moreover, even though ¢(-) is superlinear,

IE=(0,1) : W' (A <h(AHVA>1. (2.6)
Indeed, h** (&,&) =&V 6] <1VE.

Typical examples of almost convex functions may be obtained by increasing
arbitrarily (e.g., to become = +400) the values of any given L (-), satisfying
L(-) = L** () , as follows. Denote by F (s) the vertical projection into R™ of any
face (relatively open) face F'(s) of epi L™ (s, -) . Then one may change L (s,¢)
by increasing it, starting from the value L**(s,€) , at those & # 0 contained in

any open bounded subset of any k—dim F (s) which is contained in a k—dim
linear subspace of R", 1 <k <n.
Notice also that for L (s, -) : R™ — [0, +00] Isc superlinear we do have

L**(s,0) = L(s,0) = L (s, -) almost convex (2.7)
in the scalar n = 1 or radial L(s, &) = f(s,|£|) case. Here superlinearity is really

not needed: it suffices to have boundedness of the nonconvexity faces (i.e., of the
subset of each F (s) where f**(s,-) < f(s,-)).
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3. Existence of minimizers

Theorem 3.1. Let L :R"™ x R™ — [0, +o0| be a lsc superlinear function, so that
for any A, B there exists a minimizer y_ (-) for the convexified integral (1.3).
Assume L (y, (t), -) to be almost convex Vt € [a,b] .

Then the nonconvex integral (1.1) has minimizers.

Moreover, the integrals (1.1) and (1.3) have the same minimum value ; and
there exists a minimizer y () which satisfies the following regqularity:

(i) y( )=s' along some subinterval (a’,b’), o’ <b’;
(ii) o' (t) #0 a.e. in [a,a']U[b',b];
(iii) L (s',0) = L™ (s',0) = min L** (y ([a,0] ), 0);
() L™ (y(t), v (1) = L(y(t), v/ (1)) ae. in [a.b].
Corollary 3.2. Let f : R"x[0, +00) — [0, 4+00] be a lsc function satisfying f (s,r) >
0 (r) with 6(r) /r — 400 as r — oo. Denote by f** (s, -) the bipolar of the func-
tion R"™ 3 & f(s,[¢]) and assume f(s,0) = f**(s,0)Vs.
Then for any A, B the nonconvex integral

b
/ flz @), |2 (t)])dt on X' p
has minimaizers.

Theorem 3.3. Let L :R™ X R™ — [0,+00] be a Borel measurable function, with
L(-,0) Isc ; and L**(-) also Borel measurable. Fix A, B € R" and assume
existence of a minimizer y, (-) for the convezified integral (1.3). Assume moreover
L(y, (t), ) to be lsc almost convexr Vt € [a,b].

Then there exists a minimizer y(-) for the nonconvex integral (1.1). More-
over, the integrals (1.1) and (1.3) have the same minimum value; and y (+) satisfies
the reqularity properties (i) — (iv) of theorem 3.1.

Theorem 3.1 ensures the existence of a minimizer for the nonconvex integral
(1.1) when L:R™ x R™ — [0, 4+00] is, e.g.,
2 2 9\?
L(s.6) = { s = sol” + (16 =2?) " for €0
s — so|? for £=0.

As to Theorem 3.3, it ensures existence of a minimizer, e.g., in case L : R” xR"™ —
[0, 4+00] has the form

with f: R™ — [0, +00],

|

(1+1?)"  for gl =1
+oo foro<|¢ <1
V2 for&=0,
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and ¢ :R"™ — [1,400) is a Isc function, locally bounded. (Indeed [6, example
2.4.2] proved existence of a relaxed minimizer in this case.)

Finally, to see a simple 2—dim example where convexity at zero does not
imply existence, let h (&) = (€24 ¢2) (62 —1)°+¢2, and L(s,&) = s2+h (), s =
(s1,82),a =0,A=(0,0), b=1, B=(0,1). Clearly y_(t) = (0,%) is a relaxed
minimizer, giving the value 1 to the integral (1.3). However, as one easily checks,
to satisfy the boundary conditions the value of the nonconvex integral (1.1) must
always be > 1 (while the inf is, clearly, = 1).
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1. Introduction

We consider variational problems of the kind
Minimize / {f(Vu(a:)) + g(u(x))}da: on u—uy € Wy (). (1.1)
Q

Here f is a convex function, possibly extended valued, whose effective domain,
the set of points where f takes finite values, is denoted by Dom(f) and whose
epigraph is denoted epi(f). Since this paper is concerned with the implications
of strict convexity, or of the lack of it, let us state precisely what we mean by a
strictly convex function.

Definition 1.1. We shall call a convex function f strictly convex if for every x €
Dom(f), the point (x, f(x)) is an extremal point of epi(f).

We shall call a function u a solution to a variational problem if it yields a
finite minimum to the problem.

The use of strict convexity appears in its most immediate form when we
consider a minimization problem depending only on Vu: consider the problem of
minimizing

/ f(Vu(x))dx (1.2)
Q
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with appropriate boundary conditions, and assume to have two solutions v and w,
so that

/Qf(Vv(m))dx = / F(Vaw(x))dz = min.

Q

Then the function u = %v + %w satisfies the same boundary conditions and is such

that Vu(z) = $Vo(z) + 3 Vw(z) a.e. in Q. By convexity, u is also a solution, since

1 1 .
/Qf(Vu(x))da: < i/ﬂf(Vv(x))da: + 5/ f(Vw(z))dz = min.

Q

Then, we must have that, a.e. in , f(Vu(z)) = f(Vu(z)) + 1 f(Vw(z)) and
the point (V(u(x)), f(Vu(z))) is not an extreme point of epi(f), unless Vu(x) =
Vou(z) = Vw(z) a.e. in Q. Hence strict convexity yields uniqueness of the solution.
The remainder of the paper will discuss other implications of strict convexity, or

of the lack of it.

2. Existence of solutions

The main method for proving the existence of solutions is, as it is well known,
the Direct Method. This method demands the assumption of convexity for f, to
prove the weak lower semicontinuity of the integral functional, but no use is made
of strict convexity. The proof is a combination of growth assumptions (superlinear
growth, to have weak compactness), and of convexity, to pass to the limit with
the values of the functional. Here the assumption of strict convexity not only is
of no use, but would actually prevent proving the existence of solutions to those
minimum problems whose Lagrangeans are generated from the convexification of
Lagrangeans that were not, originally, convex, as sometimes it happens in the
applications. To the other extreme of the range of the existence theorems, there is
the result for the existence of solutions to the least area problem, in the parametric
case. Here again a region Q is given (in general, it suffices to consider 2 C R?);
on () a function ¢ is defined, the boundary condition, and one wishes to minimize

/sz V14 [Vu(@)|2dz on u— ¢ € W' ().

The map /1 + [|€|? does not grow superlinearly and, due to the lack of weak
compactness, the Direct Method cannot be applied. Still, this famous problem,
a special case of Plateau’s Problem, has been thoroughly investigated and a nice
existence theorem has been proved for it. This theorem takes advantage of the
special properties of the function /1 + ||£]|? and, above all, of the fact that it is
strictly convex. The (rather delicate) existence proof can be found, e.g., in [4]. Our
purpose here is simply to point out the parts of this proof that are related to the
strict convexity and to comparison results.
The first step is to derive a priori estimates for the solution. One has
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Proposition 2.1. Let f be strictly convez, let ¢ be continuous on Q. Let u be a
solution to the minimization problem (1.2) and let C = supgcpq ¢(§). Then, a.e.
in €, one has

u(z) < C.

Proof. In fact, assume that there exists a set £ C €2 and a constant § > 0, such
that u(x) > C + & on E. Consider v(z) = C and w(x) = C + (u(x) — C)T: they
both are solutions to (1.2) with boundary data C, and they are different on E.
This is a contradiction to the uniqueness provided by the strict convexity. O

Corollary 2.2. Let u be a solution to problem (1.2), where [ is strictly convex and
assume that u is enough reqular. Then supu and inf u are assumed at 0€).

The next step in the existence proof is to consider two solutions, v and v (reg-
ular, continuous on ), each with its own boundary data. Again as a consequence
of strict convexity, we obtain

Proposition 2.3. Let uw and v solutions, such that at 0, u(x) < wv(z). Then,
u(z) <wv(z) on Q.

Corollary 2.4. sup(u —v) and inf(u — v) are attained on 5.

Proof. Let C, = sup,cgq u(x) — v(z) so that, at 9Q, u(z) < v(x) + Cp. Since
w(z) = v(z) + Cy is also a solution, the previous proposition applies. 0

Corollary 2.5. The supremum of the Lipschitz constant of a solution

ap {2421 )

:x,yGQ;x%y}
|z —yll

is attained when one of the points x ory is at the boundary of 1.

Proof. Fix a vector k and consider u(x + k). It is defined whenever z € Q — k,
so that the two functions u(x) and ug(z) = u(x + k) have Q = QN (Q — k) as
a common domain of definition. Both are solutions for the minimization problem
on €y, each with its own boundary data at Q. So, sup(u — uy) and inf(u — ug)
are attained on 9(€2 — k). One of the two points is on 9. O

Having established this fundamental fact, then the existence proof proceeds
by showing that one can build a “barrier” for the solution. Our purpose here was
to point out that:

Remark 2.6. The previous steps, needed to obtain the property of a solution stated
in the proposition above, all depend only on f being strictly convex, and not on
other properties of f.

However, consider the following example
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Example 2.7. Let Q) be the interval [—1, 1]; let

_ 0 €l <1
f“){ (lel— 12 | >1

and consider the problem
minimize/ [ (2)) d; ue Wyt ([-1,1]).
[_171]

The function v(z) = 0 and w(x) = —|z| + 1 are solutions, w < v at 9N but it is
not true that w < v on Q.

Moreover, it is not true that sup v and inf u are assumed at 0€2. In addition,
again considering the two solutions v and w, it is not true that the sup(w — v) is
attained at the boundary.

Hence, without the assumption of strict convexity for f, the whole approach
to this existence ought to be carefully checked.

Remark 2.8. Sometimes, one finds the suggestion: in case f is not strictly convex,
simply add ¢[|£]|? to it. This will make the new f strictly convex; you can use the
results for strict convexity and pass these results to the limit.

Let us add ¢[|€]|? to the Lagrangean of the previous Example: now we wish
to minimize

/ fe (Vu(x))d:c (2.1)
Q

where f.(£) = €/|€||* when ||€]| < 1, = 400 otherwise. When the boundary condi-
tion is such that ug < 0 at 052, it is true that every solution v to (2.1) is such that
v < 0 a.e. in €, but it is not true that every solution v to the limit problem is such
that v < 0 a.e. in . At most, one can say that, for the limit problem, there exists
a solution v satisfying v < 0 a.e. in €). However, for the purpose of obtaining «a
priori estimates, this statement is not strong enough. In fact, consider the least
area problem of minimizing

/{#1 + [Vu(z)|2da . (2.2)

By adding ¢||Vu(x)|? to the Lagrangean, we obtain a strictly convex coercive
functional, so that solutions exist no matter what the boundary data and € are
(sufficiently regular). However, it is not true that for the limiting problem (the
least area problem), one has existence of solutions no matter what the boundary
data and  are.

3. Comparison results without strict convexity

If one carefully examines the line of thought followed in the existence proof in
the previous paragraph, one finds that strict convexity has been used to ensure a
comparison result between solutions; in some cases, while one of the solutions was
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unknown, the other was simply a constant. It might be possible to have existence
theorems based on the construction of barriers without the assumption of strict
convexity; one should carefully reconsider the comparison results. For some pur-
poses, it would be enough to obtain results when one of the two belongs to a special
class of solutions, for instance, the affine functions, and one might aim at results
for this more restricted class of problems. In [1] a comparison result was proved.
This result concerns a special class of solutions to the minimum problem 1.2).

The class of solutions to be considered is described below. It is a general-
ization, of the class of affine maps. Before introducing it, let us revisit the affine
maps. Consider

{a,2 —2%) 41

we have

(a,2—2)+r = (2—2° a)+r = sup {{z—2°2)— Iy (z) } 47 = (I{a})* (x—2%)4r.

When a function f is not strictly convex, its graph contains, so to say, some
“flat” parts; in turn, this is reflected on the polar of f, whose graph contains
angles, i.e., the subdifferential of the polar is not single-valued whenever f is not
strictly convex. This is essential in the definition of the class of solutions we want
to consider.

Definition 3.1. For z € Dom(f*) , 2° € RN and r € R, set
hl o (@)= (If(»)) (z —2°) + 7 and R, 4o (%) = — (I-»))" (z—a°) +r.

2,207

Next Theorem shows that the maps just introduced are solutions to the
minimum problem; we recall that by saying that a function v is a solution, we
mean that it is a solution among all those functions that have the same boundary
data as v. In it, we assume the following growth assumption: Dom(f*) is open.
This assumption is very general; in particular we have

Proposition 3.2. Let f be an extended valued, convex, lower semicontinuous func-
tion with superlinear growth; then Dom(f*) = RN,

11
i1-
for p € (—1,1), satisfies the condition Dom(f*) open, without being of superline‘g‘r
growth.

The only case of Lagrangean (among those usually encounterd in Variational
Problems!), that does not satisfy the assumption that Dom(f*) is open, is the
least area Lagrangean f(t) = /1 + t2, whose polar is f*(p) = —y/1 — p?, so that
Dom(f*) = B(0,1).

Theorem 3.3. Let Dom(f*) be open. For z € Dom(f*) , 2° € RN and r € R, the

maps h;zo,r(x) and b o () are solutions to the minimum problem 1.2), among

those u in

However, a Lagrangean as f(t) = [t| — /|t|, whose polar is f*(p) =

St ={uew (@) u—n!

z,x0,r

ewyt (@}
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and

Sz,mo,r z,x0,r

- {u eEWM(Q)iu—hT , Wb (Q)}
respectively.

Notice that, in the case where f is strictly convex, 9f*(z) is single-valued and
the maps h} and h; are affine maps. Hence the above class of functions can be
seen as the natural generalization of the affine maps when f is not strictly convex.

Let us consider the following examples.

Example 3.4.
0 1€ <1

f@{;ms—n2nm>1

whose polar is
i 1
@) = 5lel* + lpl

f(x) *(p)

2 2
1.5 1.5

1 1
0.5 0.5

0 0

-2 -1 0 1 2 -2 -1 0 1 2

we have 0.1)

B(0,1) p=0
Of*(p) = ’ 3.1
rw-{ 0 020 (3.1)

and we obtain that (Iaf*(z))* (z) is the family of maps

R S N
af*(2) - <Z+r§H’x> 2750

Example 3.5. for the Lagrangean (see [5])

DR HEEEY
“9{1+Mw2|az¢z (3:2)

wh lar i
ose polar is ) { 0 Ipll < V2 (3.3)
PP L2 =1 fipll > v2 ‘
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parameter z=.1 parameter z=0 parameter z=-.1

1.5 1.5 15
1 1 1

0.5 0.5 \/ 0.5
0 0 0

-0.5 -0.5 -0.5
-1 -1 -1
Y 0 1Ty 0 1Yy 0 1
we have
0 Ipll < V2
of*(p) =1 {ap} 0<a<lpll=v2 (3.4)
sllpl® =1 llpll > v2

. f(x) . (p)
8 8
7 7
6 6
5 5
4 4
3 3
2 2
1 1
(—)3 -2 -1 0 1 2 3 93 -2 -1 0 1 2 3

and we obtain that (Ié)f*(z))* (x) is the family of maps

0 2]l < v2

(Tog2)" @) = VE(F2) Xuirzoy 12l = V2

(2,2) 2] > v2
Besides being solutions, the maps introduced above enjoy some kind of “max-
imality” condition, that yields comparison results, as in the theorem that follows.

In it, the assumption of convexity of the domain 2 appears: this assumption seems
to be needed for technical reasons only.

Theorem 3.6. Let Q be convex, let f be a (possibly extended valued) lower semi-
continuous, convex function such that Dom(f*) is open. Let w be a solution to the
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z=-2 z=-1.4142 z=0 z=1.4142 z=2
4 4 4 4
2 2
0 0
-2 -2 -2 -2 -2
-4 -4 -4 -4 -4
-2 0 2 -2 0 2 -2 0 2 -2 0 2 -2 0 2

on {u:u—u® e Wy (Q)}
Assume that, for z € Dom(f*), 2° € (Q)¢ and r € R, we have b} , > w
on O). Then, h* >w on .

z,x0r

Remark 3.7. Notice that any affine function ¢(x) = (a,z) + b can be written as
U(z) = {a,r — 2°) +r with 2° ¢ Q and r = b + (a, 2°).
Notice also that Example 1 shows that the analogous theorem, where we had
an affine function ¢ (in particular, £(z) = 0) instead of the convex function bl , ,
would be false. o
Finally notice that the functions u(z) = 0 and ha07_1(az) = —1+ |z| are
solutions to the problem of Example 1; still, h(—{o,fl > w on 0f), but it is not true

that h&&_l > u on . Here, the point 2 = 0 € Q, opposite to our assumptions.

4. Another class of minimization problems

Another class of minimization problems, connected to the class previously consid-
ered, are the problems of the kind

Minimize /Q [f(Vu(x)) + au(m)} dr  on u—uge Wy (Q) (4.1)

where « is a given parameter. We emphasize this point, since some similar problems
occur where the parameter is a Lagrange multiplier (expressing, for instance, a
problem under volume constraints), and this multiplier is to be determined by the
solution to the problem itself. A case where this arises is the problem of capillary
surfaces without gravity, as in [3]: in this case f(§) = /1 + [£|%.

In the previous section we have introduced a class of solutions to prob-
lem (1.2) that is explicit, i.e., such that it can be computed directly from the
Lagrangean; in this section we will show that the same can be done for prob-
lem (4.1). At the end of it we shall examine the behaviour of these solutions as
the parameter « tends to zero, obtaining a result that, to this author, was rather
surprising. In [2] the following result is proved.
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Theorem 4.1. Let 2 be an open bounded set, enough regular so that the Divergence
Theorem holds, and let f : RN — R U {+oco} be an extended valued, convex, lower
semicontinuous function. For xy and z in RN and c € R, consider the function

N —
wa(x) = Ef* <z+ * Nx0a> +c.

If wy is defined on Q and belongs to WHL(Q), then it is the only minimum of the
functional

I () = /Q [f(vu(x)) + au(x)}dx,
in the class of functions
S = {u e WH(Q),u— wa € WM (Q)}.

For instance, for NV = 1, a solution to the problem of minimizing

/Q [f(u’(a:)) + u(x)} dx

where
0 if €l <1
fE) =4 [El-1 if1<fgf <2
400 elsewhere

is the map w; defined by

PSRN B F if |[2] <1
wi=1 (x)_{ x| —1 if1< |z <2

So the previous result yields at once an explicit formula for a solution to a varia-

4 4
3 3
2 2
1 U 1
0 0
-1 -1
-2 -2
-3 -3
o 0o 1 2 3 I 0 1 2 3

tional problem and an uniqueness result, under very few assumptions on f, mainly
that it is a convex, lower semicontinuous function. There is some uniqueness even
though the map f, as in the example above, can be far from being strictly convex.
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Moreover, assume that the domain of f* is open. Then, being a convex func-
tion Lipschitzian in the interior of its domain, there exists some open ball B(z°,r)
strictly contained in the domain of f*, where f* is lipschitzian; hence, taking
Q={z:|Nz+(z—2°)] < r}, we have that w, belongs to W°(Q). This remark
proves the following Corollary.

Corollary 4.2. Let Dom(f*) contain an open set. Then there exists a region Q and
suitable boundary conditions, such that the problem (4.1) admits a solution.

The condition that the effective domain of f contains an open set is very weak,
and is satisfied by any reasonable problem; for instance, when f(§) = /1 + |£]?,
as in the capillarity problem, f*(p) = —+/1 — p?, so that Dom(f*) = B(0,1). In
this case, whenever 0 C B(0,1), problem (4.1) admits some solution. This might
suggest that in general, problem (4.1) admits solutions when €2 is sufficiently small
(and, may be, the mean curvature of 9 is positive). The author does not know
of any such result.

A class of problems clearly excluded from the application of Theorem (4.1)
is when f(z) = (a,z) +b: in this case, the domain of the polar to f reduces to one
point.

5. Passing to the limit

The formula for a solution presented in Theorem 4.1 is not defined for « = 0, and
does not hold for this case. Still, as the parameter « tends to 0, a rather surprising
connection, among the different classes of solutions we have presented, arises. It is
enough to write the solution w, in the form

N — N
Ef* <Z+ z NxOOé> - Ef*(z)

to realize that, in fact, the solution w, is a differential quotient. It not surprising,
then, that the following result holds, as proved in [2].

Theorem 5.1. Let f be an extended valued, convex, lower semicontinuous function
with superlinear growth. Then:

a) when f* is differentiable at z, as a tends to 0, the function w,,. gy converges
to the affine map (Vf*(z),x — xo) + B, a solution to problem 1.2).

b) in general, as o tends to 0T, the function W(a,z,8) converges to h:xoﬁ, the
solution to problem 1.2, presented in Theorem 1 of [1]; as o tends to 0™,

W(a,z,8) Cconverges to h;woﬁ.
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Abstract. The aim of this paper is to present a short survey of several new
results concerning optimization of discrete delay inclusions. We study an op-
timization problem given by a discrete delay inclusion with end point con-
straints and we present several approaches concerning first and second-order
necessary optimality conditions for this problem.

Mathematics Subject Classification (2000). Primary 93C30; Secondary 49J30.

Keywords. Tangent cone, discrete delay inclusion, maximum principle.

1. Introduction

Consider the problem
minimize g(z(N)) (1.1)
over the solutions of the discrete inclusion

z(t+1) € Fy(z(t),z(t—k)); t=0,1,...,N—=1, z()==z(), l=-Fk,...,0
2

with end point constraints of the form
z(N) e Xy, (1.3)

where Fy(.,.) : R» x R" — P(R"),t=0,...,N—-1,%(l) ¢ R", |l = —k,...,0,
Xy CR"™ and g: R™ — R are given.

The aim of this paper is to present a short survey of several new results con-
cerning first and second-order necessary optimality conditions for problem (1.1)-
(1.3).

At the beginning we obtain necessary optimality conditions for a solution
T = (T(—k),...,7(0),...,T(N)) to the problem (1.1)—-(1.3) in terms of a varia-
tional inclusion associated to the problem (1.2) and in terms of the cone of interior
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directions (Dubovitskij-Miljutin tangent cone) to the set X at T(N). Afterwards
this result is improved by replacing the cone of interior directions with the concept
of derived cone introduced by Hestenes ( [5]) and using a remarkable “intersection
property” of derived cones obtained by Mirica ( [8]). Finally, we present an ap-
proach concerning second-order necessary optimality conditions for the problem
(1.1)—(1.3).

Optimal control problems for systems described by discrete inclusions have
been studied by many authors ( [1,6,9-11,13] etc.). In the framework of multivalued
problems sufficient conditions for local controllability along a reference trajectory
of a discrete delay inclusion are obtained in [7]. At the same time, necessary opti-
mality conditions for an optimization problem without end point constraints and
given by a discrete inclusion (i.e., without delay) may be found in [12]. The idea
in [12] is to use a special (Warga’s) open mapping theorem to obtain a sufficient
condition for local controllability of the discrete inclusion around a given trajectory
and as a consequence, via a separation result, to obtain the maximum principle.

In contrast with the above mentioned approach, the general idea present
in our approach seems to be conceptually very simple, relying only 2-3 clear-cut
steps and using a minimum of auxiliary results from finite dimensional analysis.
Moreover it can be adapted in order to obtain second-order necessary conditions
for the optimization problem.

The paper is organized as follows: in Section 2 we present the notations and
preliminary results to be used in the sequel and in Section 3 we state our results.

2. Preliminaries

Denote by Sg the solution set of inclusion (1.2), i.e.,
Sp = {[L‘() = (z(=k),...,z(N)); =(.)is a trajectory of (1.2)} .

and by RY := {#(N); x € Sr} the reachable set of inclusion (1.2).

Let T = (Z(—k),...,T(N)) € Sp be a trajectory of (1.2).

Since the reachable set RY is, generally, neither a differentiable manifold,
nor a convex set, its infinitesimal properties may be characterized only by tangent
cones in a generalized sense, extending the classical concepts of tangent cones in
Differential Geometry and Convex Analysis, respectively.

From the multitude of the intrinsic tangent cones in the literature, the con-
tingent, the quasitangent and Clarke’s tangent cones, defined, respectively, by

KIX:{UGR"; Hsm—>0+,xm€X:%—>v}
QX ={veR" 3c():[0,5) — X, c(0) =z, ¢(0) =v}
CxX:{veR"; V(Zm, $m) — (2,04), 2 € X, Jym € X : %—?U}

seem to be among the most oftenly used in the study of different problems involving
nonsmooth sets and mappings.



Discrete Delay Inclusions 137

The second-order quasitangent set to X at x relative to v € (), X is defined
by

Q% X ={weR"™ Vs, — 0+, Jw, - w: =+ 8,0+ 52w, € X}

(z,v)

We recall that, in contrast with K, X, @, X, the cone C, X is convex and one
has C, X C Q. X C K, X.

Another important tangent cone is the cone of interior directions (Dubovitskij-
Miljutin tangent cone) defined by

I,X = {UGR”; Fsg, 7 >0: 24+ sB(v,r) C XVse€ [0750)}7

B(v,r):={weR" |lw—v||<r}, B(v,r):=clB(v,r).
From the properties of the quasitangent cones we recall only the following
Q: X1 NI Xy CQy(X1NXa). (2.1)
The concept of derived set was introduced for the first time by Hestenes ( [5]).

Definition 2.1. A subset M C R™ is said to be a derived set to X CR"™ atx € X
if for any finite subset {v1,...,vx} C M, there exist s > 0 and a continuous
mapping a(.) : [0, s0]* — X such that a(0) = x and a(.) is (conically) differentiable
at s = 0 with the derivative collvy, ... v in the sense that

k
i He®) —a(0) =3 i, Gl _
R’ 300 161

We shall write in this case that the derivative of a(.) at s = 0 is given by

k
Da(0)0 =Y 0v;, V0= (61,...,0,) € RE :=[0,00)".
i=1
A subset C' C R" is said to be a derived cone of X at x if it is a derived set
and also a convex cone.
For the basic properties of derived sets and cones we refer to Hestenes ( [5]);
we recall that if M is a derived set then M U {0} as well as the convex cone
generated by M, defined by

k

cco(M) = {Z)\jvj; Aj>0,keN,v;eM, j= 1,...,k}
i=1

is also a derived set, hence a derived cone.

The fact that the derived cone is a proper generalization of the classical con-
cepts in Differential Geometry and Convex Analysis is illustrated by the following
results ( [5]): if X C R" is a differentiable manifold and T, X is the tangent space
in the sense of Differential Geometry to X at z

T,X ={veR" dc:(-s,s) — X, ofclass C* e(0) =z, (0) = v}
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then T, X is a derived cone; also, if X C R™ is a convex subset then the tangent
cone in the sense of Convex Analysis defined by

TC,X =cf{tly—=z); t>0,ye X}

is also a derived cone. By ¢l A we denote the closure of the set A C R™.

Since any convex subcone of a derived cone is also a derived cone, such an
object may not be uniquely associated to a point € X; moreover, simple examples
show that even a maximal with respect to set-inclusion derived cone may not be
uniquely defined: if the set X C R? is defined by

XzC’1UC’2, Cr={(z,x);z >0}, Cy={(z,—x),z<0}

then C; and Cs are both maximal derived cones of X at the point (0,0) € X.

We recall that two cones C1,Cy C R™ are said to be separable if there exists
q € R™\{0} such that:

(q,v) <0< {(qw) YveCi, weC(Cs.
We denote by CT the positive dual cone of C C R"
Ct={qeR™ {(qv)>0, YveC}

The negative dual cone of C ¢ R" is C~ = —C™.
The following “intersection property” of derived cones, obtained by Mirica
( [8]), is a key tool in the proof of necessary optimality conditions.

Lemma 2.2. Let X1, Xo C R"™ be given sets, x € X1NXs, and let C1,Cy be derived
cones to X1, resp. to Xo at x. If Cy1 and Cs are not separable, then

Cl(C1 n CQ) = (Cl<01)> n (Cl(CQ)) C Q$(X1 ﬂXQ).

For a mapping ¢(.) : X € R™ — R which is not differentiable, the classical
(Fréchet) derivative is replaced by some generalized directional derivatives. We
recall, in the case when g¢(.) is locally-Lipschitz at « € int(X), Clarke’s generalized
directional derivative, defined by:

Dcg(x;v) = limsup 9(y +0v) — g(y)

, veR".
(y,0)—(z,0+) 0

The first and second order uniform lower Dini derivative are defined as follows

. g(x +0v') — g(z)
Dig(z;v) = liminf ,
19(@:0) (v",6)— (v,0+) 0

D3g(x,v;w) =  liminf 9 + 0v + ?w') — g(w) — D1 g(z;v)
T s Uy (w’,0)—(w,0+) 92

When g(.) is of class C? one has

Dig(z,v) = ¢'(x)Tv, Dig(z,v;w) =g (x)"z+ ;v g"(x)v.
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The results in the sequel will be expressed, in the case where ¢(.) is locally-
Lipschitz at x, in terms of the Clarke generalized gradient, defined by:

dcg(x) = {q eR"; {(q,v) < Deg(z;v) Vv e R”} )

By P(R"™) we denote the family of all subsets of R™.

Corresponding to each type of tangent cone, say 7,X one may introduce a
set-valued directional derivative of a multifunction G(.) : X ¢ R® — P(R") (in
particular of a single-valued mapping) at a point (z,y) € Graph(G) as follows

7,G(z;v) = {w eR"; (v,w) € T(I’y)Graph(G)} , veETX.

Similarly one may define second-order directional derivatives of the set-valued
map G(.). For example the second-order quasitangent derivative of G at (z,u)
relative to (y,v) € Q(z,u)(9raph(G(.)) is the set-valued map qum)G(x, y, .) defined
by

grath%u,p)G(xa ;) = Q%(w,u),(y,v))(grath(~)) .

We recall that a set-valued map, A(.) : R” — P(R™) is said to be a con-
vex (respectively, closed convex) process if Graph(A(.)) € R™ x R™ is a convex
(respectively, closed convex) cone.

3. Results

In what follows, we shall assume the following hypothesis. Hypothesis.
i) The values of Fy(.,.) are compact convex, ¥Vt € {0,..., N — 1}.
i) There exists I(t) > 0 such that Fy(.,.) is Lipschitz with the Lipschitz constant
I(t), vt €{0,..., N —1}.
iii) There exists A; : R® x R" — P(R"™), t =0,1,...,N — 1 a family of closed
convex processes such that
At(ua U) - QE(tJrl)Ft((f(t%E(t - k))a (uv U)) V(U, U) eR" xR" ’
vt e {0,1,...,N —1}.
To the problem (1.2) we associate the linearized problem
w(t+1) € Ay(w(t),w(t—k)), t=0,1,...,N=1, w()=0,1=—k,...,0, (3.1)

Denote by S4 the solution set of inclusion (3.1) and by RY the reachable set
of inclusion (3.1).

We recall that if A: R™ — P(R™) is a set-valued map then the adjoint of A
is the multifunction A* : R™ — P(R"™) defined by

A*(p) = {q eR™; (q,v) < {(p,v) V(v,v)e graphA(.)}.

The next result, due to Minchenko and Sirotko ( [7]) characterizes the positive
dual of the reachable set RY of problem (3.1).

Lemma 3.1. Assume that Hypothesis is satisfied. Then, one has (RX)Jr =
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{77 €eR™ 3 q(t),p(t) t=0,...,N suchthat n=p(N), (p(t),q(t))

€ Ai(p(t+ 1)) + (q(t+k),0), t=N—1,...,0 and q(t)z()fortzzv}.

Using the property in (2.1), the fact that RY C QE(N)Rg and Lemma 3.1
we obtain a Maximum Principle for problem (1.1)—(1.3).

Theorem 3.2. Let Xy C R™ be a closed set, let T € Sp be an optimal solution for
problem (1.1)~(1.3) such that Hypothesis is satisfied and let g(.) : R" — R be a
locally Lipschitz function.

Then for any convex cone Cn C IznyXn there exist X € {0,1} and (p(0),
p(1),...,p(N)) € RINFDI™ (g(0),4(1),...,q(N)) € RNTI" such that

(p(t)—q(t+k),q(t)) € A; (p(t+1)), t=N-1,...,0, q(t)=0fort> N, (3.2)
p(N) € Mcg(z(N)) - Cy, (3.3)

(=pt+1),Z(t+1)) =max{< —p(t+1),v > veF@{),z(t—k)}, (34)
t=0,...,N—1,
A+ PO+ ... + [[p(N)]] > 0. (3.5)

For the details of the proof see [4].

In Theorem 3.2 an important hypothesis is that the terminal set X is as-
sumed to have a nonempty cone of interior directions. Such type of assumptions
may be overcome using the concept of derived cone.

Using the fact that the reachable set RY is a derived cone to RY at T(N)
( [2]), Lemma 2.2 and Lemma 3.1 we have the next version of the Maximum
Principle for problem (1.1)—(1.3).

Theorem 3.3. Let Xy C R™ be a closed set, let T € Sp be an optimal solution for
problem (1.1)~(1.3) such that Hypothesis is satisfied and let g(.) : R™ — R be a
locally Lipschitz function.

Then for any derived cone Cn of Xn at T(N) there exist X € {0,1} and
(p(0),p(1),...,p(N)) € RWVTU™(4(0),q(1),...,q(N)) € RVTV" such that
(3.2)—(3.5) hold true.

The proof can be found in [2].
Denote by Rg the reachable set of the discrete delay inclusion

(t+1 6Qg(Hl)Ft((f(t),f(t—k)); (w(t),w(t—k))) t=0,1,....N—1,

w(t +1)
w(l) =0, l=—k,...,0.
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Let ¥ = (g(—k),...,7g(N)) satisfy (3.6) and let R% denote the reachable set
of the discrete delay inclusion

(5 1) € Qg0 4 (50,0 = ), (3.9 ) (0,0t = )
t=0,1,....N—-1, w({l)=0, l=—k,...,0.
In the next result we obtain second-order necessary optimality conditions for
problem (1.1)—(1.3).

Theorem 3.4. Assume that Hypothesis is satisfied, let g(.) : R™ — R be a lo-
cally Lipschitz function, let T = (Z(—k),...,ZT(N)) € Sg be an optimal solution
for problem (1.1)—(1.3) and assume that the following constraint qualification is
satisfied

{nGR”;3 q(t),p(t) t=0,...,N suchthat n=p(N),

(00,40 € (Coterny i (#0170 = 1), (1) ) (o6 1) + (ate-+ 1)),

t=N-1,...,0 and q(t)=Of07“t2N}ﬂ(C$(N)XN)+={0}. (3.7)

Then we have the first-order necessary condition
Dyg(Z(N);y(N)) =0 Vyy € Ry N QznyXn -

Furthermore, if equality holds for some G(N), then we have the second-order nec-
essary condition

Dig(Z(N),g(N);w(N)) >0 Vun € Ry N Q) g Xn -

The proof, that can be found in [3], is based on a general (abstract) optimality
condition formulated by Zheng ( [14]) and use also several first and second-order
approximations of the reachable set RY at T(N) ( [3]).
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Necessary Conditions in Optimal Control
and in the Calculus of Variations

Francis Clarke

Dedicated to Arrigo Cellina and James Yorke

Abstract. The goal of this article is to find, for the two most standard para-
digms in dynamic optimization, the simplest proofs that can be based on
the techniques invented and refined over the last thirty years in connection
with the nonsmooth analysis approach. Specifically, we present a proof of
Theorem 2.1 below, which asserts all the first-order necessary conditions for
the basic problem in the calculus of variations, and a proof of Theorem 3.1,
which is the Pontryagin maximum principle in a classical context.

1. Introduction

The theory of necessary conditions in the calculus of variations is a classical sub-
ject whose birth can be traced back to the famous monograph published by Euler
in 1744. Within the more general framework of dynamic optimization (which in-
cludes optimal control), the subject has remained active ever since. One modern
approach (among others) to the issues involved has been based on the methods
of nonsmooth analysis, a branch of the subject that began in 1973 with the au-
thor’s thesis [2]. A number of people have contributed in the past decades to the
substantial progress that has been made along these lines; we refer to the recent
monograph [7] for details, comments, and references.

It is natural that the dominant theme in this work has been an ongoing effort
to make the results as general, powerful, and unifying as possible. It is our view that
the results of [7] are a culmination of these efforts in many ways.! Furthermore,
it turns out that the nonsmooth analysis approach has given rise to the current
state of the art in the subject.

IThis is not to say, however, that we are announcing the end of history in this regard.
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The goal of this article, however, lies in a different direction. We attempt here
to find, for the two most standard paradigms in dynamic optimization, the simplest
proofs that can be based on the techniques invented and refined over the last thirty
years in connection with the nonsmooth analysis approach. Specifically, we present
a proof of Theorem 2.1 below, which asserts all the first-order necessary conditions
for the basic problem in the calculus of variations, and a proof of Theorem 3.1,
which is the Pontryagin maximum principle in a classical context.

The devices used below (such as decoupling, penalization, use of an approxi-
mate minimization principle) are now familiar in the subject; they were introduced
in the given references for much the same purposes as here. It is the elementary,
self-contained, and economical nature of the proofs which is new. Of course, a
concept such as “self-contained” is relative (and subjective), so let us now identify
the pre-requisites in detail.

Background

The proofs of the theorems below mostly call upon standard tools of measure and
integration. Frequent use is made of measurable set-valued mappings and their
selections, a theory which is perhaps not as well known as it should be. Our needs
are elementary, and the short overview given in [6, pp.149-151] is adequate. We
also require a sequential compactness result that is a consequence of the Dunford-
Pettis criterion for weak compactness in L', together with Ascoli’s theorem. We
state it now for convenience (a proof is given in [5, p. 119]).

An absolutely continuous function = : [a,b] — R™ (where [a,b] is a fixed
interval in R) is called an arc. Let a sequences of arcs x; be given which satisfy
the inclusion

zi(t) € D(t, xi(t) + yi(t)) + ri()B, t € ae.,

where the set-valued mapping I'(¢, ) from [a, b] x R™ to the closed convex subsets
of R™ is measurable in ¢ and has closed graph relative to z. The functions y; and
r; are assumed to go to 0 in L', and the measure of the sets €; converges to b — a.
It is assumed that the sequence z;(a) is bounded, and that for some summable
function k we have I'(t, z) C k(t)B and, for each i, |z}(¢)| < k(t) a.e. Then there is
an arc T satisfying Z'(t) € T'(¢, Z(t)) a.e. which is the uniform limit of a subsequence
&, having the additional property that 2/, converges weakly in L' to z’.

Also used in the proofs is the variational principle of Ekeland (see for exam-
ple [5]), which at this point can be viewed as a familiar property of complete metric
spaces. Finally, a few simple facts from nonsmooth calculus will be invoked. How-
ever, it is a striking feature of the proofs given here that (in contrast to other work)
they require very little beyond the actual definitions of the objects in question; we
give these now (see [6] for details).

Given a lower semicontinuous function f : X — RU {+oo} and a point x at
which f is finite, we say that ( is a proximal subgradient of [ at x if there exists
o > 0 such that

f@) = f@) +ollz’ —z|* > (¢,2' - )
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for all 2’ in a neighborhood of x. The set of such ¢, which may be empty, is denoted
Op f(x) and referred to as the proximal subdifferential. A closure operation then
defines the limiting subdifferential:

Ouf(z):={lim¢ : ¢ € Opf(xi),; — , fz;) — f(2)}.

It can be shown that the same limiting subdifferential is obtained if this closure
operation is applied to the subgradients usually employed in the theory of viscosity
solutions.

The indicator of a set S is the function denoted Is which takes the value 0
on S and 4oo elsewhere. If S is a closed subset of R™, and if « is a point in S,
then the limiting normal cone Nk(x) to S at = can be defined as d1,Ig(z). This
normal cone reduces to the familiar normal vectors when S is convex, or when S
is a manifold or a manifold with boundary.

2. The Lipschitz problem of Bolza

We study in this section a version of the basic problem in the calculus of variations.
The problem (P) consists of minimizing the (Bolza) functional

b
J(@) = lo(2(a)) + 61 (x(b)) +/ L(t,(t). 2/ () dt (2.1)
over all arcs z : [a,b] — R™ satisfying the constraints
x(a) € Cy, z(b) € Cy, 2'(t) € V(i) a.e. (2.2)

where [a, ] is a given fixed interval in R, Cy, C; are closed subsets of R™, £, ¢; :
R™ — R are locally Lipschitz functions, and V' is a measurable mapping from [a, 0]
to the closed convex subsets of R™.

An arc z is said to be admissible for (P) if x satisfies the constraints (2.2),
and the integral in (2.1) is well-defined and finite. We are given an admissible arc
x4 which is a local minimum in the sense that, for some €, > 0, for any admissible
arc z satisfying ||z — z.||cc < €4, we have J(z,) < J(x).

The Lagrangian L(t, z,v) is a mapping from [a, b] x R™ x R" to R; we assume
that it is measurable with respect to ¢ and Lipschitz with respect to (z,v) near x,
in the following sense: for a summable function & : [a,b] — R, we have, for almost
all t, for all z,y € B(x.(t),e.) and v,w € V(t),

|L(t,z,v) — L(t,y,w)| < k:(t){|1: —yl+v— w\} ) (2.3)

The theorem below requires the following interiority hypothesis which distin-
guishes the problem from one in optimal control: There is a positive § such that
B(z!.(t),0) C V(t) ae.

*

Theorem 2.1. There exists an arc p which satisfies the Euler inclusion

P(t) € @{w (w,p(t)) € ALL(t (1), z;(t))} ae. telab  (2.4)
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together with the Weierstrass condition

{p(t),v)—L(t, z.(t),v)

< (p(t), 2, (t)) — L(t,z.(t),2,(t)) Vo EV(t), ae.t€[a,b] (25)

and the transversality condition
p(a) € plo(z+(a)) + N& (z(a)),  —p(b) € Aply (z4(b)) + N&, (2.(b)) . (2.6)

Remark 2.2. The limiting subdifferential 01, L in the Euler inclusion is taken with
respect to the (x,v) variables for each fixed ¢. It reduces to a singleton when L is
of class C1 in (x,v) (or just strictly differentiable); in that case, (2.4) becomes

p'(t) = VaoL(t, 2 (t),2,(t), p(t) = VL(t,z.(t), 2, (1)),

the familiar integral (or duBois-Reymond) form of the Euler equation. This sub-
sumes the classical first Erdmann condition: that is, the essential continuity of the
function ¢ — V, L(t, z.(t), ) (t)), a property which serves as the gateway to higher
order regularity.

Proof. We begin by identifying certain additional hypotheses that can be made
without any loss of generality, by simple reformulations.

Note first that the theorem’s hypotheses and conclusions are unaffected if we
redefine L(t, x,v) to be L(t, m(x), m;(v)), where m(x) denotes the projection of =
onto the set B(z.(t), e.) and 7} (v) is the projection of v onto V (t). Since 7y and 7,
are globally Lipschitz, this convention allows us to suppose that the Lipschitz
condition (2.3) holds globally. By similar arguments, we may suppose that £y
and ¢; are bounded below and globally Lipschitz, and that Cj is compact. We
suppose as well that k(¢) > 1. Finally, by reformulating we may take z, = 0 and
[a,b] = [0,1].

We proceed now to prove the theorem under two additional hypotheses whose
removal will constitute the last step in the proof.

Temporary hypotheses: (TH1) C; = R™ (so that there is no explicit constraint on
(TH2) There exists R > 0 such that V(¢) C B(z.,(t), R) a.e.

A. We proceed to define via penalization a sequence of decoupled problems con-
verging in an appropriate sense to (P). We introduce, for a given sequence of
positive numbers n; tending to +oo,

£i(y) == min {61(8) + nily — B} (2.7)

a type of expression known as a quadratic inf-convolution, and which figures in the
Moreau-Yosida approximation to ¢;. Since ¢; is globally Lipschitz and bounded
below, there is a constant ¢ such that

<<t tc/n; .
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We set

L;(t,z,v) = mliRn {L(t,u,v) + nik(t)|u — z|*}

Ji(x) = €y (z(0)) + £} (z(1)) +/0 Li(t,z(t),2'(t)) dt

and we define I; to be the infimum of J;(z) over all arcs x satisfying
1
x(0) € Cp, 2'(t) € V(t) ae., |2(0)] <e€./2, / |2/ (t)| dt < e./2.  (2.8)
0

Note that these constraints imply ||zl < €.. Because of (TH2) we have (for some
constant ¢p)

0

Lemma 2.3. lim; . I; = J(0).

To see this, let x; satisfy (2.8) together with J;(x;) < I; + n;l, and let u; be
a measurable function such that u;(t) is (almost everywhere) a point at which the
minimum defining L; (¢, z;(t), 2(t)) is achieved:

Li(t, zi(t), 2} (t)) = L(t,ui(t), z}(t)) + nik(t)|ui(t) — z;(t)]* ae.

(This is the first of several times that the existence of a measurable selection is left
as an exercise.) This equality together with (2.3) leads to |u;(t) —z;(t)] < n; ' a.e.
We now observe

— 0o (:(0)) + € (ws(1)) +/0 (LGt s, 22) + i (Dlus — 2} dt

> Lo(:(0)) + €' (:(1)) = ¢/ /i + /0 {L(t @i, @) = k(t)ui — i} dt
> J(0) —¢/v/n; — ||kl /i,

and the assertion of the lemma follows.

We may view the problem defining I; as one that is defined relative to the
couples (z(0),z’) in the complete metric space R™ x L! lying in the closed set S
defined by (2.8). The lemma implies that the arc x. = 0 is e?-optimal for the
problem, where ¢; is a positive sequence tending to 0. We apply Ekeland’s theorem
(see [5]) to deduce the existence of an arc x; € S satisfying

124(0)] + / ()| dt < e (2.9)
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and which minimizes over S the functional J; defined by
J{(2(0),2") == £o(2(0)) + €|z(0) — z;(0)| + £; (z(1))
1
n / min {L(t, w2 (1)) + nak(t)|u — 2()[2 + |2/ (t) — x;(t)|} dt .
0 u

We may pass to a subsequence (without relabeling) to assure () — 0 a.e.

B. We now fix ¢ and reformulate the optimality of z; for J! in a more useful
manner, one that will allow us to identify an arc p; that is “close” to satisfying the
necessary conditions. Let u; be a measurable function such that almost everywhere
the minimum

min {L(t, u, (1)) + nak(t)u — xi(t)\z}

u

is achieved at wu;(t); it follows as in the proof of the lemma that |u;(t) — z;(¢)] <

n; ! a.e. Now let ; be a point achieving the minimum in (2.7) when y = x;(1).

We proceed to define an arc p; via
Pi(t) = 2n:k(t) (zi(t) —ui(t)) . pi(1) = —2n;(2i(1) = 3;) .

Then we have (by choice of 3;)

—pi(1) € Opla(Bi) - (2.10)
Using the observation

i (y) < 0(B:) +naly — Bil* Yy,

(with equality for y = z;(1)) together with the identity
2 = (phyu — i) + (P & — i) + nakl(x — 2) — (u—w) [,

and integration by parts, we see that the cost functional ®(u,«,v) defined on
L>*® x R™ x L' by

lo(@) + il = 24(0)] = (pi(0), @) +mile(1) = Bil” + (pi(1), (1))
+/O { Lt u(t), v(6) = (pa(t), (1)) = (Bi0), u(®)) + eslolt) — wi(8)] } at

niklu — x> = nik|u; —

1
—|—2ni/ k(O] fu(t) — wil®)? + 2(t) — z: (1) } dt
0
satisfies (letting x(¢) stand for a + fo s)ds, and for a certain constant ¢;):
b (u, a,v) > Ji’(x(()),x’) + ¢,

with equality when (u, o, v) = (u;,2;(0),27). It follows that ®(u, o, v) is minimized
relative to the constraints

aeCy, lal<e/2, o) V() /|v Jdt < €. /2 (2.11)

at (u;, 2:(0), z5).
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It is easy to see (by substituting for x and p) that the last two boundary
terms in the expression for ® may be rewritten in the form n;{|z(1) — 2;(1)|*> +
|8i|* — |2;(1)|?}. It follows then that the functional W(u, o, v) defined by

lo(a) + el — 2:(0)| — (p;(0), &) + ny|z(1) — 2;(1)[?
+/ {L(t,u(t),v(t)) — {ps(t),0(®)) — (B(1), u(t)) + eilv(t) — x;(t)|}dt
0
1
+on; /0 RO Jult) — wi ()] + 2(8) — 2a(8)2 } dt

is minimized relative to the constraints (2.11) at (u;, z;(0), }).

C. The next step consists of a variational analysis (for ¢ still fixed) of the minimum
of ¥ just mentioned. Let us first fix u = u; and v = 2. Then the function
a — WU(u;, o, 2)) attains a local minimum (for ¢ sufficiently large, since x;(0) — 0)
relative to a € Cy at z;(0). The corresponding necessary condition is

pz(O) S 8[/{&) + ICO}(,TZ‘(O)) + 6i§. (2.12)

This, together with (2.10), is the precursor of the transversality condition (2.6).

We now exploit the minimum in v of ¥(u;, z;(0),v) to derive a forerunner of
the Weierstrass condition. The constraint on v in (2.11) is slack for 7 sufficiently
large, and a simple argument by contradiction shows that we must then have, for
almost every t,

(;,(),v) = L(t, ui(t),v) — e;lv — xi(t)| <
(pi(t), i (t)) — L(t,u;(t), 25(t)) Vo e V(t). (2.13)

Let us give this argument. If (2.13) does not hold, then there exists r > 0 and a
subset S of [a,b] of positive measure m such that, for some measurable function
w defined on S and taking values in V' (), we have

L(t,ui(t), w(t) + ew(t) — 23(t)] = (pi(t), w(t)) <
L(t,ui(t), 2} (t)) — (pi(t), j(t)) — 7, t € S ace.
Of course, m can be taken arbitrarily small. If we let v be the function equal to
w on S and equal to x} elsewhere, and if () signifies z;(0) + fg v(s) ds, then we

have ||z — 2;]|0 < Km for a constant K independent of m (the hypothesis (TH2)
is used for this). It follows that

W (wi, 2;(0),v) — W (u;,2;(0) x’) < —rm+ Kzni(l + 2||k||1)m2 <0

) 7
for m sufficiently small. Further, v satisfies the constraint in (2.11) if m is small
enough. This contradicts the optimality of (u;,z;(0),2}) and concludes the argu-
ment.
Making use of such evident estimates as

(1) — 2i(t)]* < 2|2(0) — 2:(0)|* + 2/0 |’ (s) — aj(s)[*ds
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and rearranging, we deduce that the cost functional U (u, o, v) defined by

fo(a) + Gila — 1‘1(0)| — <p2(0), Oé> + 6n2|a — xl(0)|2

- / {L(tut), v(®) = (pi(t), v(®) — (Pi(0), ult)) + eifo(t) — 2i(0)| } dt

! 2 ’ 2
+2ni/0 k(t) |u(t) — wi ()] dt+6ni/0 k(t) |o(t) — ()] dt

also attains a minimum relative to the constraints (2.11) at (u;, z;(0), 27).

Setting @ = 2;(0),v = 2} in ¥T, the attainment of the minimum relative
to u € L* implies by measurable selection theory that for ¢ a.e., it is the case
that u;(t) minimizes freely the integrand in W*. This fact yields

pi(t) € 8p{L(t, L ah(t)) } (ui(t)) ae.,
which in turn gives
Ipl(t)| < k(t) ae. (2.14)
When the constraint on v in (2.11) is slack, it follows that for almost every ¢, the

minimum with respect to (u,v) € R™ x V(t) of the integrand in ¥+ is attained at
(u;(t), 25(t)); this implies an intermediate version of the Euler inclusion:

(pi(t),pi(t)) € OpL(t, ui(t),}(t)) + {0} x B, t€Q; ae. (2.15)

where Q; := {t € [0,1] : /(t) € int V(¢)}. Note that the measure of §; tends to 1
as 1 — 00, in light of the interiority hypothesis.

D. The next step is to let ¢ tend to infinity. The conditions (2.14) and (2.10) allow
us to deduce (for a subsequence, without relabeling) that p; converges uniformly
to an arc p and p} converges weakly to p’. Passing to the limit in (2.10) and (2.12)
(note (2.9), and that 3; — x.(1)), we see that p satisfies the transversality con-
dition (2.6) (for C; = R™). The Euler inclusion (2.4) follows from (2.15) by the
sequential compactness result stated in the Introduction. From (2.13) we conclude
that almost everywhere we have

(p(t),v) — L(t,0,v) < {p(t),0) — L(t,0,0) Vv € V(¢),

which is the desired Weierstrass condition. The theorem is therefore proven, in the
presence of the Temporary Hypotheses (TH1)(TH2).

E. The final step in the proof is the removal of the Temporary Hypotheses. It is
clear at this point (given our expertise at passing to the limit in the necessary
conditions along subsequences) that it suffices to deduce, for any 1 > 0 sufficiently
small, the necessary conditions for x, in which the Weierstrass condition holds for
the following subset of V(¢):

V,(t) == {v e V(t)NB(2L(t),1/n) s v+ 1B C V(t)}

(note the role of the interiority hypothesis in this reduction.) In this setting, the
case of an arbitrary C is reduced to the one in which C; = R™ by an exact
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penalization device, as follows. A simple argument by contradiction (as in [3])
shows that for some K > 0 sufficiently large, z. solves the problem of minimizing

1
Ji (2) :=Co(2(0)) 4+ 41 (x(1)) + Kdc, (2(1)) +/0 L(t,x(t),'(t)) dt
over the arcs x satisfying
z(0) € Cp, ||z — 2]l < €/2, 2'(t) € V,(2) ace.

The argument goes as follows. If the assertion is false, then there exists for each
positive integer j an arc x; admissible for this problem with J;(z;) < Jj(z.) =
J(z.). Since J;(x;) is bounded below, it follows that de, (x;(1)) — 0. Let o,
be a closest point in C; to z;(1). Then for j sufficiently large, the arc y;(t) :=
xj(t)+t(oj—x;(1)) satisfies (2.2) and we have, for a certain constant Ky depending
only upon k(-),

contradicting the optimality of x,.

This new penalized problem satisfies (TH1) and (TH2), so we may apply
the theorem already proven to deduce the existence of an arc p satisfying the
Euler inclusion and the Weierstrass condition (for V;;, as agreed). It remains to see
that transversality holds. But we have (invoking two simple facts from nonsmooth
calculus)

—p(l) S 8L(€1 + chl)(ﬂj*(l)) (- 8[[1 (I*(l)) + K@del (.Z‘*(l))
C Jrh (x*(l)) =+ Nél (x*(l)) ;

and the theorem is proved. O

Remark 2.4. Until this final step, no Lipschitz behavior of L with respect to v
is used in the proof. It can in fact be dispensed with, but then the necessary
conditions may hold only in abnormal form. This is but one of several ways in
which the theorem can be extended (at considerable technical expense, however).
As regards necessary conditions for one-dimensional problems in the calculus of
variations with finite-valued Lagrangians, the state of the art is currently given
by [7, Theorem 4.4.1].

It is also possible to consider the problem (P) with extended-valued La-
grangians, as in Theorem 4.1.1 of [7]. From this result, the classical multiplier rule
for mixed constraints such as ¥ (¢, z(t), 2'(t)) = 0 a.e. (for example) follows as a spe-
cial case. In addition, the nature of the local minimum is more general; it is linked
to the hypotheses and conclusions in a stratified manner. The Lipschitz hypothe-
sis is replaced in such a context by a much weaker pseudo-Lipschitz one. Finally,
one can develop structural criteria on the Lagrangian (the generalized Tonelli-
Morrey conditions) that have the important property of automatically yielding
the required pseudo-Lipschitz behavior near the given arc (whatever it may be);
see [7, Theorem 4.3.2].
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The advantage of Theorem 2.1 in comparison to these more general results
stems solely from the directness and relative simplicity of the proof given above.
As we have said, the hypotheses can be considerably weakened. Nonetheless, as
we shall now see, Theorem 2.1 can play a very useful role in obtaining necessary
conditions for optimal control problems. The fact that nonsmooth Lagrangians are
admitted is crucial in this regard.

3. The maximum principle

We consider now the standard control system
o' (t) = f(t, z(t),u(t)), t € [a,b] ae. (3.1)
where u is a measurable function on [a, b] whose values are constrained as follows:
u(t) € U(t) ae.,

where U is a measurable mapping from [a, b] to the subsets of R™. Such a function
w is called a control, and the corresponding function z(¢) is termed a trajectory. Our
interest centers around a given control-trajectory pair (u.,x.) satisfying x.(a) €
Cy, where (Y is a given set in R"™.

For €, > 0 given, let us define the (local) attainable set from Cj, denoted
A[Cy], as the set of all points x(b), where x(t) satisfies (3.1) for some control u(t),
as well as z(a) € Cp and ||z — 7.]|so < €x. Now let a function ® : R* — R be
given. Then z, is called a local ®-boundary trajectory if ®(x.(b)) € bdry ®(A[Ch]).

Our purpose is to give necessary conditions for such a trajectory and its
associated control. The hypotheses on the data are resolutely simple: f and ® are
continuously differentiable and Cy compact; as for U, we assume that U(t) is a
closed subset of a compact set Uy for each t.2

Theorem 3.1. Let x, be a local ®-boundary trajectory corresponding to the control
us. Then there exists an arc p satisfying the adjoint equation

T
—p'(t) = Dy f (t, 2. (), us(t)) p(t) ace. (3.2)
as well as the maximum condition

max (p(t), f (£ 2. (0),1) ) = (p(0), F(t,2.(),u.(1)) ) ae. (3.3)

ueU(t)
and the transversality condition: for some unit vector v € RV,

pla) € N& (z.(a)),  p(b) = DB (2. (b)) v. (3.4)

2Thus we do not pursue the greatest generality as regards the regularity of the data. However,
there are structural hypotheses not made here that would significantly reduce the complexity of
the problem. Notable among these are: linearity of f in x, one state endpoint being free, and
the convexity of the sets f(¢,z,U(t)) (this last condition is connected to the relazation of the
problem).
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Proof. A. We may take [a,b] = [0, 1] and assume (without loss of generality) that
f and @ are globally Lipschitz. We proceed under the following

Temporary Hypothesis: There exists > 0 with the following property: for almost
each t, for every u € U(t) different from w,(t), one has

|f(taa(t),u) — f(t2(8),ua (1)) | 2 . (3.5)

By the definition of boundary, for any ¢ € (0,1), there is a point v ¢ ®(A[Cy])
such that |®(z,(1)) —v| < €2. Thus x, is e2-optimal for the problem of minimizing
|®(x(1)) — | over all trajectories x satisfying 2(0) € Cp and ||x — z||co < €. We
take the distance between two such trajectories z1, x5 to be

121(0) — (0 |+/|:c1 L(0)] dt

It follows from Ekeland’s theorem that some trajectory Z satisfying

12(0) — 2.(0)] + / (1) — ()] dt < e (3.6)

minimizes the functional Jy(z) defined by

|<I>(m(1)) — 9] + €|xz(0) — 2(0)| + 6/0 |z (t) — ;E'(t)| dt (3.7)

over all the trajectories x in question. Observe that |®(Z(1)) — | # 0 (since
v ¢ ®(A[Cy])) and that for e sufficiently small we have ||T — .||c0 < €x/2.

B. The next step is to reinterpret the problem above in such a way that The-
orem 2.1 can be applied to it. We employ an exact penalization technique that
hinges on the following approximation fact.

Lemma 3.2. There is a constant K with the following property: if z is any arc on
[0,1] emanating from Cy, then there is a trajectory y with y(0) = z(0) such that

1
dt < K £ 2(t),u)| dt . 3.8
[ wo-=o (" min [/0) = 7 (t.2(0).0)] (38)
Proof: Let u have values in U(t) a.e. and satisfy

}z’(t) — f(t,2(t),u(®))| = urenUn(lt) ’z'(t) — f(t,z(t),u)‘ a.e.,

and let y be the trajectory generated by the control u, with initial condition
y(0) = 2(0). Then, letting K denote a Lipschitz constant for f, we have almost
everywhere

' () — 2/ (0)] = | £ (t,y(t), u(t)) — 2 (1)]
\f(tz (t)) t|+Kf|y<> <t>|

IN

and the estimate (3.8) follows from Gronwall’s Lemma.
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Let us set

Lo(t,z,v) := min |v— f(t,z,u)|.
ofta.v) = min o= f(t.2.u)

Let K be a Lipschitz constant for ® and set Ky := K(Kg + 2). We claim that
the arc  minimizes the functional

() = Jo(z) + Ko /O Lo(t, 2(t), 2 (8)) dt

over the arcs x satisfying || — Z||c < €./2 and z(0) € Cy. If this were false, there
T

would be an admissible arc z such that J(z) < J(z). Apply the lemma to obtain
a trajectory y as indicated. Then

Joy) < Jo(2) + (K +2) / W/ (t) — (1) dt

< Jo(z)+ (Ko +2)K i uren[}%)|z f(t,z(t),u)’dt

= J(2) < J(¥) = Jo(7),
contradicting the optimality of Z relative to (3.7).

C. We now apply the necessary conditions of Theorem 2.1 relative to the mini-
mization of J by . We deduce the existence of an arc p satisfying

p(0) € N, (#(0)) + B, —p(1) = D(2(1)) " v, (3.9)
where v is the unit vector (®(z(1)) — ) /|®(z(1)) — 7|, together with the Euler

equation (2.4) and the Weierstrass condition (2.5). The latter evidently implies
(take v of the form f(t,Z(t),u) for u € U(t)) that we have almost everywhere

(B(t). £ (1.2(0).u) ) — el £ (2 (0).w) — ()] < (B(0). (1)), w e UH).  (3.10)
We now examine the Euler inclusion. To begin with, it yields the estimate
Ip'(t)| < k(t), tE€la,b] ae. (3.11)
Next, let us define
Q= {t: Klo(t) 2. ()] + 2/(8) - 4 (0)] <} (312)
Consider a value of ¢ € Q for which '(t) = f(¢,%(¢),u(t)), and let (x,v) and
Lo(t,z,v) satisfy
’(:U,v) — (f:(t),fc'(t))‘ + Lo(t,z,v) <§
for some ¢ > 0 (note that Lo(¢,z(t),z'(t)) = 0). If w € U(t) provides the minimum
in the definition of Ly (¢, z,v), then it follows that for § sufficiently small we have
|f(t, 2 (t),u)— f(t, 2. (t), us(t))] <m,so that (by the Temporary Hypothesis (3.5)),
u = uy(t). Locally therefore, Lo(t,z,v) is given by |v — f(t, x, u.(t))].
A simple exercise is in order: let (¢, p) € Oph(x,v), where h(z,v) = |v—g(z)|;
then ¢ = —Dg(z)Tp. Invoking this, the Euler equation is seen to imply

P (t) + Do f (1, 2(t), ua(t)) p(t) €€B, te€Q ae. (3.13)
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It is now time for € to experience its usual fate and go to 0 (at least along a
sequence ¢;). The arc z depends of course on this parameter: z = Z.,, as do the
arc P, the unit vector v, and the set Q defined by (3.12). In light of (3.11), (3.9)
and (3.6), for an appropriate subsequence we have p,, converging to an arc p, T,
converging uniformly to ., T, (t) converging almost everywhere to (), and v,
converging to a unit vector v. The measure of )., goes therefore to 1, and it follows
from (3.13), (3.10) and (3.9) that the limiting arc p satisfies all the requirements
of Theorem 3.1.

D. There remains the Temporary Hypothesis to deal with. We define

Uy(t) == {u.(t)} U {u UM : | F(t,2a(t),u) — F(t,2a(t), ua(t))] > n} .

When we replace U by U, z. is still a local ®-boundary trajectory for the new
system, and all the hypotheses of the theorem continue to hold, as well as the Tem-
porary Hypothesis (3.5). We therefore deduce the existence of an arc p,, satisfying
all the required conditions, except that the maximum condition holds only for the
control values in U,. An appeal to a subsequence of 7; converging to 0 gives the
required arc p, in a now familiar fashion. O

Remark 3.3. It is well-known that the necessary conditions for a boundary tra-
jectory subsume those that correspond to optimality. To be specific, consider now
the minimization of a cost functional

b

0 (z(b)) +/ L(t, z(t), u(t)) dt

a

over the same trajectory-control pairs (z,u) as above satisfying x(a) € Cy, z(b) €
C1, where we take L smooth, ¢; Lipschitz, Cy, C; closed. Then if x, is a local
solution corresponding to the control u, there is an arc p satisfying the following
versions of the three necessary conditions: the adjoint equation

—p'(t) = Do f (b, (£), s (1)) () = ML (£, 24 (1), ua (1)) ace.,

the maximum condition

urengé) {<p(t), [tz (t), u)> — AL(t, m*(t),u)}
- <p(t), f(t,x*(t),u*(t))> — AL(t, 3. (t), un (1)) ace.

and the transversality condition
p(a) € Ney (w.(a)), —p(b) € AIply(z4(b)) + Ney (z.(b)) -

Here, A is a scalar equal to 0 or 1 (the case A = 1 being called “normal”) and it
is also asserted that (A, p(t)) is nonvanishing. These necessary conditions follow
from Theorem 3.1 by simple reformulation; see for example [5, pp. 212].



156 F. Clarke

Once again, Theorem 3.1 is a long way from being the best that can be ob-
tained. In [7, Theorem 5.1.1], under greatly reduced regularity hypotheses, neces-
sary conditions are given in the setting of differential inclusions (see [1]) and gener-
alized control systems. It is also possible to treat a new hybrid problem [7, Theorem
5.3.1] that goes well beyond the standard formulation of optimal control, allowing
for example the consideration of mixed state-control constraints 1 (¢, z(t), u(t)) < 0
(see also [8]). To obtain these more general results requires considerably greater
investment, however.
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1.
First, we shall consider the functional differential equation of the form
@(t) = (Lz)(t) + (Fz)(t), teR (1)

where z : R — C" is the unknown map, while L is a linear continuous operator
on the space AP(R,C™). The operator F' : AP(R,C") — AP(R,C") is assumed
continuous, and will be subject to some restrictions. In (1), the operator F' plays
the role of the nonlinearity.

The problem of almost periodicity of bounded solutions to (1), i.e., z €
BC(R,C™), which stands for the space (Banach) of continuous and bounded maps
from R into C", with the supremum norm, has been considered under various

hypotheses. In our recent paper [4], we have provided a rather general result,
which can be stated as follows:

Theorem 1.1. Consider the system (1), under the following hypotheses:
1) L: AP(R,C") — AP(R,C"™) is a linear continuous operator.
2) The linear equation
o(t) = (Lx)(t) + f(t), teR (2)
has a unique solution in AP(R,C™), for each f € AP(R,C™).
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3) F:AP(R,C") — AP(R,C"™) is an operator, generally nonlinear, such that
[Pz — Fyl,p < Az —ylap, (3)
with A > 0 a constant, for each x,y € AP(R,C™).

Then (1) has a unique almost periodic solution x € AP(R,C™), provided X is
small enough.

The proof of Theorem 1.1 is given in detail in [4], where the main auxiliary
tool is the fact that the map f — =, with x the unique solution in AP(R,C"™)
of (2), is a continuous map from AP(R,C™) into itself.

It is also proved in [4], that the Lipschitz condition (3) can be substituted
by another growth condition on F. But in this case, even with the assumption of
compactness of F' on AP(R,C"), uniqueness is lost, in general.

Remark 1.2. The condition (2) of Theorem 1.1 is verified, for instance, in the
following situations:

a) When (Lz)(t) = Axz(t), with A a constant square matrix of order n, whose
characteristic numbers have nonzero real part.

b) When (Lz)(t) = A(t)xz(t), with A(t) periodic, and such that its characteristic
exponents (see, for instance, [3,6]) have nonzero real parts. Other cases are
also considered.

¢) When (Lx)(t) = A(t)x(t), with A(t) almost periodic and of triangular form
(i.e., a;; = 0 for ¢ < j), such that the mean values of a;;(t),1 < i < n, have
the real part different from zero. This case is due, basically, to A. Calderon
and J. L. Massera [7].

2.

In this second part we shall deal with systems involving monotone operators.
Normally, we shall consider systems of the form

o(t) = (fx)(t),t € R (4)
or
i(t) = (fz)(t),t € R ()
where f is a monotone operator on the space BC(R,R™). The case when R™ is
substituted by C" is not much different.
Actually, one can consider as underlying space the space BC(R,H), with H
a Hilbert space.
The following qualitative lemma turns out to be a very useful auxiliary result,
in investigating the almost periodicity of solutions to equations with monotone
operators.

Lemma 2.1. [5] Consider the differential inequalities:

u(t) > w(u(t)), teR (6)
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i(t) > w(u(t), teR (7)
and assume w : Ry — R is continuous, while u € BC(R,R).
(1) If u : R — R is differentiable, satisfies (6), u € BC(R,R) and w is such that
w(u) >0 for u > «, (8)
then

u(t) < a,t € R. 9)
(2) If u:R — R is twice differentiable, satisfies (7), with u € BC(R,R), while w

is satisfying (8), then u satisfies (9).

We can now state and prove the following results, related to (4) and (5):

Theorem 2.2. Let us consider (4) and (5), under the following assumptions:

1) f: BC(R,R") — BC(R,R"™) is a monotone operator, i.e., there exists m > 0,
such that

((fo)(t) = (Fy)(t),2(t) — y(t)) = mlz(t) —y(t)]*, teR (10)
for any xz,y € BC(R,R")
2) There exists z : R — R"™, z € BC(R,R™), such that fz € AP(R,R").
If x € BC(R,R"™) is a solution of (4) or (5), then necessarily x € AP(R,R"™).
When x satisfies (4), © € AP(R,R™), and when x satisfies (5), ©,i € AP(R,R™).

Before providing the proof of Theorem 2.2, we shall make the following re-
mark.

Condition (2) requires that f takes at least one element of BC(R,R™) into
AP(R,R™). If we keep in mind that AP C BC, and assume, for instance, that
f leaves invariant the subspace AP of BC, then condition (2) is superfluous. As
it is stated, condition (2) requires the least necessary for obtaining the almost
periodicity. Obviously, without loss of generality we can assume that z(t) = 6=the
null element of R™ (and of BC(R,R™)).

Proof of Theorem 2.2. We shall distinguish two different situations, in accordance
with the choice of (4) or (5) for proof.
Since the case of (4) is the simplest, we shall dwell only with the proof of
Theorem 2.2, in case the second order (5) is considered.
We shall rewrite (5) in the following equivalent form:
E(t) = (gx)(t) +h(t), teR (11)
where
(g2)(t) = (f2)(t) = (fO)(t), teR
h(t) = (f0)(t), teR
Let © € BC(R,R") be a solution of (11), and take an arbitrary 7 € R, which
will remain fixed in the proof. Then (12) implies for each t € R

E(t+71)—2(t) = (gx)(t+7) — (92)(t) + h(t +7) — h(t).

(12)
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Multiplying scalarly (in R™) both sides by z(t + 7) — x(t), and taking (10)
into account, one obtains the inequality
(E(t+7)—2@t) 2(t+7)—2(t)) > mlz(t+7)—z(t)[> = |h(t+7)—h(t)||z(t+7) —2(t)] .

But (il,u) = 4 (i,u) — [i]* = 4 luf? — if.

Therefore, applying this formula with u(t) = z(t+7) —x(t), one obtains from
above the second order inequality

2

Sl +7) = 2O = mla(t +7) — 2O bt +7) = A(O)la(t +7) = 2(0)],

which means, for v(t) = |z(t + 7) — z(t)|?,t € R,
——— >mv—Vulh(t+7) — h(t)]. (13)

Now, we shall choose 7 € R in such a way that it is an almost period of h(t),
corresponding to me, with € > 0 arbitrary. Then (13) becomes

1d%v

5@27’”’0—7’”\/’7}6, tER, (14)

which is an inequality of the form (7) in the above Lemma. Since the right hand
side of (14) satisfies

mv —myve >0 for v>é€, (15)

there results by applying the lemma
o(t) = |z(t+7)—z()? <, teR, (16)

which implies |z(t+7) —x(t)| < € for t € R, proving the almost periodicity of z(t).
The case of (4) can be treated in the same way, relying on the first part of
the lemma.
This ends the proof of Theorem 2.2. O

Remark 2.3. Existence of solutions in BC(R,R™) can be obtained under some
supplementary condition. One such example is presented in our book [5]. Let’s
point out that the literature is very rich in regard to monotone operators and
related topics [8].

Remark 2.4. It would be interesting to see whether the monotonicity condi-
tion (10), which is in R™, could be replaced by a monotonicity condition in a func-
tion space. For instance, taking into account the fact that AP(R,R") C B?(R,R")
(see [5]), and B? can be regarded as a Hilbert space, to impose the condition in
B%(R,R").
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3.

In this section we shall investigate differential systems of the form

i(t) = f(z(t)) +g(t.z(t)), teR (17)
or
i(t) = f(z(t)) +g(t,z(t)), teR. (18)
It is possible to consider the more general case when f stands for an operator
acting on a certain function space, say BC(R,R™). The difference appearing in
the discussion is only cosmetic.
We shall assume that, in case we consider (17), the following conditions are
satisfied:
1) f:R™ — R" is continuous and monotone, which means that for any z,y €
R™, one has:
(f@@) = ),z —y) = M|z —y[*), (19)
with A\(r),r € Ry continuous, A(0) = 0 and A(r) increasing for r > 0.
2) A(r) satisfies the conditions:

dr
0+
and

y(r):)\\(/;), r>0, v0)=0 (21)
is increasing for r > 0 (hence, invertible).
3) g : R xR™— R is continuous, Stepanov almost periodic in ¢, uniformly with
respect to z € R”
4) g is convex in respect to the second argument, for each t € R, i.e.,

(g(t.2) —g(t,y),x —y) >0, z,y€eR". (22)
Before we state Theorem 3.1, let us point out the fact that condition (2)
on A(r) is satisfied for A(r) = mr,m > 0, which covers the classical case of mono-
tonicity. Also, A(r) = mr® satisfies condition (2), for « > 1,m > 0.
It is obvious that (17) and (18) constitute perturbed variants of (4) and (5),
respectively, and (22) shows that we admit only convex perturbations.
We can now state the following results regarding (17) and (18).

Theorem 3.1. Let us consider (17) and (18), under assumptions 1)-4). Then any
solution x € BC(R,R™), of either (17) or (18), is also in AP(R,R™).

Proof. Consider the system (17), and let + € BC(R,R™) be a solution of (17). The
function x,(t) = x(t + 7),t € R, for a fixed 7 € R, is a solution of the equation
i(t+7)=f(z(t+7))+g(t+720t+7), teR. (23)
From (23) and (17) we obtain, by subtraction, the equation

i(t+7)—a(t) = flzt+7) = f(z@t) +g(t+7,a@+7)) —g(t,z(t). (24)
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We add and then subtract g(t, z(t + 7)) from the right hand side of (24) and
then multiply scalarly both sides by z(t + 7) — x(t). One obtains the following
equation:

1i\ac(t—&-T) —z(t)]? = <f(x(t+7‘)) - f(:v(t))mc(t—i-T) - x(t)>
+ {g(t+ 7t +7) — glt, 2t +7)), 2t +7) — a(t) )

+ <g(t7x(t +7)) —g(t,z(t), z(t+ 1) — x(t)> .

Taking into account our assumptions 1) and 2), we obtain from the above
equation the inequality

Ld

S Slalt+r)=a®F 2 A(|e(t+n)-(0)*)~lg(t+7,O)~g(t, ) 2t+T)—-a()], t € R

(25)
where £ = x(t + 7) € R™. We notice that in (25) we have neglected the term

<g(t, x(t+ 7')) — g(t, a:(t)),x(t +7)— m(t)> ,

on behalf of condition (22) for g.
Denoting u(t) = |z(t + 7) — z(t)|?,t € R, the inequality (25) leads to

1.
FE) = Mu(t)) = lg(t +7,6) = g(t, ) [V/u(t), (26)
which must be verified for any ¢ € R and only for £ = z(t + 7).
The inequality (26) represents a qualitative inequality of the form

at) > Mu(t)) — ftu(u(t), teR, (27)
with f(t) = |g(t + 7,€) — g(t,€)| € S(R,R) C M(R,R), which is treated in detail
in our book [5], as well as in our paper [2].

Such an inequality implies

supu(t) < vt (KSUP lg(t +7,8) — g(t,f)s> (28)
teR §ER

in which v(r) is given by (21), while K > 0 is a constant determined by our
conditions.
Due to our hypothesis 2), one can make

gt +7.8) —g(t, s <€, teR, (29)

if € is arbitrary in R™ (Stepanov almost periodicity in ¢, uniformly with respect
to £ € R™), provided one chooses 7 € R to be an e—almost period of g, regarded
as an element of Stepanov’s space of almost periodic functions.

Hence, we can write, on behalf of (28), the inequality

lz(t+7) — 2(t)]? <v? (K sup |g(t +7,§) — 9(f7§)|5> ) (30)

§ERn
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and relying on what we’ve discussed above, there results that z € AP(R,R"™).
The second case appearing in Theorem 3.1, for second order equations of the
form (18), can be treated in a completely similar manner, leading to the same
result.
This ends the proof of Theorem 3.1 O

Remark 3.2. The assumption on the convexity of g(¢,x) does not appear to be
essential for the validity of almost periodicity in the perturbed system. It is likely
due to our method of proof, and it remains as an open problem the possibility of
eliminating this assumption, or replacing it.

In concluding the paper, we want to call attention on the qualitative inequal-
ities discussed in [2,5], by means of which it is certainly possible to obtain new
results on the almost periodicity of solutions of functional or functional-differential
equations.
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Age-dependent Population Dynamics with the
Delayed Argument

Antoni Leon Dawidowicz and Anna Poskrobko

Dedicated to Arrigo Cellina and James Yorke

Abstract. The model of age-dependent population dynamics was for the first
time described by von Foerster (1959) This model is based on the first-order
partial differential equation with the standard initial condition and the non-
local boundary condition in integral form. Gurtin and MacCamy in their
paper (1974) analyzed the more general model, where the progress of the pop-
ulation depends on its number. They established the existence of the unique
solution of this model for all time. In our presentation the results of Gurtin
and MacCamy will be generalized on the case, when the dependence on num-
ber of population is delayed.

1. Introduction

The model proposed by Gurtin and MacCamy [4] was based on the assumption
that the progress of the population depends on its number. However, it is common
knowledge that other factors can have an influence on the reproduction. Natural
generalization of a population dynamics is taking into consideration, for example
two sex, a period of gestation or a period of response of a system to a stimulus
(see Busoni and Palczewski [1]). Two last examples suggest to consider descrip-
tions with a delayed parameter. Apparently, the delay is rather natural assumption
in every biological models. We should draw attention to fact that one of the most
important equations with the delayed parameter was proposed by Polish scien-
tists (Wazewska-Czyzewska and Lasota [9]) in the description of the growth of
a population of red blood cells. The delay appears also in the papers concern-
ing mathematical modeling in epidemiology and immunology, in particulary see
Marchuk [8], Fory$ [3], Leszczytiski and Zwierkowski [6]. The analysis of the equa-
tions with the delayed parameter can be found also in Loskot [7], Haribash [5]
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and Forystek [2]. The inspiration of this paper was the results of Gurtin and Mac-
Camy [4]. We consider similar model of age-dependent population dynamics but
with the delayed parameter. Our intention is researching local and global existence
of a unique solution.

2. General description of model

Denote by z(t fo u(a, t)da the total population at time ¢. Here u(a,t) is the
population of age a at time t This description is more exact as the unit of time is
shorter. Consider the group of individuals who are of age a at time ¢. The age of
these individuals at the moment t + h equals a + h. The rate

u(a+ h,t +h) —u(a,t)
h

denotes the intensity of changing of the population of this group in time. The sum
this rate and the number d(a,t) of individuals (per unit age and time) of age a
who die at time t equals zero

Du(a,t) +d(a,t) =0.

(2.1)

Du(a,t) = }lLirrB

The quotient
d(a,t
Aa) = A1)
u(a,t)
denotes a probability that an individual, who is of age a at time t will die to time
t+ 1. Let call the rate A\ the death-modulus. The birth process is described by the

“renewal equation”
o0
u(0,t) = / B(a)u(a,t)da
0

The quantity B(a) is called the birth-modulus, and it is the average number of
offsprings produced (per unit time) by an individual of age a. Here the birth and
death moduli are independent of the population z. We rectify this and introduce
the dependence of # and A on z, i.e., the population considered according to time.
Summarizing, we shall build the model of age-dependent population dynamics
with delayed parameter. Our theory is based on the following system of equations:

Du(a,t) = —A(a, zt)u(a, t), (2.2)

u(0,1) / B(a, zt)u(a,t)da (2.3)
(1) :/0 w(a, t)da, (2.4)

where
ze: [-1,0] =Ry, >0, Ry=10,00) (2.5)
and
2zt =z(t+s) (2.6)
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with initial condition
u(a,0) = ¢(a). (2.7)
When wu is differentiable everywhere there is
ou  Ou
90 ot
In our model, in different manner as in Gurtin-MacCamy theory, the dependence

of A and (3 on z is functional one. We assume that both, the reproduction as the
death depend on the population in any preceding period of time.

Du =

3. Local existence

From now on we make the following assumptions:

(Hy) ¢ € LY(R,) is piecewise continuous;

(H2) N\, B € C(Ry x C([—r,0])); the Fréchet derivatives DX of A(a,v) and D@ of
B(a, ) with respect to ¥ exist for all a > 0 and ¢ > 0;

(Hs) The functions A(+, %), B(-,%) belong to C' (C([—r,0]); L=(R4));

(H4) The Fréchet derivatives Dy, A and Dy, 3 in the point ¥ as a function of
belong to C' (C([—r,0]); L (C([—7,0]); L>(R,))), where £(X,Y") denotes the
Banach space of all bounded linear operators from X to Y

(Hs) ¢ =20, A >0, B =>0.

Theorem 3.1. Let u be a solution of the age-dependent population problem up to
time T > 0. Then the population z; and the birth-rate B satisfy on [0,T] the
operator equations

t+s it %) e
zt(s):/ B(a)e™ ’\(Tfa’ZT)dea—i-/ o(a)e™ o " Mazn)dr g, (3.1)
0 0
and
¢
BO) = [ Bt az)Bae 1A, (3.2)
0
+/ Bla+t, zt)go(a)e*-fot Matrzr)dr g,
0

Conversely, if zz and B are non-negative continuous functions satisfying (3.1)
and (3.2) on [0,T], and if u is defined on Ry x [0,T] by the formula

u(a,t) = {

then wu is a solution of the age-dependent population problem up to time T.

SO(U/ o t)€7 fot Aa—t+7,2.)dT fOT a>t

a , 3.3
B(t — a)e’fo Mazi—ara)da for > g (3:3)

Proof. Let u be a solution up to time 7. It means that u is a non-negative function
on Ry x [0,7] with the following properties: Du exists on Ry x [0,7T], u(-,t) €
L'(R,) and u fulfils the system of equations (2.2)—(2.7).
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Let (ag,to) € Ry x [0,T7], and let
u(h) = u(ag + h,to +h), Ah) = Aag + h, 24+1)
then (2.1) and (2.2) imply

do  —,
% + )\(h)u =0.
This equation has the unique solution
u(ag + h,to + h) = ulag, to)e™ Jo' Xy (3.4)

In particular, if we take (ag,t9) = (a —¢,0) and h =1t in (3.4) we get
u(a,t) = pla—t)e” Jo Ma—ttmz)dr o ¢ > ¢

On the other hand, writing (ag,tp) = (0,t — a) and h = a in (3.4) we recover
u(a,t) = B(t — a)e” Jo Mezara)da g5 45 ¢

where
B(t) = u(0,t).

Substituting the above two conditions into (2.3), (2.4) and (2.6) yields integral
equations for age dependent population z; and birth-rate B

0o t+s o
zi(s) = / u(a,t + s)da = / B(t+ s —a)e” Jo Maztro—ara)dag,
0 0

00
t+s

t+s . 00 .
/ B(@)e_ f0+s—‘1 A((X,zaJra)dozda + / go(a)e_ f0,+.e )\(a,zﬂ.)dea
0 0

t+s ctts > tts
_ / B(a)ei Ja+ )\('rfa,zT)dea +/ (p(a)e, J0+ )\(a,z.,.)dﬂ'da,
0

0
! t
B(t) = [ B(t—a.z)Bla)e JATemdmdq
0

+/ ﬁ(a’ + t) Zt)@(a)e_ jOt >‘(G.+T,z7-)d7'da )
0

To prove the second part of the theorem we assume that z; > 0 and B > 0 are
continuous functions on the interval [0, 7] fulfilling conditions (3.1) and (3.2). Let u
be defined on Ry x [0,7] by the formula (3.3). Since ¢ and /8 are non-negative
so is function u. A trivial verification shows that (2.7) is hold, and «(0,¢) = B(t)
for t > 0, and u € L'(R;) because \, 3 and z are continuous and ¢ € L'(R).
It follows from (3.1), (3.2) and (3.3) that (2.3), (2.4) and (2.6) are satisfied. To
complete the proof let notice that (2.1) and (3.3) imply existing Du on R x [0, 7]
and that equality (2.2) is hold. O
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Let C'*[a,b] denote the space of non-negative continuous functions on [a, b].
To solve the population problem up to time 7', (T > 0) it is sufficient to find
functions z € C*[—r,T] and B € CT[0, T satisfying the operator equations (3.1)
and (3.2). We should begin with equation (3.2) which is a linear Volterra equation
of B for fixed z € C*[—r, T]. It has a unique solution on [0, T'| which one we denote

by
B(t) = Br(z)(t).
It permits us to define an operator Zr on C*[—r, T).

/ Br(2)(a)e™ [ ATmazdr gy (3.5)

/ s0( ) — [t )\(a,z.r)drda.
0
Defining the operator Zr we used the right-hand side of equation (3.1) with B
replaced by Br(z). Hypotheses (Hy) — (Hs) imply that
Br: CT[—r,T] — CT[0,T)
7 :CT[-r,T] — Ct[-r,T].

Lemma 3.2. There exists T > 0 such that the operator Zp : CT[—r,T] — C*[—r,T]
defined by (3.5) has a unique fized point.

Proof. Let us consider the Banach space C[—r, T] with supremum norm || - ||7. Let

o= / p(a)da
0
and
ET = {f : f € C+[_T7T]7 ”f - (I)HT < m}
for fixed m > 0. The set X7 is closed. It is sufficient to show that Zp : Xp — Xp

and is contracting, then the proof of Lemma will be an easy consequence of the
Banach fixed-point theorem. Let

Q={(a,2):a>0,2>0,]z— D <m}.
Assumptions (Hs)-(Hy4) imply that the quantities

A= sup A,z AL = max Dy, A
0= Swp @A) A= B gy 1P 36)
fo= sup fla,z) fr= - max HD%/@’H '
(a,z)EQ Po€C([—
are finite. Here the norm ||.|| is considered in the Banach space L(C([—r,0]);

L>*(R;)). For z € £1 we have from (3.2)

ﬁo/ Br(z)(a)da + By ®

and by Gronwall’s inequality
Br(2)(t) < Bo®et. (3.7)
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Next, we shall estimate | Z7(2)(s)—®|. We use (3.5), (3.6) and (3.7). For 0 < ¢ < T,
—r<s<0andze€Xp

t+s [e'e) e
1Zr(2)(s) = @ < ﬁoq)/ eﬁO“da—F/ ’e_f0+ Aayzr)dr 1‘¢(a)da
0 0

< BT 1)+ sup [en [N,

Since
" — 1] < |kfe!*! (3.8)
we have
|Zr(2)(s) —®| < D (eﬁ"T - 1) + DN TeMT .
For sufficiently small T" we have Z7(z) € Xp. Next we show that for small T', the
map Z7 is contracting. Let choose z, £ € ¥7. By (3.5) we get

12r(z) — Zr()lr

t+s s
< sup / ‘e‘ Ja " Mr—azr)dr (3.9)
0

te[0,T]
se[—r,0]

e faH'S AT—a,z2;)dT

Br(z)(a)da

t+s t+s ~
+ s / e~ I A=t 1B (0) - Br(2)(a)] da (3.10)
tefo0,71 Jo
s€[—r,0]

o
+ sup / ’e— _f(;’+3 Aa,z-)dr e~ f(;'Jrs Xa,2.)dT
1 Jo

te[0,T
se[—r,0]

p(a)da (3.11)

We will estimate each of the above elements. We begin with (3.9) using the rela-
tion (3.6) and (3.8) we get

_ ot _ _ ts s
e SN a,z.,.)dr_e S AT —a,z.)dr

< ‘1 e f;+5[)\(Tfa,zﬂ.)f)\(rfa,éT)]dT

. . t+s
< el IA(Tfa,zf)fA(Tfa,zT)ldr/ (T — a, 2) — N7 —a, 2,)| dr
a
< MTe?T|z — 2|7
In similar way we can estimate

ST ||z — 2|7

‘e— ST Maszr)dr _ =[5 Mayz)dr

Summarizing, for (3.9) and (3.11) we get

t+s
sup /
te[0,T] 0
s€

se[—r,0]

e~ faH'S ANr—a,z;)dT _ e~ _f;+‘s ANT—a,2.)dr

Br(z)(a)da

< MT@T (T — 1) |2 — 2|1
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and

sup / ’ei fot+s )\(Q,ZT)dT — e fDHrS )\(a,éf)dT @(a)da
1Jo

tel0,T
s€[—r,0]

<MTPe*T|z — 2|7

Therefore, for T sufficiently small (3.9) and (3.11) are each less then C|lz — 2|1

with the constant C € [O, %) (independent of z and £). Thus to complete proof we
should show that (3.10) fulfils the identical inequality with a constant from the
interval [0, £). From (3.2) and the definition of By we have

Br(2)(t) — Br(2)(t)
- / B(t — a,z)e” Ja NT=a20)4T (Bo(2)(a) — Br(£)(a)) da(3.12)

+ /0 t Br(2)(a) (ﬁ(t —q,2)e Jirazdr (313
— B(t—a,2)e e A(T—a,zT)dT) da

+ /000 p(a) (ﬂ(a +t,2)e Jo MatTiz)dr (3.14)
— Bla+t,2)e o /\(a+r,2,)d7) da.

Let denote (3.13) and (3.14) by f(¢), then

Br(z)(t) — Br(2)(t) < 60/0 (Br(z)(a) — Br(2)(a)) da + [ £(t)] (3.15)

and hence, by Gronwall’s inequality

t
Br(z)(t) = Br(2)(t) < [f(#)] +ﬁo/ |f(a)|e™ =V da. (3.16)
0
Proceeding as before, we can verify that

Ifllr < Collz = 2l

where C is a constant depending only on (g, (51, Ao, A1 and 7. In view of the
definitions of (3.10), (3.15) and (3.16) we have the conclusion that for sufficiently
small T' the quantity (3.10) is less than C|z — 2|7 when C € [0, §). This shows
the contraction of Z7 and completes the proof. O

According to the above Lemma we can draw a conclusion about the existence
and uniqueness of the solution of the population problem. So we can formulate the
following theorem:

Theorem 3.3. There exists T > 0 such that the population problem has a unique
solution up to time T'.
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4. Global existence

Let assume that the average number of offsprings (per unit time) 5(a, z;) is uni-
formly bounded for all ¢ and z;, that is

B = sup B(a,z) < 0o. (4.1)
20
Under the hypothesis (Hj)
A= 1r>1£ Ma, zt) (4.2)
220

is finite and non-negative. When 3 < oo we can call the bounding growth rate
§=03-A.

Theorem 4.1. If condition (4.1) holds and if u is a solution of the population
problem up to time T, then for 0 <t < T

z(s) < @) (4.3)
B(t) < fde’ (4.4)

and B
u(a,t) < Bdelte A (a<t), wulat)< ||<p||te_>‘t (a>t), (4.5)

t
where ® is the initial total population ® = [~ ¢(a)da, ® = 2(0) and |¢|; =
Supg 4 -
Proof. Using (4.1) we can write
e JiX(r—a,z.)dr

e Ji Ma+T,z7)dr

According to (3.2) and (4.1) we have
t
B(t) < B/ B(a)e 2= dq + 3oe2t
0

The desired conclusion (4.4) is an easy consequence of Gronwall’s inequality. If
we substitute the result (4.4) into (3.1), we get immediately (4.3). Finally, condi-
tions (3.3), (4.3) and (4.4) lead to (4.5). O

Theorem 4.2. Assume that (4.1) holds. Then the age-dependent population problem
has a unique solution for all time.

Proof. Let U be the set of all functions uy, ¢ > 0, solutions of the age-dependent
population problem up to time ¢. The set U is not empty by Theorem 3.3. We
define the relation in U

ug, < ug, when [0,t1] C [0,%2].

This is the relation of partial order. Let W be totally ordered set in U. Let u € W
and u = ur where [0,7] = [J;5,[0,#;]. u is the solution of the age-dependent
population problem and it is the majorant of the totally ordered set V. So from
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the Kuratowski—Zorn lemma it follows that there exists the maximal element in
the set Y. It is the solution of the population problem for T' = oc.

To prove uniqueness assume that u; and us are the solutions for all time.
Then (2,1, B1) and (22, B2) are solutions of (3.1) and (3.2) for all time. From
Theorem 3.3 we have local existence. So there exists T > 0 that (z1,B1) =
(2,2, B2) on [0, T]. From the continuity of functions z; and B we have T = oo, and
finally uniqueness u; = us. 0

Theorem 4.3. Assume that

(A1) ¢ € CYRy) with o € LY(Ry);

(A2) A5601(R+><C([ ;0));

(As3) the mappings carrying (t z¢) into the functions a — Bq(a +t,z;) and a —
Dp(a+t,2) belong to C (R4 x C([—r,0]); L®(R4.));

(Ag) wisa solution of the population problem up to time T ;

(As) 20(0) — 157 Ma, 20)¢(a)da
then u € C’l(R+ x [0,T)) if and only if ¢ satisfies conditions
— [ e spetayia (1.6
and
¢(0) = [0, 20) — B(0,20)] (0) (4.7)

- /OOO [ﬂa(a7 ZO) + Dﬂ(aa ZO)Z.:O - ﬂ(a’v ZO)A(UW ZO)] @(a)da .

Proof. The function u is continuous when ¢ € C*(R,) and (0) = B(0T)
SO When u is continuous across the characteristic t = a. By (3.2) B(0T) =
157 Bla, z0)¢(a)da, so it equals the right-hand side of (4.6). We should show
that (4.7) is a necessary and sufficient condition that u is of class C* on R x [0, T7).
From hypothesis (H;)—(Hs) and conditions (3.1) and (3.2) we know that z, B(t) €
C(Ry). It follows from (3.3) that u is of class C'! when its derivative is continuous
across the characteristic ¢ = a, so when

B(0) = =4(0) = ¢(0)A(0, z0) . (4.8)
We can calculate the quantity B(0) using (3.2)
B(0) = 3(0, 2)B(0) —|—/ [Ba(a, z0) + DB(a, z0)20 — Bla, 20)Aa, 20) | p(a)da .
0
Using the formula (4.8) we obtain (4.7). O
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Chaos in the Stormer Problem
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Dedicated to Arrigo Cellina and James Yorke

Abstract. We survey the few exact results on the Stormer problem describing
the dynamics of charged particles in the Earth magnetosphere. The analysis
of this system leads to the the conclusion that charged particles are trapped
in the Earth magnetosphere or escape to infinity, and the trapping region is
bounded by a torus-like surface, the Van Allen inner radiation belt. In the
trapping region, the motion of the charged particles can be periodic, quasi-
period or chaotic. The three main effects observed in the Earth magneto-
sphere, radiation belts, radiation aurorae and South Atlantic anomaly, are
described in the framework described here. We discuss some new mathemat-
ical problems suggested by the analysis of the Stormer problem.

Mathematics Subject Classification (2000). Primary 34D23; Secondary 45D45.

Keywords. Stormer problem; chaos; Van Allen inner radiation belt; quasi-
periodic motion.

1. Introduction

Stellar and planetary magnetic environments or magnetospheres are generated
by the motion of charged particles inside the core of stars and planets. In the
magnetosphere of the Earth, incoming charged particles have intricate trajectories
and are in the origin of observable radiation phenomena as is the case of radiation
aurorae [16], the Van Allen inner radiation belts [19], and the South Atlantic
anomaly [18].

The magnetic field of the Earth has a strong dipolar component, [14], and it
is believed that, for low altitudes (< 3000 km), the radiation phenomena occurring
in the Earth magnetosphere can be understood by studying the motion of nonrel-
ativistic charged particles in a pure dipole field. If the dipolar component of the
Earth magnetic field is considered aligned with the rotation axis of the Earth, the
equations of motion of a charged particle in the dipolar field of the Earth reduce
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to a non-linear autonomous Hamiltonian dynamical system. This is the Stormer
problem, [16].

The analysis of the Stérmer problem presents big challenges from the theo-
retical, applied and computational points of view.

From the computational point of view, the determination of the trajectories of
high energy charged particles in the Earth magnetosphere for long periods of time
is inaccurate and time consuming, being difficult to extract information about the
several aspects of the radiation phenomena observed in the Earth magnetosphere.
For example, in order to explain some of the dynamic aspects associated with
aurorae and magnetic mirrors, adiabatic ad-hoc arguments have been introduced
into the theory, and the motion of charged particles in the magnetosphere has been
assumed similar to the cyclotron type motion in constant magnetic fields, [5,11,19].

The long lived and transient radiation belts observed in the Earth magne-
tosphere have adverse effects on the electronics of spacecrafts, and affect commu-
nications, [5,15]. Therefore, a qualitative and quantitative understanding of the
Stormer problem has important applications.

The first theoretical studies about the properties of the trajectories of charged
particle in a dipolar field where done by DeVogelaere [6], and Dragt [7]. In the
work of these authors, the existence of a trapping region for charged particles in
the dipole field of the Earth was implicitly established.

Based on the qualitative theory of conservative maps of the plane, Dragt and
Finn [8] carried a comparative study between the phase space topology of the or-
bits of a generic area-preserving map of the plane and the numerically computed
Poincaré sections of the Stormer problem. They have presented numerical evidence
about the existence of homoclinic points in the Poincaré sections. According to
these authors, this shows that the Stormer problem is insoluble, implying that
the adiabatic magnetic moment series diverges, a basic theoretical argument used
by Van Allen to explain some features of the radiation phenomena in planetary
magnetospheres. The KAM approach to the Stérmer problem has been developed
by Braun in a sequence of papers, [1-3]. Within this approach, it has been shown
that trapped particles can have quasi-periodic motion, and can penetrate arbitrar-
ily close to the dipole axis.

Due to its intrinsic difficulty, the analysis of the Stérmer problem has been
done using a mixture of analytical and numerical techniques. Here, we are in-
terested in surveying the exact results on the Stormer problem, separating the
results that are numeric from the exact ones. All the exact results are summarized
in Propositions 3.1 and 4.1. We have made extensive simulations of trajectories of
charged particles in the Earth magnetosphere, and we have obtained the shape of
the trapping regions for charged particles — Van Allen inner radiation belts. This
contrast with the usual approach used in radiation environment studies, where
radiation belt boundaries are correlated with the dipole field lines, [5].

This paper is organized as follows. In the next section, we derive the equa-
tions of motion for the Stérmer problem and we obtain its conservation laws. In
Section 3, we study the motion of charged particles in the equatorial plane of
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the Earth. In Section 4, we analyse the general case for the motion on the three-
dimensional configuration space. In the final Section 5, we summarize the main
results from the theoretical and applied points of views, and we discuss some of
the mathematical problems suggested by the analysis done previously.

2. Equations of motion and conservation laws

The equation of motion of a nonrelativistic charged particle of mass m and charge ¢
in a magnetic field B has the Lorentz form,

mi = q (Fx E) . (2.1)

We use the international system of units and B is measured in Tesla. At the surface
of the Earth, B is in the range (0.5 x 107% — 1.0 x 10~%) Tesla = (0.5 — 1.0) Gauss.
Magnetic fields are produced by moving charges and currents. A magnetic
dipole field can be produced by a current loop on a planar surface, and the result-
ing field is proportional to the current intensity times the area delimited by the
current loop, ( [9], pp. 7-14). For a current loop in the horizontal xy-plane, flow-
ing counterclockwise with current intensity I, the dipole momentum is i, = ué,,
where = I x area of the loop, and €, is the unit vector of the z axis. This cur-
rent loop produces a dipole field with a dipole momentum pointing in the positive
direction of the z-axis. This dipole field derives from the vector potential,

1 . 1 - o
—— — [l XT= M'Zr—3 (—yér + 2€y) (2.2)

where r = /2?2 + y2 + 22, M, is the (scalar) dipole momentum, for short, and the
vector potential is independent of the z coordinate. As B = rotA, by (2.2), the
Lorentz equation (2.1) describing the motion of a charge particle in a dipole field
is,

.. zZ . . .1
= Sar—g)(yz —zy) — ay3

1
j= —3047%(9'52 — za) + ai (2.3)

i= 3ar—5(ﬂcy —yx)
where « = ¢M,/m. For the Earth dipolar field, the dipole momentum is M, =

7.9 % 10%° G em® = 7.9 x 10> T m® ( [14], 1975 IGRF value), and, for electrons
and protons, we have,

—1.45 x 10" m?/s (electrons) (2.4)
| 7.88 x 102 m®/s (protons). .

We now rescale the system of equations (2.3). With X = z/r¢, Y = y/r0,
and Z = z/rg, where 1o = 6378136 m is the radius of the Earth, we rewrite the
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system of equations (2.3) in the form,

; VA

) . 1
X =30125(YZ = 2Y) ~arY

R3
.. Z - . -1 2.5
V= =801 (X2 - 2X) + an X o5 (2.5)
. 7 . )
7 =3a12(XY —¥X)
where R = VX2 4+ Y2+ 72,
a —5.588 x 105 s71 (electrons) (2.6)
ap = — = , .
T 3.037 x 10® s~! (protons).

In this rescaled coordinate system, if R(t) = 1, the charged particle hits the surface
of the Earth.

The Lorentz equations (2.5) can be derived from a Lagrangian. By standard
Lagrangian mechanics techniques, and by (2.2), we have,

1 |
L o= om(@+3° +2) +gf A= sm(@ + 3 +2) - T2 by — ga)
r
2.
- v ) m M xy _yx) =0
2 R3 '
The conjugate momenta to the coordinates X, Y, and Z are,
oL .
=—=mX — —
px =g =mX —monpg
oL . X
== —my e 2.8
Py oy mY + may 7 (2.8)
oL .
bz By
and the Hamiltonian is,
AN 1 . . .
H = pR-L= 5m(X2+Y2+ZZ’)
2.9
o) ey K sy L mat X2y 2
= om bx TPy TPz 1Py RS a1px R® B R6
Hence, the system of equations (2.5) has the conservation law,
1 . ) )
H= im(XQ +Y?2+27%). (2.10)

We show now that the system of equations (2.5) has a second constant of
motion.

To determine the second constant of motion, we introduce cylindrical coor-
dinates. With, X = pcos¢, and Y = psin ¢, the Lagrangian (2.7) becomes,

L' = sm(p + 0207 + 2%) + g0 (2.11)



Chaos in the Stormer Problem 179

where R = \/p? + Z2. In this coordinate system, the conjugate momenta become,

oL .
by = 8p =mp
oL . 1
Dy = 99 = mp*¢ + mO&lPQ? (2.12)
oL .
Pz = 3? =mZ

and the new Hamiltonian is now,

2
1 2 | 2 oy A 2 2 Py P

As the Hamiltonian (2.13) is independent of ¢, we have p, = —0H/J¢ = 0, and
by (2.12), the second conservation law is,

oL 9 5 1
Py = 99 =mp“d+ mayp meae= constant . (2.14)
As pg = co is the second equation of motion, we can write the Hamiltonian (2.13)
in the form,
_ 1 VAN

Then, the equations of motion of a nonrelativistic charged particle in a dipole field
reduce to,

. _0H _ 1
P = op, T mbPr
pp = %I: = 1 362 + Smal RS ma% RE 3a102 RS
> _ OH _
Z = e = Pz
. 0’z A
Pz =—Fz; =3m —3mcefs
or,
o _ 1 2 293 2 p «ic2 P
P —ﬁ62+3a1ﬁ—a1}? JeLe2 RS
) " , " (2.16)
7 = :c13aprSZ Jaiez 55
together with the conservation laws,
e ORI £ )
P Pz — —mo1—z =C1
2m? 7" p R (2.17)

mp ¢+ma1p R3 =C2
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where R = /p? + Z2. Note that, we have rescaled the Hamiltonian of the Stormer
problem to,

Hep=2 (24 27) + - — moy L 2—T+V (0,2) (218

eff =3 P 2m2 ; malﬁ = effPs 18)

where T is a scaled kinetic energy.

Hence, the motion of charged particle in a dipole field is described by a two-
degree of freedom Hamiltonian system. The effective Hamiltonian is parameterized
by the second conservation law in (2.17), which determines the time dependence
of the angular cylindrical coordinate.

Before analysing the general topology of the orbits of the phase space flow
of equations (2.16), we first consider the case where the motion restricted to the
plane Z = 0.

3. Motion in the equatorial plane of the dipole field

Here, we consider the case where charged particles are constrained to the equatorial
plane of the Earth, the plane Z = 0, for every ¢ > 0. In this case, by (2.16), the
equations of motion reduce to,

o2 L _ _ AVess

1 5 — d
p p

where c¢gg is the value of the constant ¢y evaluated at Z = 0, and, by (2.18), the
potential function Veys(p) is,

2
1 oen 1
4
p

(3.1)

m?2 p3 m

— C%O 1 achOi Oé% 1

V. =20 _ g 3.2
11(P) = 575 P s Y (3.2)

Introducing pz = 0 and Z = 0 into (2.17), the two conservation laws reduce to,

1 2 C20 1 2
o2 \Po” T\ 7 mmar—g = C10
m P P (3.3)

mp2q5 + mal; = C20

where,

1 1 (e 1\’
2
cio=5p0)"+ 5— ( - mal)
2 22 \p(0) ~ " 72(0) 54)
2] 1
co0 = mp(0)°¢(0) + may —
JoOE e
and ¢y is the value of the effective total energy evaluated at Z = 0.
Integrating the second conservation law in (3.3) by quadratures, we obtain,
for the angular coordinate ¢(t),

() = 6(0) + /Ot (n;f((;)z - pz@l)?) dt . (3.5)
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a) c0>0 b) c20=<0

Veit(p) Veir(p)

0
0 pPop1 P2 p 0 P

FiGURE 1. Effective potential associated with the motion of a
charged particle (protons, a; > 0) in the equatorial plane of the
Earth (Z =0). a) If ¢30 > 0 and p > 0, the effective potential has

a maximum for p = po, a minimum for p = p1, Vers(p1) =0, and
Verp(pa) = ¢3o/(32m*ad). At p = po = (V2 = 1)pa, Vess(po) =
Vers(p2). b) If co9 < 0 and p > 0, Ve5s(p) is a monotonically
decreasing function of the argument, and the effective energy sur-
faces have no compact components.

So, if the solution p(t) of (3.1) is known, the temporal dependency of angular
coordinate is obtained from (3.5).

In these conditions, the motion of the charged particle in the equatorial plane
of the Earth is completely determined by (3.1), derived from the effective Hamil-
tonian,

1 .2 C%O 1 a1C20 1 a% 1

Hepp(p:p) =T+ Vers = 57"+ 5 5 5 =

where T is a scaled kinetic energy. If co9 > 0 and for p > 0, the potential function

Verr(p) has one local minimum and one local maximum at,

—— 3.6

maooy
p1=—— and py =2
C20 C20

maoy

(3.7)

respectively, Figure la. By direct calculation, we have, V.;(p2) = c30/(32m*a?),
and V. ¢(p1) = 0. Therefore, for 0 < H.s¢(p, p) < Vesp(p2), the constant effective
energy surface contains a compact component.

If cop < 0 and for positive values of p, the potential function V.s(p) is a
monotonically decreasing function of the argument, Figure 1b. Then, we have:

Proposition 3.1. In the equatorial plane of a dipole field, a nonrelativistic (positively)
charged particle precesses around the dipole axis, along a circle with radius p1, pro-
vided:

(i) Herr(p(0),p(0)) < Vess(pz), c20 > 0, p(0) # p1 and p(0) < pz, where Hegg
is defined in (3.6), the constants p1 and py are given in (3.7), and the con-
stant coq is defined in (3.4). For initial conditions near the circumference of
radius p = p1, the Larmor or precession period is, Ty, = 2rm3a?/c3,. The
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phase advance per Larmor period is,

i pi N L 3 ;i
20 =2 (1- 205 ) -4 o (1- 3457 +
and the period of rotation around the Earth is T, = 2nTy,/Ag.

(11) If Heff(p(o)vp(o)) = ‘/Eff(p2)7 c20 > 0, and p(O) < p2, or, p(O) > p2 and
p(0) <0, then, p(t) — pa, as t — oo.

(i) If p(0) = pafresp., p(0) = p], p(0) = 0, G(0) # 0, and co9 > 0, then the
charged particle has a circular trajectory with radius p = pa[resp., p = p1],
and the period of rotation around the Earth is Ty = 21 /$(0). If $(0) = 0, the
charged particle is at rest.

(iv) If Hepr(p(0), p(0)) > Vepp(p2) and cag > 0, or, cog < 0, then, p(t) — oo, as
t — 00, and we have escape trajectories.

Proof. To prove the proposition, we must ensure first that the solution of the
differential equation (3.1) exists, and is defined for every ¢t > 0. In the cases (i)—(iii),
the existence of solutions for every ¢t > 0 follows because the initial conditions on
phase space are on the compact components of the level sets of the Hamiltonian
function (3.6), ( [4], pp. 187; [13], pp. 8).

A simple phase space analysis shows that the vector field associated with (3.1)
has a centre type fixed point with phase space (cylindrical) coordinates (p1, p = 0).
This centre type fixed point is inside the homoclinic loop of a saddle point with
coordinates (pa, p = 0). The conditions in (i) correspond to initial conditions inside
the homoclinic loop, and away from the centre fixed point, p(0) # p;. To calculate
the Larmor frequency and the phase advance per Larmor period, we linearize (3.1)
around p;, and we obtain,

6
i+ 2z =0
mbat
where z = p— p1, and §y/(m®a}) = wi. The Larmor period is T, = 27 /wy,. Note

d2Ve "
that, by a direct calculation, w? = dpzjf (p=p1).

By (3.5), the phase advance per Larmor period is,

From the above linearized differential equation, in the vicinity of the circumfer-
ence of radius p = p1, p(t) = p1 + (p — p1) cos(wrt) + p(0) sin(wrt)/wy and after
substitution into the expression for A¢, we obtain the result. The rotation period
around the Earth is obtained from the conditions, nA¢ = 27 and T, = nT7,.

The conditions in (ii) correspond to initial conditions on the stable branches
of the homoclinic orbit of the saddle point with coordinates (p2, p = 0).

For case (iii), as (p2,p = 0) is a fixed point of the differential equation (3.1),
if q[)(O) # 0, the charged particle has a circular trajectory around the origin of
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coordinates. To calculate the period of the trajectory, by (3.5), we have,

C20 o
2n=—F——=)1T,.
(mp§ p%) "

Introducing the value of the constant coo into the above expression, by (3.4), we
obtain T, = 21/$(0). For p(0) = py, the proof is similar.

In case (iv), the effective potential function monotonically decreases as p
increases from p = 0, and we are in the conditions of escape trajectories. The pro-
longation of solutions for every ¢ > 0, follows from the condition that f;(p)/||p|| —
constant as p — oo ( [13], pp. 9). O

By Proposition 3.1, the trajectory of a charged particle on the equatorial
plane of an axially symmetric magnetosphere can be unbounded, can be trapped
in an annular region around the Earth, or can collide with the surface of the Earth.
As po, p1 and py depend on caq, there are charged particles with different energies
trapped in the annular region [pg, p2]. This annular region is the equatorial cross
section of the Van Allen inner radiation belt, [19].

As po, p1 and po depend on the initial conditions p(0) and gb(O) through ¢z,
for the same belt parameter, there are particles that escape from the trapping
region, escaping to infinity or hitting the surface of the Earth. This is due to the
fact that the belt parameters are independent of p(0). By Proposition 3.1-(iv), and
by the conservation of energy, a charged particle escapes from the inner Van Allen
radiation belt if,

O] > \/2|Vers(p2) = Vers (0(0)] (3.8)

By the same argument, if |p(0)] > |coo/m — a1|, a particle with initial velocity
p(0) < 0 at infinity, and velocity vector within the equatorial plane of the Earth,
after an infinite time, hits the surface of the Earth.

In Figure 2, we show the limits of the equatorial cross section of a Van Allen
inner radiation belt, the trajectories of trapped protons, and an escape trajectory.
In the three cases shown, the Van Allen parameters are the same. The trajectories
shown in Figure 2 have been calculated by the numerical integration of (3.1), (see
the Appendix). The angular variable ¢ has been obtained from the discretization
of (3.5),

o

€20
ntl = On + At - 3.9
P = ot (mp% pi’;) (39
where At is the discretization time step, ¢, = ¢(nAt), p, = p(nAt), and n =
0,1,....
. As the radiation belt parameters pg, p1 and ps depend on the angular velocity
#(0), we can have several Van Allen radiation belts at different altitudes, and
trapped particles with different energies.
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F1GURE 2. Equatorial cross section of the Van Allen inner ra-
diation belt, for protons in the equatorial plane of the Earth.
We show the trajectories of three protons with initial conditions
(cylindrical coordinates): a) p(0) = 3.0, p(0) = 10.0, ¢(0) = 0.0,
and qS(O) = 10.0; b) p(0) = 3.0, p(0) = 80.0, #(0) = 37/2,
and ¢(0) = 10.0; ¢) p(0) = 3.0, p(0) = 100.0, $(0) = =, and
$(0) = 10.0. The first and the second trajectories, a) and b),
correspond to the precession of protons around the Earth. The
third case is an escape trajectory. By (3.8), the escape condition
is [p(0)| > 95.42. For the three trajectories shown, the radiation
belt parameters are pg = 2.282, p; = 2.755, po = 5.510, and
20 = 1.844 x 10724, The total effective energies are: a) ¢;9 = 500;
b) ¢10 = 3650, and, ¢) ¢19 = 5450. The trajectories have been
calculate with the Stormer—Verlet numerical method (Appendix)
with the time step At = 0.0001, and the angular coordinate has
been calculated by (3.9). For protons with precessing trajectories
near the circumference of radius p;, by Proposition 3.1, the Lar-
mor period is 77, = 0.043 s. The first two particle trajectories have
been calculated from ¢t = 0 up to t = 2s.
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4. Motion in the three-dimensional space

The equations of motion of a charged particle in a dipole field — (2.16), are derived
from the effective potential function,

1 2
Veff(p,Z)Z By (C;_mal_lg?’> (4.1)
where R = \/p? + Z2. In Figure 3a), we show the graph of the potential function
Verr(p, Z), and its level lines, for ¢ > 0.

As we have seen in the previous section, on the equatorial plane Z = 0, the
exterior boundary of the trapping region is the circumference of radius ps, which
corresponds to the unique local maximum of the potential function V, #r(p). The
equation Veyr(p, Z) = Vey(p2) defines a bounded region in the (p, Z) plane whose
closure is a compact set of maximal area®, Figure 3b). The compact components
of the level sets of the effective Hamiltonian function (2.18) are obtained as the
topological product of a compact plane set with the compact sets in the interior of
the region defined by the equation V.s(p, Z) = Vis(p2). Therefore, any charged
particle with an effective energy on a compact component of the effective Hamil-
tonian is trapped in a torus-like region around the Earth. This trapping region is
the Van Allen inner radiation belt of the Earth.

In the rescaled coordinate system introduced in Section 2, the level lines
Verr(ps Z) = Vepp(pe) hit the surface of the Earth for \/p? + Z2 = 1. So, we
define the contact points of a specific radiation belt as the points at the surface
of the Earth where Ve;r(p, Z) = 0. If ¢co > 0, this potential function takes its

minimum value (V;; = 0) along the line cy/p = moq%, Figure 3b), and, for
R =1, we have,
C2 1
pe = - (42)
maoy VvV P1
which corresponds to the latitudes,
C2
0. = arccos p. = arccos . (4.3)
mao

We now summarize the main features of the dynamics associated with the
two degrees of freedom Hamiltonian (2.18).

Proposition 4.1. We consider the motion of a nonrelativistic (positively) charged
particle in a dipole field. If one of the coordinates Z(0) or Z(0) of the initial condi-
tion is different from zero, and (p(0),Z(0)) # (0,0), then the charged particle has
bounded motion, being trapped in a torus-like region around the Earth, provided:

!The compact set is obtained by adding the point (0, 0) to the open set defined by V.s¢(p, Z) =
\_/eff(pz). In the following, compact level sets are always obtained by adding this exceptional
point to the open and bounded level sets of the effective potential function Vs (p, Z).
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Ver(0,Z)

P

FIGURE 3. a) Graph of the effective potential function (4.1), with
co > 0, for the three dimensional Stormer problem for protons.
b) Effective potential energy level line (heavy lines), Vess(p, Z) =
Vesf(p2). For particles characterized by the constant of motion
co > 0, the Van Allen inner radiation belt is the toric-like surface
obtained by rotating the level lines shown in b) around the axis
of the dipole field of the Earth. The annular region shown in
Figure 2, delimited by the circumferences of radius pg and po, is
the Z = 0 cross section of the Van Allen inner radiation belt. The
dotted line is the local minimum of the effective potential energy
function Vegs(p, Z).

(i) Herr(p(0),5(0),2(0),2(0)) < Vers(p2), 2 > 0, and p(0) < pa, where ps
is defined in (3.7), the Hamiltonian function Heypy is defined in (2.18), and
the constant of motion ¢y is defined in (2.17). In the particular case where,
. 3
Z(0) =0, p(0) = 0, and c2/p(0) = may1p(0)/+/p(0)2 + Z(0)2 , the charged
particle remains, for every t > 0, in the plane Z = Z(0), and Z(0) €
[—2may /(3v/3¢2), 2man /(3V/3¢s)]. If $(0) # 0, it rotates around the dipole
axis. If ¢>(O) =0, the particle is at rest in the plane Z = Z(0).

(ii) If one of the coordinates Z(0) or Z(0) of the initial condition is different
from zero, and one of the above conditions is not verified, then p(t) — oo, as
t — 00, and we have an escape trajectory.

Proof. If Z(0) = Z(0) = 0, the motion is restricted to the plane perpendicu-
lar to the dipole axis, and we obtain the case of Proposition 3.1 of the previous
section. If (p(0), Z(0)) = (0,0), the equation of motion (2.16) is not defined. In
case (i), the initial condition is in a compact component of the effective Hamil-
tonian, and the motion is bounded for every ¢ > 0. If, Z(O) =0, p(0) = 0,
and ¢o/p(0) = malp(O)/\/p(O)Q—FZ(O)Q?), where ¢y is defined in (2.17), and
Z(0) € [-2may /(3v/3¢2), 2maq /(3v/3¢2)], the differential equation (2.16) has one
or two fixed points in the plane Z = Z(0).
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In case (ii), the level sets of the Hamiltonian function are not bounded, and
the prolongation of solutions as ¢t — oo follows as in case (iv) of Proposition 3.1. [

In Figure 4, we show the trajectories of several particles trapped in a Van
Allen inner radiation belt characterized by the constant ¢ > 0. The trajectories
have been calculate with the Stérmer—Verlet numerical method (Appendix) with
integration time step At = 0.00002, and total integration time ¢ = 2. From (2.17),
it follows that the angular coordinate ¢(t) is given by,

) = #(0) +/0 <mp(3)2 - (Vp(s)? + Z(t)2)3> at

and by discretization, we obtain,

Co o
2 3
" (ViR Z3)

where At is the discretization time step, ¢, = ¢p(nAt), p, = p(nAt), Z, = Z(nAt),
and n = 0,1,.... In the trajectories of Figure 4, the angular coordinate ¢(¢) has
been calculated with (4.4).

In the plots on the right-hand side of Figure 4, we show the projection of
the boundary of the level set of the effective Hamiltonian on the (p, Z) plane.
The trajectories of trapped charged particles are in the interior of these boundary
curves. Particles with low effective energy have trajectories concentrated in the
vicinity of the equatorial plane of the Earth, Figure 4a. Increasing the effective
energy of the particles, their trajectories approach the polar regions of the Earth
and eventually hit the surface of the Earth. By (4.3), and for the parameter values
of Figure 4, the contact points of the Van Allen inner radiation belt with the
Earth are located at the latitudes 6, = +53.76°. These simulations suggest that
the constant effective energy surface is not filled density by a unique trajectory.

To characterize more precisely the dynamics of the charged particles trapped
in the dipole field of the Earth, we can eventually use KAM techniques, [12], or
construct a Poincaré map for the equations of motion (2.16).

To pursue a KAM approach, [12], the first step is to find an integrable Hamil-
tonian system leaving invariant a two-dimensional torus in the four-dimensional
phase space of the differential equations (2.16). For that, we develop in Taylor se-
ries around the points (p = p1,Z = 0) and (p = p2, Z = 0) the second members of
the differential equations in (2.16). By Proposition 3.1, at these points the motion
is integrable and periodic in the equatorial plane of the Earth. In the first case,
the differential equations (2.16) become,

¢n+1 - ¢n + At

(4.4)

=2 (o= p)
P= mGa‘llp n (4.5)

Z=0
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FIGURE 4. Trajectories of three protons in the Van Allen inner
radiation belt, with initial conditions: a) p(0) = 3.0, p(0) = 10.0,
$(0) = 0.0, ¢(0) = 10.0, Z(0) = 0.5, and Z(0) = 0.0; b) p(0) =
3.0, p(0) = 30.0, ¢(0) = 0.0, 4(0) = 10.0, Z(0) = 0.5, and Z(0) =
0.0; ¢) p(0) = 3.0, p(0) = 80.0, #(0) = 0.0, G(0) = 10.0, Z(0) =
0.5, and Z(0) = 0.0. The radiation belt parameters are py = 2.370,
p1 = 2.861, py = 5.722, and ¢y = 1.776 x 10~2%. The total effective
energies are: a) ¢; = 500; b) ¢; = 900, and ¢) ¢; = 3650.
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and, in the second case, we obtain,

= 2 (o )
r 32mbaf pr

Iy (4.6)
5 2

64mSaj

As the solutions of the linear equations (4.5) and (4.6) are unbounded, we loose the
property of boundness already contained in Proposition 4.1- (i) and also the possi-
bility of having a family of invariant two-dimensional torus in the four-dimensional
phase space of the unperturbed systems (4.5) and (4.6).

The other way of characterizing the dynamics of the charged particles in the
Van Allen inner belt is to find a Poincaré map for the equations of motion (2.16).

We consider that at most one of the coordinates Z(0) and Z(0) of the ini-
tial condition of the differential equation (2.16) is different from zero, and the
particle has bounded motion (¢ > 0). To avoid degenerate situations, we also
consider that, (p(0),Z(0)) # (0,0) and the effective energy function is positive,
¢1 > 0. Under these conditions, by Proposition 4.1-(i), the initial condition is on
a compact component of the level sets of the Hamiltonian function (2.18). So, the
solution of the differential equation (2.16) exists, and is defined for all ¢ > 0 ( [4],
pp. 187; [13], pp. 8).

The compact components of the level sets of the Hamiltonian function Hys
are obtained as the topological product of a compact plane set with the com-
pact level set of the potential function Vesr(p, Z). These level sets are compact,
provided co > 0. The compact level sets of the Hamiltonian function are three-
dimensional compact manifolds embedded in the four dimensional phase space,
and their intersection with the three-dimensional hyperplane Z = 0 is a two-
dimensional compact manifold X.,. This two-dimensional manifold is a compact
set in the four dimensional phase space of the differential equation (2.16) and,
by (2.18), has local coordinates p and p.

In the conditions of Proposition 4.1-(i), any orbit initiated in an initial condi-
tion on the effective energy level sets can cross the hyperplane Z = 0, intersecting
transversally the two-dimensional compact manifold 3.,. Therefore, the compact
two-dimensional manifold ¥., is a good candidate for a Poincaré section of the
differential equation (2.16). This construction is used to justify the existence of
two-dimensional conservative Poincaré maps for two-degrees of freedom Hamilton-
ian systems, ( [12], pp. 17-20). However, there are two main difficulties in proving
that X, is the domain of a Poincaré map. The first case, it is difficult to prove
that any trajectory that crosses transversally the section ., will return to it after
a finite time. The second difficult questions concerns the unicity of the trajectories
crossing the plane Z = 0.

From Proposition 4.1- (i), it follows that there are orbits of trapped parti-
cles that never cross X.,. However, due to the invariance of the differential equa-
tion (2.16) for transformations of ¢ into —¢, any initial condition on the plane
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FIGURE 5. Poincaré maps for the constant of motion co = 1.776 x
10~2*. The Poincaré map have been calculated with the initial
conditions: a) p(0) = 3.0, (0) = 0.0, ¢(0) = 5.47089, Z(0) = 0.0,
and Z(0) = 0.5; b) p(0) = 3.0, $(0) = 0.0, $(0) = 10.0,
Z(0) = 0.5, and Z(0) = 0.5. In both figures, the initial conditions
p(0) have been changed in the interval [0,85]. The dots have co-
ordinates (p1,0) and (p2,0), with p; < pa. Both Poincaré sections
have been generated with different families of initial conditions.
This suggests that there are different particle trajectories with the
same effective energy that cross the two-dimensional section X,
at the same point.

Z =0 with Z # 0, has a prolongation for positive and negative values of ¢, cross-
ing transversally the plane Z = 0 at most once. With this property, we can test
numerically the structure of the orbits that cross the set ¥.,. In Figure 5, we
show the computed orbits on the Poincaré section X.,, for two families of initial
conditions and the same value of the constant of motion cs.

In Figure 5a, we have chosen initial conditions on the plane Z(0) = 0, with
Z (0) # 0. For all the analysed initial conditions, the orbits crossed several times
the surface of section X.,. Due to the structure of orbits, the motion appears to be
quasi-periodic. However, if the initial conditions are away from the plane Z(0) = 0
and for the same value of ¢y, the topology of the orbits on the section X, changes
drastically, Figure 5b. Comparing Figure 5a with 5b, the structure of the orbits
are incompatible, in the sense that different orbits cross ¥., at the same point.
This shows that 3., can not be the domain of a Poincaré map for the differential
equations(2.16). On the other hand, the structure of orbits in Figure 5b suggests
the existence of transversal homoclinic intersections and therefore chaotic motion
inside the trapping region of the Stérmer problem.
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5. Conclusions

The Hamiltonian dynamical system describing the motion of a charged particle
in a dipole field (Stérmer problem) has been reduced to a two-degrees of freedom
system. This reduced system has two constants of motion. It has been shown that
the trajectories of charged particles can be periodic and quasi-periodic, and that,
for a suitable choice of the initial conditions in between a minimal and maximal
height from the equatorial plane, the planes perpendicular to the dipole axis are
invariant for the motion of charged particles.

From a more global point of view, the trajectories of the charged particles in
the Earth dipole field can be trapped in a torus-like region surrounding the Earth,
or can be scattered and escape to infinity. The torus-like trapping region around
the Earth can be interpreted as the Van Allen inner radiation belt, as measured
by particle detectors in spacecrafts. The physical effects associated with radiation
phenomena intrinsic to accelerated charged particles (Bremsstrahlung) account for
the phenomena of radiation aurorae. The numerically computed trajectories of
trapped charged particles suggests the existence of chaotic motion inside the Van
Allen inner belts around the dipole axis of the Earth. The properties of the Stérmer
dynamical systems are summarized in Propositions 3.1 and 4.1.

From the applied physics point of view, the Stormer problem deviates from
the real situation in essentially three ways. In the first case, the magnetic field
of the Earth has a strong quadrupolar component that was not considered. The
second drastic simplification has to do with the fact that the dipole axis is not
coincident with the rotation axis of the Earth. The rotation of the Earth introduces
a time periodic forcing into the equations of motion. In the third simplification, we
have considered implicitly that charged particles do not radiate (Bremsstrahlung)
when subject to accelerating forces. However, the three main effects observed in
the Earth magnetosphere, radiation belts, radiation aurorae and South Atlantic
anomaly, are described by the simplified model.

The existence of periodic, quasi-periodic and chaotic trajectories in the Stor-
mer problem together with the Bremsstrahlung effect, shows that radiation belts
make a shield protection for the high energy charged particles arriving at Earth.
These particles loose kinetic energy by Bremsstrahlung when they are scattered
and when they are trapped in the Van Allen inner radiation belts.

From the mathematical point of view, the Stormer problem poses some open
problems for the dynamics of two-degrees of freedom Hamiltonian systems. The
Stormer dynamical systems is not generated from the perturbation of a two-
dimensional torus in a four-dimensional phase space, suggesting the existence of
non KAM mechanism for the generation of bounded motion in two-degrees of
freedom Hamiltonian systems. On the other hand, the arguments used in the con-
struction of Poincaré sections in two-degrees of freedom Hamiltonian systems with
two conservation laws lead to the non-unicity of the orbits on these surfaces of
section.
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Appendix

To integrate numerically the equations of motion (2.16) and (3.1), we have used
the explicit Stérmer—Verlet method of order 2, ( [10], pp. 14 and 177),
0OH
n = Pn — At— i
Pny1/2 =P dq (a:)
oOH
Gn+1 = qn + ap (Pnt1/2)
oOH
Prt1 = Png1/2 — At—=(g;
+1 +1/2 6q( +1)

where H(q1,...,qn,D1,---,Pn) is the Hamiltonian function, and At is the integra-
tion time step. For example, for (3.1), the Stormer—Verlet method reduces to,

. A2
Pr+1 = pn + Atpn + Tf(pn)
. . At At
Pn+1 = Pn + 7f(pn) + 7f(pn+1)
) . dVeyys . . .
where p, = p(nAt), p, = p(nAt), f(p) = - This method is symplectic,

being area preserving.

The Stormer—Verlet method has the advantage of being explicit, and the
integration accuracy is obtained by decreasing the time step At. However, it does
not conserve the energy function. We have tested other higher order numerical
integrators but, with this Stormer—Verlet method, the overall behaviour of the
solutions is closer to the exact results. For a detailed theoretical discussion about
the Stérmer—Verlet method see [17].
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Abstract. There is a one-to-one correspondence between C*t# Cantor ex-
change systems that are C'*¥ fixed points of renormalization and C**%
diffeomorphisms f on surfaces with a codimension 1 hyperbolic attractor A
that admit an invariant measure absolutely continuous with respect to the
Hausdorff measure on A. However, there is no such C''™ Cantor exchange
system with bounded geometry that is a C'*® fixed point of renormalization
with regularity « greater than the Hausdorff dimension of its invariant Cantor
set. The proof of the last result uses that the stable holonomies of a codimen-
sion 1 hyperbolic attractor A are not C**? for 0 greater than the Hausdorff
dimension of the stable leaves of f intersected with A.
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1. Introduction

The works of Veech, Penner, Thurston and Masur show a strong link between
affine interval exchange maps and Anosov and pseudo-Anosov maps. We develop
a smooth version of the above link proving that every C'*# diffeomorphism f
on a surface, with a codimension 1 hyperbolic attractor, induces a C'*# Cantor
exchange system ®;. E. Ghys and D. Sullivan observed that Anosov diffeomor-
phisms on the torus determine circle diffeomorphisms that have an associated
renormalization operator. We explain that every C'T diffeomorphism f on a
surface, with a codimension 1 hyperbolic attractor, determines a renormalization
operator acting on the topological conjugacy class [®f]co of ®;. We show that,
every C'TH diffeomorphism g, topologically conjugate to f, determines a C'+H
Cantor exchange system @, € [®¢]co with bounded geometry that is a C1TH fixed
point of renormalization [R®,)c1+# = [®g]c1+r and vice-versa. Denjoy has shown
the existence of upper bounds for the smoothness of Denjoy maps. We prove that
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there is no C'** Cantor exchange system ¥ € [®¢]co, with bounded geometry,
that is a C'T® fixed point of renormalization with regularity o greater than the
Hausdorff dimension of the Cantor invariant set of U. As an example, for C1+H#
derived Anosov maps we show that the induced C**t# Cantor exchange systems
correspond to O Denjoy maps. In this case, the renormalization operator is
a simple generalization to Denjoy maps of the usual renormalization operator for
rotations of the circle and for comuting pairs as introduced by O. Lanford and D.
Rand. We get that there is an infinite dimensional space of C'*# Denjoy maps
semi-conjugate to the golden rotation and with bounded geometry that are C*+H
fixed points of renormalization. However, there is no such C''*® Denjoy map that is
a O fixed point of renormalization with regularity o greater than the Hausdorff
dimension of its nonwandering set. This result partially confirms the conjecture of
J. Harrison [11]. Another result that partially proves the conjecture of J. Harrison
has been done by A. Norton [18] using box dimension instead of Hausdorff dimen-
sion. To prove these last results, we use that codimension 1 hyperbolic attractors A
do not have affine models as we explain in the paper.

2. Cantor exchange systems

A O exchange system ® = {¢;;i = 1,...,n} is a finite set of C1T diffeomor-
phisms ¢; : I; — J; with the following properties:

(i) The domains I; of ¢; are closed intervals in the reals;

(ii) If ¢; € ® then ¢; ' € @;

(iii) Every « € R has at most two distinct images by the maps in ®.

A C™H exchange system ® is a C'T® exchange system, for some a > 0.

We note that condition (i) implies that the intervals J; are also closed in-
tervals. We say that a finite sequence {¢;, € ®}” , or an infinite sequence
{¢i, € ®}p>1 is admissible with respect to x, if ¢;, o...0 ¢ (x) € I;, ., and
i, F (i);{l for all n > 1. We define the invariant set ¢ of ® as being the
set of all points € R for which there are two distinct infinite admissible se-
quences with respect to . We denote the Hausdorff dimension of Q¢ by HD(Qg).
If 0 < HD(Qg) < 1, we call ® a C1T Cantor exchange system.

We say that a Cantor exchange system ® is determined by a map ¢ : [ — J
if all the maps ¢; : I; — J; contained in ¢ are the restriction of the map ¢ or its
inverse ¢! to I;. In this case, we call ¢ a Cantor exchange map. We note that not
all Cantor exchange systems are determined by a Cantor exchange map.

We say that two C1T* Cantor exchange systems ® = {¢; : I, — Jys,;1 =
L...,n}and U = {¢; : Iy, — Jy,;;i =1,...,n}, with a > 0, are C° conjugate if
there is a C° homeomorphism h : UI,, — UL, such that ho ¢;(z) = 9; o h(x) for
all z € Qg. We denote by [®]co the set of all C1+# Cantor exchange systems that
are CY conjugate to ®. If h is a C'** diffeomorphism, then we say that ® and ¥
are C1*% conjugate. We denote by [®]c11m the set of all C1*H Cantor exchange
systems U that are C't*(¥) conjugate to ®, for some a(P) > 0 depending on .
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2.1. Renormalization
Let ® ={¢; : Iy, = Jp, :i=1,...,ntand ¥ = {¢y; : Iy, — Jy, :i=1,...,m} be
C'tH Cantor exchange systems. We say that W is a renormalization of ® if there

is a renormalization sequence set S = S(®, W) = {s!,...,s™} with the following
properties:
(i) For every i € {1,...,n}, we have that
i = (bsi(g) -0 ¢s§ |L/171 )
where k(s?) is the length of the sequence s* € S. In particular, Qg C Qg and
Iy, C 1y,
°1

(ii) For every z € Qg \ Qy, there are exactly two distinct sequences s*, s/ € S
with the property that there are points y; € Iy,, y; € Iy, such that

= Patn 2.3)

for some 0 < k(x,i) < k(s%) and 0 < k(z,7) < k(s?).

We say that the C'*# Cantor exchange system I' = {y; : I,, — J,, :
=1,...,m} is an affine renormalization of the C**# Cantor exchange system

{¢i : Iy, — Jp, : © = 1,...,n} if there are affine maps 4; : R — R and
; : R — R such that

U= {y; =B 'v;A; : A7 (I,,) = Bi(1,,);i=1,...,m}

o~~~o¢s§(yi) and I:Qﬁsi( 0"'O¢s{(yj)a

is a renormalization of ®. If ¥ is a renormalization of ®, with renormalization se-
quence set S(P, U), then there is a unique renormalization operator R = Rs@w):
[®]co — [¥]co defined as follows: Let ® be a C** Cantor exchange system
topologically conjugate to ® by &£, and set

g = {wz - gt O Ogsi : 5(11111) - g(‘]%)a fOI‘ every §i € S((ﬁv \IJ)} .

By construction, ¥ is topologically conjugate to ¥, and so ¥ is a C'*# Cantor
exchange system that is a renormalization of ® with respect to the renormalization
sequence set S(®,¥) = S(P, V). Hence, the renormalization operator R is well-
defined by R® = V.

Let R : [®]co — [¥]co be a renormalization operator. We say that a C1+e
Cantor exchange system I' € [®]co is a C1F* fixed point of the renormalization
operator R, if RT is C't% conjugated to T, i.e., [R[]c1+a = [[]oi+a. We say
that a C1*H# Cantor exchange system I' € [®]co is a O fixed point of the
renormalization operator R, if I is a C''*® fixed point of the renormalization
operator R, for some o > 0 depending upon I

2.2. Bounded geometry

Let ® and ¥ be C'*# Cantor exchange systems such that ¥ is a renormalization
of ® with renormalization sequence set S = S(®, V). Let us suppose that ¥ is
topologically conjugate to ®, i.e., ® is a C fixed point of renormalization [R®]co =
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[®] 0. In this case @ is an infinitely renormalizable C1T# Cantor exchange system,
i.e., there is an infinite sequence
(Rmcp — {qsl(.m) : IéT) — J(;T);i =1,... ,n(m)}>m21
of Cantor exchange systems inductively determined, for every m > 1, by R"™® =
R(R™1®) with S(R™®, R~ 1®) = S(®, V).
Set

+1 +1
LY = {(z)gz” o og (1(;1” )) I ¢ I;Z),o <k <k(s;).s; € S} :
Set, inductively on j > 1, the sets

LY = {qs(:") o-0gl(I): e Lyiy) I cC 1;?,0 <k <k(s;),s; € S} .
By construction, L%H) - Lgﬂ;) and Qpme = ﬂjzlLsﬁ;). We call L%) the j-th level
of the partition of R™®. Let the j-gap set G%) of R™® be the set of all maximal
closed intervals I such that I C J for some J € Lgffl) and intI N K = (), for
every K € L%). We say that the C'*# Cantor exchange system ® has bounded
geometry, if there is ¢ > 1 such that, for all 7 > 1 and all intervals I € Léj U G((Jj )

contained in a same interval K € L(()j_l), we have ¢=! < |I]/|K| < c.

3. Codimension 1 hyperbolic attractors

Throughout this paper, (f, A, M) is a C'*# diffeomorphism f with a codimen-
sion 1 hyperbolic attractor A and with a Markov partition M on A satisfying the
disjointness property that we pass to define.

We say that (f,A) is a C1T diffeomorphism f with a codimension 1 hyper-
bolic attractor A, if (f,A) has the following properties:

(i) f:8 — Sisa C'H diffeomorphism of a compact surface S with respect to
a C'tH structure on S.
(ii) A is a hyperbolic invariant subset of S such that f|A is topologically transitive
and A has a local product structure.
(iii) There is an open set O C § such that A = N,>of" 0.

A C'H diffeomorphism (f, A) with codimension 1 hyperbolic attractor has the
property that the local stable leaves intersected with A are Cantor sets and the
local unstable leaves are 1 dimensional manifolds. Let HD(A®) be the Hausdorff
dimension of the stable leaves intersected with the basic set. Furthermore, (f, A)
has a Markov partition on A (see [29]) with the following disjointness property
(see [2,17] and [30]): The unstable leaf boundaries of any two Markov rectangles
do not intersect except, possibly, at their endpoints.

Suppose that M and N are Markov rectangles, and € M and y € N. We
say that x and y are s-holonomically related if (i) there is an u-leaf segment ¢*(z, y)
such that 00" (x,y) = {x,y}, and (ii) €“(z,y) C £*(x, M) U L*(y,N). Let P = Py
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be the set of all pairs (M, N) such that there are points z € M and y € N stable
holonomically related.

For every Markov rectangle M € M, choose a spanning leaf segment £,
in M. Let I = {{3; : M € M}. For every pair (M,N) € P, there are maximal
leaf segments (L, C £y, ¢§; C ¢n such that the holonomy houny = 05 — 0% is
well-defined. We call such holonomies h(y, ny : (D — (5 the (stable) primitive
holonomies associated to the Markov partition M.

Definition 3.1. The set H = {hyn) : {3 — (5; (M, N) € P} is a complete set
of stable holonomies.

For every leaf segment £y, € I, let £p; be the smallest full leaf segment
containing £j; (see definition in Section 5). By the Stable Manifold Theorem,
there are C'*H diffeomorphisms kp; : / v — Ky © R. We choose the C*H
diffeomorphisms kj; : lyi — Ky C R with the extra property that their images
are pairwise disjoint, i.e., Ky N K = @ for all M, N € M such that M # N. Set

KM:UKJWiv iM:UéIVL and LMZIiMmAf (31)
i=1 i=1
Let k : Ly — K be the map defined by k|éM =k, for every M € M. Let
T U M; — L (3.2)
i=1

be the projection defined by 7(z;) = y;, where y; € £}, (x;)N L for every z; € M;.

Lemma 3.2. The triple (f, A, M) induces a C*TH Cantor exchange system

b = ‘13)071\/[ = {e(M,N) . kM (g(DM7N)) — ]{JN (é(CM,N)) |(M,N) € P},

with bounded geometry. Furthermore, for every (M,N) € P:

(1) enr,ny |k (KFM)N)) = kn o hauny o k'
(i) Qo = kL),

Proof. Define e, ny |k (E(DM,N)) = kar o hu,wy © ky'. By Theorem 2.1 in [21],
the map kas o hiarny © k' ks (€?M7N)) extends (not uniquely) to a C*+ diffeo-
morphism ey n) : k(é(DM’N)) — k‘(lf(CM’N)) for some o > 0. By construction, the
set {e(r,n) @ (M, N) € P} satisfies properties (i),(ii) and (iii) of the definition of
a CH Cantor exchange system, and Qg = kn(Ln). O
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FIGURE 1. The complete set of holonomies H = {hq,ho, hs,
hit,hy' hs'} for the Anosov map f : R?\ (Z¥ x Zw) —
R?\ (Z¥ x Zw) defined by f(z,y) = (z + y,y) and with Markov
partition M = {A, B}.

3.1. Renormalization

In this section, given a C'*# diffeomorphism f with codimension 1 hyperbolic
attractor A and with a Markov partition M satisfying the disjointness property,
we present an explicit construction of a renormalization operator R = Ry v acting
on the topological conjugacy class of the C'tH Cantor exchange system & M
induced by (f, A, M). Let the Markov partition N = f.M be the pushforword of
the Markov partition M, i.e., for every M € M, N = f(M) € N.

Lemma 3.3. Let ®sz and @y be the CYTH Cantor exchange systems induced
(as in Lemma 3.2), respectively, by (f, A, M) and (f, A,N). There is a well-defined
renormalization operator

R= RfyM : [(I)f,M]CO — [(I)f,N}C“ .

Proof. For simplicity of notation, let us denote kng by k (see (3.1)). We choose a
map

o:{l,...,n} —={1,...,n} (3.3)
with the property that N; N M,y # 0, where N; € N and M,(;) € M. For
each N; € N, let {x, be the stable spanning leaf segment £, ,, N m(N;), and let
éNi be the corresponding full stable spanning leaf (i.e., éNi NA = /ly,), where
7 : Ui, M; — Ly is the natural projection as defined in (3.1). Set

LN:LnJeNi and iJN:OéNi.

i=1 i=1
Let Hn = {hv, n)) : E?Ni,Nj) — E(CNi,N,-)KNi’NJ’) € P} be the (stable) complete
set of holonomies associated to the Markov partition N. By construction, for every



Hausdorfl Dimension versus Smoothness 201

(N;, Nj) € Py there is a sequence hy,, ..., hq, of holonomies in Hy such that

h(Ni7Nj) - han ©---0 hal |gﬁl .
Let
7D D
E(N:,N;) - kMa(i) (K(NuNj)) - kMU(J‘) (e(N'i;Nj))
be given by €(N;,N;) = €a, © """ 0 €qy, where e, € ®pm and e,

ko ha, o kU k (6B, ) )- Set

k (g(DNmNJ)) -

U= {e(Niij) 1k (E(DNI-,NJ-)) —k (E(CNI-,N]-)) |(N3, N;) € PN} ‘

By construction, ¥ = ® n (as constructed in Lemma 3.2), and so VU is a CcHHH
Cantor exchange system. Since the set S(®;m, Prn) of all sequences o ...,
such that ey, n,) = €a, 0" 0€q,, for some (N;, N;) € P, form a renormalizable
sequence set, the C'*# Cantor exchange system ® #,N is a renormalization of ® ¢ .
Therefore, by §2.1, there is a well-defined renormalization operator R = Ry :
[@fm]co = [®f.n]co. O

Theorem 3.4. The C'™H Cantor exchange system ®sm is a C' fized point
of renormalization, i.e., [R®fnmlco = [P m]co, where R = Ry @ [P m]co —
[®r N]co is the renormalization operator (as constructed in Lemma 3.3).

See proof of the above theorem in [26].

3.2. Hausdorff dimension versus smoothness

Before proceeding, we present the following notion of C#P regularity of a func-
tion.

Definition 3.5. Let ¢ : I — J be a homeomorphism between open sets I C R and
JCR.If0 < a < 1, then ¢ is said to be CV if it is differentiable and for all
points x,y € 1

1¢'(y) — ¢/ (@) < xo(ly — =) (3.4)
where the positive function x4(t) satisfies lim;_. x(t)/t* = 0.

In particular, a C''*7 diffeomorphism is C1 for all 0 < a < (3. Furthermore,
a C'® homeomorphism is C'+.

Theorem 3.6. Let Cyp be the topological conjugacy class of C*TH Cantor ex-
change systems determined by a C*T diffeomorphism f with codimension 1 hyper-
bolic attractor A and with a Markov partition M satisfying the disjointness prop-
erty. There is no CHHP @) Cantor exchange system ® € Cy.m, with bounded ge-
ometry, that is a CVHP®e) fired point of renormalization operator, i.e.,
[Rf’M¢]Cl,HD(Q<P) = [@]Cl,HD(nq,),

See proof of the above theorem in [26].
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3.3. An example: Denjoy maps

Let ry : S! — S! be the rigid rotation of the circle S' = R/Z, with rotation
number w = 1/(1 + ), where v satisfies y™! = v + a for some integer a > 1,
ie,vy=1/(a+1/(a+...)). Let ¢1,q2,... be the sequence defined inductively as
follows: ¢3 = 1, and ¢,41 is the smallest positive integer with the property that
the distance between r%+1(0) and 0 is smaller than the distance between 7 (0)
and 0. Let S be the circle obtained from the circle S' as follows: At 0, we cut
S' and join an arc with length 1, and, for every n > 1 and every integer m such
that ¢, < |m| < ¢u41, We cut S1 at each point 77'(0) and we join an arc an,
with length 4. This construction of S determines a natural projection map
:§ — 8! by collapsing all the arcs a,,. Let d : S — S be a homeomorphism
such that 7 o d,(x) = r, o m(x) for all # € S. Fix the points 0; and 0, as being
the left and right endpoints of the interval 7=1(0). Let clO*(0;) and clO*(0,.) be
the closures of the forward orbits of 0; and 0,, respectively. By construction of the
map d., the sets clOT(0;), clOT(0,) and the nonwandering set 2 of d, are equal.
Before proceeding, we present the following notion of quasisymmetric regu-
larity of a function: A homeomorphism h : L C R — R is quasisymmetric (gs) if
for every constant ¢ > 1 there exists k(c) > 1 such that

k(e)™h < (h(2) = h(y))/ (h(y) — h(z)) < k(c).
for every points x,y,z € L with the property that x < y < z and that ¢! <
(z=y)/y—2z) <e

Definition 3.7. A C'** diffeomorphism d : S' — S' is a C'T® Denjoy map
with bounded geometry and rotation number -y, if there is a homeomorphism
h:S' — S which conjugates c% with d, and the map h|(~2 s quasisymmetric. Let
us denote the point h(0;) by 0, the point h(0,) by 0., and the set h(Q) by Qq. Let
HD(Qy) be the Hausdorff dimension of the nonwandering set Qg of d.

1

Let d : S' — S! be a Denjoy map with rotation number v satisfying v~
v +a, for some integer a > 1. Let I be the arc with endpoints d*(0,.) and d**1(0,)
and containing 0,.. Set IP = [0,,d**1(0;)] C Ig and IP = [d*(0,),0;] C Ix. Let
Sk be the circle obtained by identifying the endpoints of Ir. We say that a O+
diffeomorphism dg : Sp — Sg is a renormalization of d, if

dg|rp(z) = d*(x) and dg|p(z) = d** ().

Since y~! = v + a, for some integer a > 1, we obtain that there exists a map

h : Q4 — Qg which conjugates d on its nonwandering set 1y with dr on its
nonwandering set €14,, and h extends to a homeomorphism h : S — Sg. The
proof follows from using that the rigid rotation r. is a fixed point of the usual
renormalization operator for diffeomorphisms of the circle and for comuting pairs
as introduced by O. Lanford and D. Rand. A C'*® diffeomorphism d : S — S!
is a C1*Y fized point of renormalization, if there exists a C'* diffeomorphism
dr : Sp — Sgr that is a renormalization of d, and the conjugacy h : Qg — Qq,
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between d|Qq and dg|Q4, extends to a C'** diffeomorphism of the circle, with
a > 0. Let D., be the set of all C'™# conjugacy classes of C'*# Denjoy maps
d:S' — S!, with bounded geometry and rotation number v, that are C**# fixed
points of renormalization.

Theorem 3.8. The set D, is an infinite dimensional space characterized by a Teich-
miiller space consisting of solenoid functions. However, there is no CH#P4) Den-
joy map d : S* — S, with bounded geometry and rotation number vy, that is a
CHHDQ4) fived point of renormalization.

See proof of the above theorem in [26].

4. No affine models

The proof of Theorems 3.6 and 3.8 rely in the non-existence of affine models for
codimension 1 hyperbolic attractors as we pass to explain.

The stable basic holonomies are maps defined between s-leaf segments defined
by travelling along the unstable manifolds (see Section 5.4). In [21], it is proved
that these maps have C'*® extensions to the full s-leaf segments for some a > 0
with respect to the full s-leaf charts. Therefore, all s-leaf segments have the same
Hausdorff dimension which we denote by HD?. Unstable basic holonomies, u-leaf
segments and H D" are similarly defined.

Definition 4.1. An hyperbolic affine model for f on A is an atlas A with the
following properties:

(i) the union of the domains U of the charts i : U — R? of A (which are open
in M) cover A;

(i) any two charts i : U — R? and j : V — R? in A have overlap maps
joi~t:i(UNV)— R? with affine extensions to R?;

(iii) f s affine with respect to the charts in A;

(iv) £ is a basic hyperbolic set;

(v) the images of the stable and unstable local leaves under the charts in A are
contained in horizontal and vertical lines; and

(vi) the basic holonomies have affine extensions to the stable and unstable leaves
with respect to the charts in A.

We will use, from now on, ¢ to denote an element of the set {s,u} of the stable
and unstable superscripts and ¢’ to denote the element of {s,u} that is not ¢. For
v € {s,u}, a full i-leaf segment I (or, equivalently, a local t-leaf) is defined as a
connected subset of W*(x), and an t-leaf segment is the intersection with A of a
full t-leaf segment. The endpoints of an -leaf segment [ are the endpoints of the
minimal closed full (-leaf segment containing I (see Section 5.1).

Definition 4.2. A twinned pair of u-leaves (I, J) in a basic set A consists of a pair
of u-leaf segments I and J with the following properties (see Figure 2):
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FIGURE 2. An illustration of twinned pair of u-leaves..

(i) an endpoint p of I and an endpoint q of J are periodic points under f;
(i) (I\{p}) N (J\{q}) =0;
(iii) for all z € I\{p} there is a full s-leaf segment -y, in the stable manifold through
z which has endpoints z and z' such that 2" € J\ {q} and v, " A = {z,2'}.

It follows from this that if a sequence z, € I\ {p} converges to p then the
corresponding sequence z/, € J N =, converges to ¢. Also, it follows that the
periodic points p and ¢ must have the same period. A twinned pair of s-leaves in
a basic set A is similarly defined.

Remark 4.3. In the previous definition we allow the points p and ¢ to coincide.
However, if p is different from ¢ then there is no stable leaf containing both p and ¢
(otherwise they would converge under iteration by f).

If A is a codimension 1 hyperbolic attractor then A contains a twinned pair
of u-leaves. Furthermore, if A contains a twinned pair of t-leaves then there are no
affine models for f on A (see [25]).

A complete set of holonomies H* is CH#P" if for every holonomy hy : I — J
in H* with I C I; and J C I, the map u; o h, ou; ' and its inverse have a C*P"
diffeomorphic extension to R such that the modulus of continuity does not depend
upon h, € H".

Theorem 4.4. If A be a codimension 1 hyperbolic attractor, for a C**7 diffeomor-

phism [ on a surface with v > HD?, then the complete set of s-holonomies H® is
not CHHD"

The proof of the above theorem follows from the non-existence of affine mod-
els for codimension 1 hyperbolic attractors (see [25]).

5. Appendix

In this Appendix, we present some basic facts on hyperbolic dynamics, that we
include for clarity of the exposition.
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5.1. Leaf segments

Let d be a metric on M, and define the map f, = fif t =w, or f, = f~1if 1 = s.
For ¢ € {s,u}, if x € A we denote the local ;-manifolds through = by

W' (z,e) = {y €M :d(f, "(z), f,"(y)) <e, foralln> 0}.

By the Stable Manifold Theorem [29], these sets are respectively contained in the
stable and unstable immersed manifolds

W) = (£ (W (5 @), 20)

n>0

which are the image of a C'* immersion £, , : R — M. An open (resp. closed)
full v-leaf segment I is defined as a subset of W*(z) of the form &, ,(I;) where I
is an open (resp. closed) subinterval (non-empty) in R. An t-open (resp. closed)
leaf segment is the intersection with A of a full open (resp. closed) t-leaf segment
such that the intersection contains at least two distinct points. If the intersection
is exactly two points we call this t-closed leaf segment an t-leaf gap. An o-full leaf
segment is either an open or closed ¢-full leaf segment. An c-leaf segment is either
an open or closed t-leaf segment. The endpoints of a full t-leaf segment are the
points k, (u) and £, ,(v) where u and v are the endpoints of I. The endpoints
of an t-leaf segment I are the points of the minimal closed full ¢-leaf segment
containing I. The interior of a t-leaf segment I is the complement of its boundary.
In particular,a ¢-leaf segment I has empty interior if, and only if, it is an ¢-leaf
gap. A map c¢: I — R is an t-leaf chart of an (-leaf segment I if has an extension
cg : Ig — R to a full (-leaf segment I with the following properties: I C Ig and
cp is a homeomorphism onto its image. An ¢-full leaf segment is either an open or
close full leaf segment.

5.2. Rectangles

Since L is a hyperbolic invariant set of a diffeomorphism f : M — M, for 0 <
€ < gg there is § = d(e) > 0, such that for all points w,z € L with d(w, z) < 9,
W¥(w,e) and W#(z,¢) intersect in an unique point that we denote by [w, z]. Since
we assume that the hyperbolic set has a local product structure, we have that
[w,z] € A. Furthermore, the following properties are satisfied: (i) [w, z] varies
continuously with w,z € L; (ii) the bracket map is continuous on a J-uniform
neighbourhood of the diagonal in L x L; and (iii) whenever both sides are defined
f([z,w]) = [f(2), f(w)]. Note that the bracket map does not really depend on ¢
provided it is sufficiently small.

Let us underline that it is a standing hypothesis that all the hyperbolic sets
considered here have such a local product structure.

A rectangle R is a subset of L which is (i) closed under the bracket, i.e.,
z,y € R = [z,y] € R, and (ii) proper, i.e., is the closure of its interior in L.
This definition imposes that a rectangle has always to be proper which is more
restrictive than the usual one which only insists on the closure condition.
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If /° and ¢* are respectively stable and unstable leaf segments intersecting
in a single point then we denote by [¢%, "] the set consisting of all points of the
form [w, z] with w € ¢° and z € £*. We note that if the stable and unstable leaf
segments ¢ and ¢’ are closed then the set [/, ¢'] is a rectangle. Conversely in this
2-dimensional situations, any rectangle R has a product structure in the following
sense: for each x € R there are closed stable and unstable leaf segments of L,
*(x, R) C W#(x) and ¢“(z, R) C W*(x) such that R = [¢*(x, R),{*(x, R)]. The
leaf segments ¢°(z, R) and ¢“(x, R) are called stable and unstable spanning leaf
segments for R. For ¢ € {s,u}, we denote by 0¢'(z, R) the set consisting of the
endpoints of ¢*(x, R), and we denote by intf*(x, R) the set £*(x, R)\ 9¢*(x, R). The
interior of R is given by intR = [intl*(z, R),intl*(x, R)], and the boundary of R
is given by OR = [00°(z, R), (*(x, R)| U[¢*(x, R), 0¢*(x, R)].

5.3. Markov partitions

A Markov partition of f is a collection M = {Ry, ..., Ry} of such rectangles such
that (i) A ¢ U, Ry; (i) RiN\R; = OR; R, for all i and j; (iii) if z € int R;
and fz € int R; then

(a) f(5(x, R;)) C €3(fx, R;) and f~1(¢"(fz,R;)) C (*(z, R;)

(b) f("(z, Ri)) Ry = £*(fx, Ry) and f~1(¢>(fz, Ry)) Ry = £°(x, R).

The last condition means that f(R;) goes across R; just once. In fact, it
follows from condition (a) providing the rectangles R; are chosen sufficiently small
(see Mané [14]). The rectangles which make up the Markov partition are called
Markov rectangles.

We note that there is a Markov partition M of f with the following disjoint-
ness property (see Bowen [2], Newhouse and Palis [17] and Sinai [30]):

(i) f 0 < dss <1land 0 < dy, <1 then the stable and unstable leaf boundaries
of any two Markov rectangles do not intesect.
(i) if 0 < 0, < 1 and 0 < dy, = 1 then the /-leaf boundaries of any two
Markov rectangles do not intersect except, possibly, at their endpoints.
If 65 = 07,4 = 1, the disjointness property does not apply and so we consider that
it is trivially satisfied for every Markov partition. For simplicity of our exposition,
we consider Markov partitions that satisfy the disjointness property.

5.4. Basic holonomies

Suppose that = and z are two points inside any rectangle R of L. Let I and J be two
stable leaf segments respectively containing z and z and inside R. Then we define
h: I — J by h(w) = [w,z]. Such maps are called the basic stable holonomies.
They generate the pseudo-group of all stable holonomies. Similarly we define the
basic unstable holonomies.
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Abstract. We study conditions for the existence of heteroclinics connecting £1
for a nonautonomous equation of the form

i = a(t)f(u) (0.1)
where a(t) is a bounded positive function and f(+1) = 0. In addition, we
consider the existence of a solution to the boundary value problem in the half
line

{ i+ ci = a(t)V'(z) (0.2)

z(0) =0, z(+o00) =1.
where ¢ > 0 and V is a C*, non-negative function, such that V(0) = V(1) = 0.
If c = 0 and a and V are even, it turns out that these solutions yield het-
eroclinics for a special class of symmetric systems which connect the two
non-consecutive equilibria 1 at the same minimum level of the potential V.
Therefore, the existence of such a solution in the case ¢ = 0 means that
the system (0.2) behaves in significantly different way from its autonomous
counterpart.
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1. Introduction and main results
Let us consider the simple general autonomous scalar equation
i = F'(u), (1.1)

where

A. Gavioli is supported by CNR, Italy and L. Sanchez is supported by GRICES and Fundagao
para a Ciéncia e Tecnologia, program POCI (Portugal/FEDER-EU).



212 A. Gavioli and L. Sanchez

(Hp) F € C'(R,R) is a non negative function, F(—1) = F(1) =0 and F > 0 in
]—1,1].
Hence (1.1) has two equilibria, u = +1, at the (same) zero level of the po-
tential. As for solutions of (1.1) energy is conserved, that is

%2 —Flu) = K (1.2)

for some constant K, it makes sense to look for heteroclinic solutions connecting —1
and 1, i.e., solutions such that
u(+o00) := lim wu(x) ==+1 and a(+oo):= lim a(z) =0
r—=+oo z—too

or the same properties with the roles of the 400 and —oo reversed. In fact, for such
solutions we must have K = 0 in (1.2) and they can be easily found by separation
of variables. It is easily seen that they do not reach the equilibria 41 in finite time
whenever there exists ¢ > 0 so that

F(u) < c(u+1)?

in a neighborhood of —1 and +1 respectively.

However a heteroclinic of (1.1) may be seen from another angle. Instead of
using elementary integration techniques, it can be characterized by a variational
property. Formally, (1.1) is the Euler-Lagrange equation of the functional

“+o0 1‘112

I(u) == / (2 + F(u)> dt, (1.3)

We look for the heteroclinics of (1.1) as minimizers of I in the functional space
€= {u € Hj,.(R,R) | u(¥o0) = %1} .

In fact it is not difficult to see that we may confine ourselves to functions taking
values in [—1,1] by simply assuming that F' is extended by 0 on | — oo, —1[U] +
1, +ool. It can be shown that (see [2])

Theorem 1.1. Let F € C'([-1,1],R), extended by 0 outside the interval | — 1,1[,
satisfy the assumption (Hp). Then the functional I defined by (1.3) attains a
minimum in E. A minimizer is a heteroclinic solution of (1.1) connecting —1
and 1.

Let us move to a less trivial situation: consider the second order non-au-
tonomous differential equation

i = a(t)f(u), (1.4)

where a primitive F of f € C(R, R) satisfies the assumption (F') and a € L (R, R)
is such that

(H,) there exist aj,as € R so that 0 < a; < a(t) < ap for all t € R.
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We look for a heteroclinic connection between the equilibria —1 and +1. In
the absence of a conservation law, the variational argument appears as a natural
device. So we now consider the functional

J(u) = /+OO (“; + a(t)F(u)) dt (1.5)

— o0
and seek conditions that allow to minimize it in €. The fact that I, defined by (1.3),
is translation invariant, is a powerful argument to obtain compactness of modified
minimizing sequences. As long as J is concerned, we have to face a possible loss of
compactness if a does not possess any symmetry or periodicity property. A simple
setting where this is overcome is the following.

Theorem 1.2. Assume that f € C(R,R), F' = f in R, so that F and a € L (R, R)
satisfy (Hp)—(Ha). If in addition

lim a(t) = as

[t]— o0
and a(t) < as in some subset with nonzero measure, then (1.4) has a heteroclinic
solution from —1 to 1. This solution takes values in [—1,1].

A proof can be found in [2]. See [4] for related results.
In order to exploit a simple symmetry, we shall consider the boundary value
problem

Here we shall assume

(S1) V € CH(R,R) is a non negative function, V(1) =0 and V > 0 in [0, 1].

(S2) The function a € L>®(0,+00) is such that there exist to > 0, 0 < a1 < aqg
with the property that a1 < a(t) < ag Vit € [to, +o0].

Theorem 1.3. Assume that (S1) and (S3) hold. Then the boundary value prob-
lem (1.6), (1.7) has at least one solution that takes values in [0, 1].

Corollary 1.4. Let a : R — R and V € C'(R) be even functions satisfying (S)
and (S2). Moreover assume that 1 is an isolated local minimizer of V in [0,1].
Then (1.6) has an odd heteroclinic solution connecting the equilibria —1 and 1.

Theorem 1.2 and Corollary 1.4 illustrate the fact that some basic charac-
teristics of autonomous systems are naturally inherited by their non-autonomous
counterparts. However one may encounter striking differences in the behaviour
of each type of system. As an example let us mention that in [5] Coti Zelati
and Rabinowitz have obtained, for some non-autonomous n-dimensional systems,
heteroclinics that connect two equilibria at different levels of the potential. The
problem we introduce next, dealing with a trickier situation than the preceeding
one, leeds to another example of a similar phenomenon.
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Consider a smooth scalar potential V' (x), € R, which is positive in ]0, 1]
and such that V(0) = V(1) = 0, a scalar positive function a, and ¢ > 0. Moreover,
if ¢ =0, let a(t) have a positive infimum in R. We shall deal with the existence of
solutions to the following boundary value problem on the interval ]0, ool:

i+ ct =a(t)V'(z) (1.8)
z(0) =0, x(4+o00)=1. (1.9)

Before stating precise assumptions, let us make some comments on our in-
terest in this problem.

Suppose that ¢ = 0, a is a positive constant and V' is extended as an even func-
tion in R. According to our previous remarks, there exists a heteroclinic connection
between 0 and 1 for (1.8), but the conservation of energy prevents the existence of
a heteroclinic connection between the equilibria —1 and 1, since the equilibrium 0
would have to be crossed in finite time. In particular, the problem (1.8), (1.9) has
no solution in the autonomous case, since otherwise by anti-symmetry we would
obtain the mentioned heteroclinic between +1.

Anyway, if ¢ = 0 and a and V' are even functions, our problem is equivalent to
that of finding a heteroclinic connection between non-consecutive equilibria +1 of a
potential V' having three minima at the same level; we shall give simple conditions
on the time dependence of the coefficient a(t) that ensure the existence of such
kind of trajectory. Such connections do not exist in the autonomous case, again by
the conservation principle. We note nevertheless that for higher order conservative
(autonomous) equations where more degrees of freedom are available, heteroclinic
connections between non-consecutive equilibria may exist: we refer to the paper
by Bonheure, Sanchez, Tarallo, and Terracini [3].

Our results show that with respect to problem (1.8), (1.9) the differences do
exist for ¢ = 0 but not for ¢ > 0. In fact, in the case ¢ > 0 a solution of our
boundary value problem exists in the autonomous case as well. Incidentally, we
shall see that the case ¢ > 0 may be dealt with under simpler assumptions.

We shall state two existence theorems for (1.8), (1.9) under distinct sets of
conditions on the data. It turns out that the way the (increasing) function a(t)
approaches its limit plays an important role in the sufficient conditions. More pre-
cisely, Theorem 1.5 deals with problem (0.2) in a situation where weak regularity
assumptions on V and its minima are assumed; while with respect to a(t) it is
required that a(t) tends to its limit [ in such a way that, if I < oo, I —af(t) is slower
than 1/¢. On the other hand, in Theorem 1.7, dealing with the case ¢ = 0 only, we
prove the existence of solutions for a wider class of functions a(t), while confining
ourselves to the class of C? potentials V.

The description of our assumptions follows.

(Hy) V € CY(R) is a non negative function, V(0) = V(1) =0 and V > 0 in ]0, 1[.

(Hz) There exist 6 > 0 and Ay, Ay > 0 such that A;2% < V(z) < Agz? for |z| < 6.

(H3) The function a : [0, +00[—]0, +00[ is such that there exists tg > 0 with the
property that a is increasing in [tg, +00].
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Theorem 1.5. Assume that (Hy) holds and a € L>(0,400) is non-negative. If ¢ =
0 assume that (Hz) and (Hs) hold as well and in addition that n := infy>g a(t) > 0
and | :=lim;_, o a(t) has the property

lim ¢(l—a(t)) = +oo (1.10)

t—+o0
then the boundary value problem (1.8), (1.9) has at least one solution that takes
values in [0, 1].

Remark 1.6. If [ € Rt it is easy to check that (1.10) holds if a(¢) is of the form

Theorem 1.7. Assume ¢ = 0. Let V. € C*(R) satisfy (H1) and V"(0) > 0. Let
)

a : R —]0,4+00[ be a function of bounded variation with n = inf;>¢a(t) > 0
satisfying (Hs) and the property
. _ 2pt _
tEToo (I—af(t))e +0o0, (1.11)

where 1 := limy_ 4o a(t) and p = /nV"(0). Then the boundary value prob-
lem (1.8), (1.9) has at least one solution taking values in [0, 1].

Corollary 1.8. Let ¢ = 0, a and V be even functions satisfying the assumptions
of Theorem 1.5 or Theorem 1.7. Moreover assume that 1 is an isolated minimizer
of V. Then (1.8) has a heteroclinic solution connecting the equilibria —1 and 1.

Theorems 1.2 and 1.3 may be proved by a minimization procedure, as is the
case for Theorem 1.1. Theorem 1.7 combines shooting and variational arguments.
Some proofs will be given in the last section. For further details see [2] and [6].

2. A comparison between autonomous and non automous problems

First, note that if ¢ = 0 and a(t) is constant, then problem (0.2), which corre-
sponds now to an autonomous equation, has no solution. Then as a next step and
still maintaining ¢ = 0, the simplest non autonomous system one can discuss is
one where a(t) is a 'bang-bang’ function with only one switch. More precisely, if
0<a<band T >0, we define

a, 0<t<T
a(t) :—{ b tST (2.1)

Then, consider a C! potential V() as above and which is locally bounded from
above by Az? and A(x —1)%, A > 0, respectively around z = 0 and = = 1.

We note that problem (0.2) has a solution if and only if there exists a solution
of & = aV’'(z) on [0,T], with 2(0) = 0 such that the corresponding solution curve
(z(t),2(t)) in the phase plane (z,#) intersects at time T the heteroclinic orbit
between (0,0) and (0,1) corresponding to the equation & = bV'(x).

Set & = x(T) €]0, 1[. By the conservation of energy, the heteroclinic solution
of the second equation satisfies & = /2bV (x), whereas the solution of the first
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equation with x(0) = 0 satisfies & = /2aV (x) + C for some constant C. Then,
imposing that the two solution curves intersect at time 7T in the phase plane, we
get

C=2b—a)V (¢ (2.2)
and, if our problem admits a solution, then the following representation holds for
T=T(): .

76 - | e
0 V2aV(x)+2(b—a)V(¢)
By the quadratic growth of V(z) in a neighbourhood of z = 0, there exists

a constant ¢ such that

(2.3)

<T(¢) (2.4)

6/5 dz
“Jo /2ax? +2(b—a)é?

for any sufficiently small £ > 0. Since

/5 da L, (Vatvh

0 V2a 120 @) v2a C\ Vb

we infer that 7'(¢) is bounded away from zero in a right neighbourhood of £ = 0.
In a similar way it can be shown that T({) — +oo as £ — 1. Then, since T'(&)
is a continuous function of £, we conclude that there exists Ty > 0 such that
7(]0,1]) = [Ty, +oo[ or T(]0,1[) =]To,+oo[ and therefore problem (0.2) has no
solution if T' < Ty (and admits a solution for any T > Tp).

In the simple example above the switch time T for the function a(t) actually
depends on V' (x) through c. This suggests that, generally speaking, despite the fact
that the variables x and ¢ are separate in the right-hand side of our equation,
the conditions given on a(t) to solve problem (0.2) when ¢ = 0 may naturally
involve the potential V. This is apparent in Theorem 1.7 and unlike the heteroclinic
problem z(—o00) = 0, x(+00) = 1 associated to the same equation for the class
of potentials considered above.

We now turn to consider the features of the case ¢ > 0. If we again take a to
be a constant, the problem (1) may be solved by an elementary reduction of order
technique. Indeed, if one looks for strictly monotone solutions then (1) is easily
transformed into a first order problem for the new unknown function v = ®2
where ® describes the graph of the curve & = ®(x) in the phase plane. See [2,7]
for similar examples. The new formulation may be written as

V' =2(aV'(z) — c\/¥) (2.5)
P(1) =0, ¥(z) >0 Ve e|0,1]. '
It is not difficult to conclude, directly from phase-plane analysis or by study-

ing (2.5), that for any ¢ > 0 and a > 0 constant, the problem (0.2) has a solution.
In fact if we consider, for € > 0, the Cauchy problem

{ Y =2(aV(x) — c\/thy +€) (2.6)
¥(1) =0,
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it turns out that it has a solution in [0, 1] that stays above 2aV (x). Then, by taking
the limit as ¢ — 0, our claim follows. Theorem 1.5 shows that the solution still
exists when a depends on t.

3. Some proofs

Proof of Theorem 1.3. We need the following auxiliary fact which is a slight mod-
ification of Lemma 3.6 in [8]. A similar lemma is used also in the proof of Theo-
rem 1.2, cf. [2]. We are going to use the functional space

X = {x € C([0,+o0[) N HL, ([0, +00[) : a(+00) = 1} . .
Lemma 3.1. Let V be as in (S1) or (Hy), a be as in (Sz). Fiz e €]0,1[ and
£
1= mi < a<1 2L
Be m1n{V(z)| 1l—-e<2<1 2}

If w € X has the property that there exist t1,to > to such that u(ty) =1~ 5 and
u(te) =1 —¢, then we have

[ (& saomi) oo

Remark 3.2. If instead V satisfies (Hy) there is a corresponding statement as
follows: Let € €]0,1/2[ and

ﬁE::min{V(zH 1—€§z§1—%or§§z§5}.

If u € X has the property that there exist ¢, € R such that u(t;) =1 — § and
u(ta) =1—¢ (or u(ty) = &/2 and u(te) = €), then we have

[ (5l

We extend V' to R so that it is constant in | — 0o, 0] and [0, +00[ and consider
the functional
+oo j:(t)z
F(x) := 5 +at)V(z(t)) ) dt
0

Xo={zreX :z(0)=0}.

Then infy, F is finite, since [)° a(t)V (x(t)) dt > —tolallso||V oo V2 € Xo. Take a
minimizing sequence z,, € Xg:

defined in

F(xp) — inf F.
Xo

We may assume 0 < z,(¢) < 1, since otherwise we could replace x,, with min(max
(zn,0),1), still obtaining a minimizing sequence. By virtue of our preceeding re-
mark it is clear that, for any M > 0, (x,), is bounded in H*(0, M) and (i), is
bounded in L?(0,+c0). Then we can take a subsequence, still denoted by (2,,)n,
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which converges to some absolutely continuous function x uniformly on compact
sets; x takes values in [0,1] and
&, =& in  L*(0,+00).
Using the compact imbedding H*(0,ty) — C|[0, o], the weak lower semicontinuity
of the norm and Fatou’s lemma we find
F(x) < liminf F(x,) .

In particular, 0+oo a(t)V (x(t)) dt converges. We now assert that z:(4+00) = 1. Oth-

erwise, we would be able to find € > 0 and construct an infinite sequence of disjoint
intervals [t1p, tan] With t1,, ta, > to in the conditions of the preceeding lemma,

implying

+oo
/ a(O)V ((t)) dt = +oo.

0
We conclude that u € Xy, so that v minimizes F. By well known arguments, u is
a solution of (1.6).

Proof of Corollary 1.4. Under the assumptions of Corollary 1.4, (1.6)—(1.9) has a
solution z(t) taking values in [0, 1]. Then the function

w(t):{ z(t) t>0

—z(—t) t<0.
is a solution of (1.6) such that

lim w(t) ==+1.

t—+oo

This is indeed a heteroclinic solution because lim;_, y o w(t) = 0. In fact, integrat-
ing (1.8) between 0 and ¢ > 0 we have

j:(t)—:'c(o):/o a(s)V" (2(s)) ds.

Since the integrand in the right-hand side does not change sign in a neighbourhood
of +o0, we conclude that f0+oo a(s)V'(x(s))ds converges. Therefore lim;_, 4 @(¢)
exists, and the boundedness of x(t) implies that lim; 4~ @(¢) = 0. O

Proof of Theorem 1.7. For I C [0, +o0] let

F(z,I) ::A(i(;)z +a(t)v(:c(t))) dt .

Consider the equation

@ =a(t)V'(x) (3.1)
with the boundary condition (1.9).
Consider the space X as before and put:

X(¢) ={zeX|z(0)=¢, z(+o0) =1}, E€R. (3.2)

In X we will make use of the norm x — (|z(0)[ + ||2||2)'/2. O
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We need the following three Lemmas.

Lemma 3.3. (I — a(t))y(t)> — 400 as t — +oo, where 7y is the solution of the

Cauchy problem
7" (t) = a(t)V"(0)y(t)
{ Y(to) =0, ’Y'(t();/: 1. (3.3)

Proof. From (1.11) we obviously get, as t — 400,
(I—a®)p(t)® = +oo, (3.4)

where p(t) = (et(t—to) — ¢=#(t=t0)) /4, On the other hand, since p(t) = p?p(t),
p(to) =0, p'(to) = 1/2, it is easy to see that v(t) > p(t) for t > to. Indeed, from
the initial conditions we obtain the assertion in a right neighbourhood of ¢ = t.
By contradiction, let T the first point after tpat which v(7) = p(7). Then we must
have v"(0) < rho”(o)at some point o €]tg, 7[, while, on this interval,

V(1) Z V" (0)y(t) = @y (t) = w?p(t) = p"(2).-
Then v > p > 0 on Jtg, +o0[, so that v2 > p?, and our claim follows from (3.4). O

Lemma 3.4. For any £ €]0,1] F attains its minimum on the class X (§).

Proof. Let (yr)rbe a minimizing sequence for Fon X (), and let t; > tobe fixed.
For any k € Z*the following properties may be assumed to hold:

(a) 0<y(t) <1,

(b) ygsolves (3.1) on J := [0, t].
Indeed, if these conditions are not satisfied it is enough to replace yy, respectively:

(a) by min(max(yg,0),1)

(b) on J by a function which minimizes F (-, J)on yi + H(J).
It is easy to check that F does not increase after these procedures. Furthermore,
(yx)x is bounded in H'(J): then we can suppose, up to a subsequence, that (yx)s
converges uniformly on J to some absolutely continuous function y and that g, — ¢
weakly in L?(J). Then, on the interval J where y; solves (3.1), jx is uniformly
bounded: since the sequence (yz)x is bounded in L?, we conclude that it is ac-
tually bounded in H'(J) and, even more so, in L*(J). Then we may suppose
that (yx(0))x converges, so that the continuous dependence on initial data of the
solutions of a differential equation ensures that the limit function y solves (3.1) on
J(and also the C'-convergence on that interval). Furthermore, 0 < y(¢) < 1. On
the other hand, if y vanishes at to, we should also get §(to) = 0, since t¢ is in the in-
terior of J and y cannot take negative values. But the conditions y(tg) = y(to) = 0,
together with (3.1), would imply y(¢) = 0 on J, in contrast with y(0) = £ > 0.
Hence y(tg) > 0, and we can find § > 0 such that yx(tg) > J for large k’s. We then
redefine y; by replacing its restriction to S := [tg, +oo[ by the shifted function
t — yi(t + 71), where 13, > to is the last point such that y(7) = yr(to). Since a is
increasing in S, this operation does not increase the value of F. If we still denote
by yi the modified functions, we can actually suppose that yx(t) > y(to) for any
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t € S :=[tg,+oo[. Now we can take a subsequence, still denoted by (yx)r, which
converges to some absolutely continuous function x uniformly on compact sets and
in such a way that g, — 4 in L?(0,+00). Of course, # = y in J. By pointwise
convergence,

x(t)>¢6 forall teS. (3.5)

Furthermore, F(z) < +o0. Using the analogue of Lemma 3.1 adapted to
our V (see Remark 2), this entails that x(+00) € {0,1}. But (3.5) excludes the
case x(+00) = 0, and actually = € X (&). Now, thanks again to the weak lower
semicontinuity of F, x minimizes F on X (£). Of course, x takes values in [0,1]. O

Now, let & — 0T as i — 400, and apply the previous Lemma on the class
X (&) for any i € Z™", so as to get functions z; such that

Flai) < Fly) forany ye X(&).

As before we can suppose, up to a subsequence, that (x;); converges uniformly on
compact sets to some function x € X. Furthermore, the same arguments as in the
proof of the previous Lemma allow to suppose that

.fi?i<t0) — i?(to) . (36)

Then z solves (3.1), like z;, and the following properties hold: 0 < z(t) < 1,
x(t) > x(to) on S, z(0) = 0, x(+o0) € {0,1}.

Lemma 3.5. x(tp) > 0

Proof. Let us suppose, by contradiction, z(tg) = 0: since 2 > 0, we have i(ty) =0
as well, and from (3.1) we actually get x(t) = 0. In particular, x;(ty) < r for large
i's, where r > 0 is such that V> 0 in [0, r]. Furthermore t; — 400 as i — 400,
where t; is the first time at which z; reaches the value r. We put p; = z;(to),
1, = @;(to) and recall that each x; solves (3.1). Then, for any 7 > ¢o:

1i,;(T)z — 1:'vi(to)z = /T i (8)Z;(s) ds = /T a(s)V(ch(s))zz(s) ds

2 2 to to

[V (@6 dats).

to to

= [a(s)V(mi(s))}

Since 4;(7) — 0 and V(x;(7)) — V(1) =0 as 7 — +00, we get

1 +oo t;
577142 = a(to)V (zi(to)) +/ V(zi(s)) da(s) > / V(zi(s)) da(s),

to t
for any ¢ € [to, t;]. Now, let us denote by t — ¢(t;€,n) the solution of (3.1) which
fulfils the conditions xz(tg) = &, &(tg) = 7, so as to write x;(t) = &(¢; pi,n;). For
t > to, and as long as ¢(t;£,n) < r, it is easy to check that the function V(¢ (t; &, 7))
is increasing with respect to all its arguments, so that V(z;(s)) = V(¢o(s; pi,ni)) >
W (t,n;) for any s € [t,t;], where we put W (s,n) = V(¢4(s;0,1)). Then

% > T(a(ti) —a(t)), (3.7)
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and we can let i — +oo. Since, by virtue of (3.6), n; — @(to) = 0, we look for
the behaviour of W (t,n)/n? as n — 07, which depends on the partial derivatives
of W (hence of ¢) with respect to 1. To this end we apply well-known results on
differentiability with respect to initial data of the solution of a differential equation,
which hold because the differential of the map (z,y) — f(t,z,y) = (y,a(t)V'(x))
is bounded uniformly with respect to ¢. Since ¢(¢;0,0) = 0, the evolution of v(t) =
¢y, (£;0,0) is ruled by (3.3). Hence

ow 0*wW
S (6,0) =V'(0)y(t) =0, S (t,0) = V"(0)y(t)?
oy (B0 =V (O0(6) =0, F5(0) O (@®)",
so that Wi 1
. l,n 7 2
lim 2 _ - £)?2.
Now (3.7) entails 1 > V”(0)y(t)?(I — a(t)), in contrast with Lemma 3.2. Then
x(to) > 0, as claimed. O

We can now conclude the proof of Theorem 1.4.

Since x(t) > x(tg) > 0 for t > t¢, the previous arguments show that z(4o00) =
1, so that € X. Now, let y € X, i € Z*: we can modify y by putting y; = vy + u;,
where 4;(0) = &, u = 0 in [1,4o00[, & = =& in [0,1] , so that y; € X(§) and
g = |F(y;) — Fly)| — 0 as i — +oo. Then F(x;) < F(y;) < F(y) + &;, and the
lower limit as i — +o0 yields F(z) < F(y). Hence x minimizes F on X. Of course,
x takes values in [0, 1].
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On Generalized Differential Quotients and
Viability

Ewa Girejko and Zbigniew Bartosiewicz

Dedicated to Arrigo Cellina and James Yorke

Abstract. Differential inclusions with constraints of the form

y(t) € F(t,y(t), y(t) € K(t).
and the viability problem for such inclusions are studied. It is assumed that
t — K(t) is a set-valued map that has a GDQ-regular multiselection and
(t,y) — F(t,y) is a set-valued map measurable with respect to ¢ and upper
semi-continuous with respect to y. Some auxiliary results on Cellina continu-
ously approximable multifunctions and Generalized Differential Quotients are
given.

Mathematics Subject Classification (2000). Primary 34A60; Secondary 49J55.
Keywords. Viability, Generalized Differential Quotients.

1. Introduction

A multifuction (a set-valued map) F' from a set X to a set Y assigns to every
x € X a subset, maybe empty, of Y. We denote thisby F': X - Y or X >z 1—
F(z) C Y. The domain of F'is Do(F) = {& € X : F(z) # 0} and the graph
of F is the set Gr(F) = {(z,y) € X XY : y € F(z)}. In applications one often
wants to control the infinitesimal behavior of the multifunction around a point
(z,y) belonging to its graph. For this some generalization of ordinary derivative is
needed. We recall here two concepts: more classical contingent derivative (see [1-4])
and newer Generalized Differential Quotient (GDQ) introduced by H. Sussmann
(see [15,16]). Both can be also used for single-valued functions that do not have
ordinary derivatives. We show relations between these concepts for multifunctions
from R to R™. Such multifunctions appear as constraints in viability problems.

This work was supported by Bialystok Technical University grant S/WI/1/07.
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Let K : [0,1] - R™ and F' : Gr(K) — R™. Then F is called a time depen-
dent orientor field with the restriction multifunction K. Consider the initial value
problem for F*:

i(t) € F(t,z(t), =x(to) =0, (1.1)
where (tg, o) € Gr(K). We say that I is viable if for every (tg,zo) € Gr(K) (1.1)
has an absolutely continuous solution z : [tg, 1] — R™ such that z(¢) € K (t) for all
t € [to, 1] and the inclusion in (1.1) is satisfied almost everywhere on [to, 1].

Many different criteria of viability can be found in the literature. The reader
can consult, e.g., [1,3,5-7,10] for the results and properties used in the statements
(like upper semi-continuity or left upper semi-continuity). The authors impose
various conditions on K and F' and propose some tangency requirements, which
generalize the original condition given by Nagumo for time independent vector
fields.

In the tangency condition usually the contingent derivative of K is used.
In [10] and in this paper, we prefer to use GDQ of K. We feel that it is more
natural than the contingent derivative and GDQ-differentiability implies other
important properties of K that are used in the viability theorem — the main result
of this paper. It extends the result of [10] by relaxing some restrictions imposed
on F.

2. Motivation and basic definitions

In the viability problem one often assumes that the orientor field satisfies the
following growth condition:

1B 2)|| < e(t)(1 + [|l]) (2.1)

where ¢ is an Lj function. This is a natural generalization of a similar growth
condition assumed for differential equations to achieve existence of global solutions.
The following example shows that for differential inclusions and viability problems
this assumption is no longer needed.

Example 2.1. Consider a set-valued map K : [—1,0] — R such that

K(t) = {é'tSinJ} U {0} iig

Let & € F(t,z) and z(tg) = zg where F(t,z) = [-1 — 1,1+ 1] and F(0,0) = 0 is
defined on Gr(K). Observe that F' does not satisfy (2.1). But for every g € [—1,0)
and xg € K (to) there exists a global solution z : [tg,0] — R defined as follows
{tsini if ¢ € [to, 7o)

t) =
=1 itt € (70,0],

where sin + = 0.
7o
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We shall see later that it is enough to assume (2.1) on some subset of Gr(K)
containing (to,xo) to achieve viability.

Let us recall now some basic definitions.

Let X and Y be metric spaces and A, B C X. Then

A(A,B) =sup {dist(q,B) : g € A}
is called the semi-distance between sets A and B where dist(a, B) := infpe g d(a, b)

Definition 2.2. We say that a sequence of set-valued maps F,, : X —- Y, n € N,
graph-converges to a set-valued map F' : X — Y, and write F, o, F,if

lim A(Gr(F,),Gr(F)) =0.

n—oo

Definition 2.3. A set-valued map F : X — Y is called Cellina continuously ap-
proximable (abbr. CCA) if for every compact subset K of X

(1) Gr(F |k) is compact;
(2) there exists a sequence {f;}52, of single-valued continuous maps f;j : K —Y
that graph-converges to F |k .

Example 2.4. Consider F' : R — R such that

-1 ifx <0
F(z)=<[-1,1] ifz=0
1 ifx>0

The F' is CCA. The following figure shows how to approximate F' by continuous
functions.
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Definition 2.5. Let F': R™ — R" be a set-valued map, T € R™, 5 € R", 5 € F(T)
and let A be a nonempty compact subset of R"*™. Let S be a subset of R™. We say
that A is a generalized differential quotient (GDQ) of F' at (Z,7) in the direction S,
and write A € GDQ(F;Z,75; S) if for every positive real number § there exist U, G
such that

1. U is a compact neighborhood of 0 in R™ and U NS is compact;
2. G is a CCA set-valued map from T+ U NS to the 6-neighborhood A° of A in
Rnxm;

3. G(x) (2 —T) C F(x)—7 foreveryx —xz€UNS

A multifunction F' may have many GDQs at (7,7). However we have the
following:

Theorem 2.6 (Minimality Theorem [9]). If the set of GDQs of a set-valued map F
at a point (T,y) in the direction S is not empty, then there exists in this set at
least one minimal GDQ at this point in the direction S in the sense of inclusion
of sets.

Corollary 2.7. Every element A of GDQ(F;T,7;S) contains a minimal element
of GDQ(F;Z,5;S) in the sense of inclusion of sets.

Example 2.8. Let F': R — R be a set-valued map such that

F(z) = {[—rl, j2l) if @ f 0
{0} ifz=0

Then any singleton {a} for a € [—1,1] is a minimal GDQ of F' at the point
(0,0).

Let X be a normed space. Recall that the contingent cone (the “Bouligand
cone”) to a set C' C X at x is defined by

To () = {w €X: h%nfw _ 0}.

t

Definition 2.9. Let F : K —» Y, K C X, and F(x) be nonempty for allx € K. The
contingent derivative DF(xg,yo) of F at xo € K and yo € F(xo) is a set-valued
map from X toY whose graph is the contingent cone Ty (py(wo,%0) to the graph
of F at (xo,y0)-

In other words, vg € DF(x0,%0)(u0) <= (u0,v0) € Tar(r) (o, Yo)-

Theorem 2.10 ([10]). Let F': R — R™, Do(F) =R, and A € GDQ(F; zo,yo; R4).
If A is minimal, then A C DF(xq,y0)(1).

Corollary 2.11. Consider F : R — R. If F is GDQ-differentiable at the point (x,y)
in the direction of Ry (R_) then there exists the contingent derivative DF(x,y)(1)

(DF(z,y)(=1)).
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Definition 2.12. We say that F' : G — R", where G C T x R™, is a Scorza-
Dragoni set-valued map if for every e > 0 there exists a closed set T, C T such
that N(T\T.) < e and the multifunction (t,y) 1— F(t,y) is upper semi-continuous
(u.s.c.) on (T- x R")NG.

Let us define a set-valued map SGDQ(K;t,x; Ry ) as the closure of the union
of all minimal GDQs of K at (¢t,z) € Gr(K) in the direction R.

Definition 2.13. Let K : T — R"™, where T = [a,b] for a,b € R. We say that K is
GDQ-regular if
1. K is GDQ-differentiable in the direction Ry at every t € [a,b) and every
y € K(t)
2. K isleft u.s.con T
3. K has closed values
4. (t,z) 1= SGDQ(K;t,x;Ry) is a Scorza-Dragoni set-valued map.

The following theorem is often used in the proofs of viability theorems. It
allows to reduce the original problem with weak assumptions on F' to another one,
where a modified orientor field Fy is Scorza-Dragoni.

Theorem 2.14 (Jarnik-Kurzweil, [13]). Assume that G C RxY, F : G — R", where
Do(F) = G, and that for almost all t the map F(t,-) is upper semicontinuous with
compact convex values. Then there exists a Scorza-Dragoni multifunction Fy : G —
R™ with compact convex values satisfying Fo(t,y) C F(t,y) for (t,y) € G, and such
that if T C R is measurable , uw : T —Y and v : T — R" are measurable maps
such that v(t) € F(t,u(t)), for almost all t € T, then v(t) € Fy(t,u(t)) for almost
allteT.

2.1. Viability result
Let K : T — R"™, where Do(K) = [0,1] = T C R, be a constraint multifunction and

F : Gr(K) - R", where Do(F) = Gr(K), be an orientor field (i.e., multivalued
vector field). Consider the multivalued Cauchy problem as follows:
{ i(t) € F(t,z(t)), ae.onT
x(to) = g .
We impose the following assumptions:
H(K): for any to € [0,1) and x¢ € K(to) there exists Ky, 4, : [to, 1] = R" such
that K, 4,) is GDQ-regular and K, ,.)(t) € K(t) for every t € [to, 1].
H(F): (i) F:GrK — R™ has closed convex values;
(ii) for any measurable ¥(-) the multifunction ¢ i— F(¢,7(¢)) is measurable;
(iii) for any to € [0,1] and x¢ € K (to) there exists a € L'(to,1) such that
for any (t,2) € GrK(, 4y, IF(t,2)I] < a(t)(1+ [[2]]);
(iv) for any (to,x0) € GrK and for any t € [tg, 1] the multifunction x 1—
Flark g, ., (t2)is us.c.
H: for any (to, 7o) € GrK, for almost every ¢ € [to, 1] and for any x € K4, 4, (1),

F(t,z) N SGDQ(K(tO’mO);t7$;R+) £0.

(2.2)
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Now we can state the main result of this paper.

Theorem 2.15. Assume that H(K), H(F) and H hold. Then for any (to,y0) € GrK
the multivalued Cauchy problem (2.2) has a solution y : [to, 1] — R™, which is an
absolutely continuous function satisfying y(t) € K(t) for every t € [to, 1].

The idea of the proof of Theorem 2.15 is similar to that of [10] and [12], and
consists of reducing the problem to the ‘almost u.s.c case’ studied in [5].

Example 2.16. Observe that for K and F' from Example 2.1 the assumptions of
Theorem 2.15 are satisfied. In particular, for ¢y € [—1,0] and xo € K(to) one can
take
{|tsin L[} U {0} ift € [to, 0]
K(toﬂco)(t) = ! .
0 ift € (7’07 0]

where sin 710 = 0. Then F' [, ., is bounded by an integrable function.
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Nonlinear Prediction in Riverflow — the Paiva
River Case

Rui Gongalves, Alberto A. Pinto, and Francisco Calheiros

Dedicated to Arrigo Cellina and James Yorke

Abstract. We exploit ideas of nonlinear dynamics in a non-deterministic dy-
namical setting. Our object of study is the observed riverflow time series of
the Portuguese Paiva river whose water is used for public supply. The Takens
delay embedding of the daily riverflow time series revealed an intermittent dy-
namical behaviour due to precipitation occurrence. The laminar phase occurs
in the absence of rainfall. The nearest neighbour method of prediction revealed
good predictability in the laminar regime but we warn that this method is
misleading in the presence of rain. The correlation integral curve analysis, Sin-
gular Value Decomposition and the Nearest Neighbour Method indicate that
the laminar regime of flow is in a small neighbourhood of a one-dimensional
affine subspace in the phase space. The Nearest Neighbour method attested
also that in the laminar phase and for a data set of 53 years the information
of the current runoff is by far the most relevant information to predict future
runoff. However the information of the past two runoffs is important to correct
non-linear effects of the riverflow as the MSE and MRE criteria results show.
The results point out that the Nearest Neighbours method fails when used in
the irregular phase because it does not predict precipitation occurrence.

Mathematics Subject Classification (2000). Primary 93C57; Secondary 93C10.

Keywords. Dynamical systems, phase-space reconstruction, hydrology.

1. Introduction

The direct link between deterministic dynamical systems theory and the real world
is the analysis of real systems time series in terms of nonlinear dynamics. Great
advances have been made to exploit ideas of dynamical systems theory in cases
where the system is not necessarily deterministic but it displays a structure not
captured by classical stochastic methods. The application of dynamical systems
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methods found a firm ground on the reconstruction theorem of Takens [16] and
in the probabilistic justification due to Sauer, Yorke and Casdagli, [14]. The mo-
tivation for researchers such as, [2,10,11,15] to apply methods of deterministic
systems in riverflow time series lies in the natural tendency of river systems to
present recurrent behaviour.

We start by doing a Takens delay coordinates reconstruction, [14,16] of the
daily flow series. When considering the entire data set, the false nearest neighbours
show a low percentage of false neighbours for embedding dimensions above or
equal to 6 being the interval on one day the best delay time. The correlation
curve analysis and the non-linear prediction results revealed the existence of two
dynamically different regimes. These findings led us to conclude that the Paiva
river is an intermittent system. This intermittent dynamical behaviour is not of a
deterministic type because rainfall is a stochastic and not a deterministic forcing.
The laminar phase occurs in the absence of rainfall and the irregular phase occurs
under the action of rain. The nearest neighbour method of prediction revealed
good predictability in the laminar regime. However since 75% of data is laminar
the use of nonlinear methods can be misleading when both dynamical regimes
are considered. These features of data are already visible in the Histogram plot.
The Non-parametric Nearest Neighbour Method of prediction indicates that the
laminar regime of flow is in a small neighbourhood of a one-dimensional affine
subspace in the phase space. The prediction results for the laminar phase revealed
that it is essential to know the current runoff to predict future values. Also the small
improvement in prediction when the former two runoffs are used is a consequence of
nonlinear effects as shown by the MSE and MRE criteria. The Nearest Neighbour
method show better performance when compared with other methods applied in
former works [2]. The results of the Nearest Neighbours show also that it can still be
improved by tuning the neighbourhood radius or the local number of neighbours.

1.1. Data and preliminary analysis

The most relevant data for this work consist of the time series of mean daily
runoff of the Paiva river, measured at Fragas da Torre section, North of Portugal.
They are available for download in the Instituto Nacional da A gua webpage!. The
sample period runs from 1st of October of 1946 to 30th of September of 1999 for a
total of 19358 observations (see chronogram of Figure 1). The riverflow of Paiva is
the closest to a natural flow one might expect. The Paiva river has a small basin
of about 700Km? and it is not an runoff intermittent river in the sense that at
the referred location and in the 53 years of observation the surface stream never
disappeared. In Figure 1 is shown a partial chronogram of the time series.

The daily river flow descriptive statistics, Table 1 shows the strong asymmetry
of the data. The Paiva basin does not have regulators such as dams or glaciers and
is also a mountain river with a rocky bed reacting very fast to rainfall.

Thttp://www.inag.pt
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F1GURE 1. Chronogram of the daily mean riverflow of Paiva mea-
sured at Fragas da Torre 1946-99.

TABLE 1. Descriptive statistics for the daily mean riverflow series
of Paiva (1946-99) measured at Fragas da Torre.

Statistic Value

Mean 20.73 m3/s
Median 5.66m3 /s
Skewness 5.3
Kurtosis ~ 45.98
Maximum  920.0 m3/s
Minimum  0.06m3/s

The average and the standard deviation for each day of the year (Figure 3)2
explains the behaviour of the sample autocorrelation function (ACF). The sample
ACF (Figure 2) is characterized by seasonality but is it locally very irregular due
to the differences between the years.

2. Dimension estimation

We start by doing a reconstruction embedding [16], using the Paiva river 1946-99
daily mean data for several embedding dimensions. Our goal is to understand the
dynamics of riverflow. The dynamic characterization includes invariant estimation
and in this direction we do a Correlation-Integral (CI) Analysis for all the data and
then we consider only the runoffs of the laminar phase (less than 20m3/s) which
represents about 75% of the data corresponding mainly to the periods without
rain, Figure 6. We realized that the CI slopes are close to 1 for laminar runoffs.

2The observations of the days 29th of February were deleted from the time series.



234 R. Gongalves, A. A. Pinto, and F. Calheiros

0.8
0.6

0.4 A

ACF

0.2

-0.2 A

-0.4 -
1 183 365 547 729 911

Time (days)

FIGURE 2. Sample Autocorrelation Function of the daily mean
runoff series (1946-99) of the Paiva river at Fragas da Torre.
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FIGURE 3. Mean and standard deviation for each day of the year.

This fact is confirmed by SVD analysis showing that the dynamics of runoffs of
the laminar phase are close to a segment line.

2.1. Correlation-integral analysis

The sample CI, Cj(vm)(s) of a reconstructed system is defined by,

m 2 . . . .
Cxl)(g):m@{(z,]):1§z<]§N,||X1-7Xj||<s} (2.1)
where (X¢, Xi41,..., Xttm—1) Is a vector reconstructed with the values of the

time series, {Xt}iil, N is the number of data points of the series, © the Heaviside
function, € the neighbourhood radius and m the embedding dimension of the
reconstructed phase space. The sample CI as a statistic for the estimation of
the correlation dimension was proposed by [3]. The sample CI is the fraction of
reconstruction vectors at a distance smaller than £ in the reconstructed phase
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FIGURE 4. Histogram of the mean daily runoff series of Paiva river.

space. The sum, (2.1), is computed for a set of distances, €1, ..., &, evenly spaced
on a logarithmic scale. A scaling range is said to exists if for such a range of values
the sample correlation integral behaves like a power law or the same to say like
a line on a log — log scale. In practice there is a cut-off on the radius size due to
data size restrictions.

CiM(e) ~aePe, c ~ 0, N - oo (2.2)

For a constant «, d(IV,¢€) is the slope of the CI curve for a certain range and D¢
is then the estimate of the correlation dimension,

o (e) .
d(N,e) = e and D¢ = gli%l+ J\}Enoo d(N,e). (2.3)

The false nearest neighbours analysis, [8], using the parameter value suggested
by the same authors, indicates as adequate an embedding dimension above 5,
Figure 5.

On Figure 6 we present the correlation integral slopes. We can see three
different behaviours in the correlation-integral curve for different ranges of the
radius, £. The runoff values larger than 30m? /s no scaling range exists. For runoffs
in the interval [5 — 30m3/s| there is a scaling range which indicates dimension 1
for the attractor. This dimension is not fractal and indicates that the behaviour of
riverflow for that range is close to that of a curve. This indicates the existence in the
reconstructed phase-space of a one-dimensional manifold to which all the laminar
phase orbits are close. It may be said that the orbits near this one-dimensional
manifold constitute a e-neighbourhood.

2.2. Singular value decomposition analysis

This information given by this analysis is highly relevant for the understanding of
the correlation integral curve. We take as vector variable the reconstruction vec-
tors, (Xt, Xtq1y-.+y Xt4m—1), where X; is the daily mean runoff at day ¢. Using
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FIGURE 5. False nearest neighbours curves for the mean daily
runoff series of Paiva river and for several delay times.
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FIGURE 6. Slopes of the sample correlation integral curve of the
Paiva river data and for several embedding dimensions.

the SPAD statistical package to perform the SVD one computes the principal di-
rections of the data set and corresponding weights and also calculated the principal
factors for the covariance matrix for the laminar phase runoff series for different
embedding dimensions. The values are presented on Table 2.

The correlations between the principal components and the original variables
are presented on the Table 3. In the laminar phase there exists a principal com-
ponent explaining more than 90% of the variance. This is explained by a laminar
dynamic close to a segment line, Figure 6. According to the usual criteria to quan-
tify the number of significant eigenvalues, (see [13]) the reconstruction vectors
(individuals) of the last two data sets are almost one-dimensional.
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TABLE 2. Percentage (%) of the total variance explained by the
three largest eigenvalues of the Covariance Matrix for the laminar
phase.

Dimension % % %

96.34 2.69 0.96
95.01 3.23 1.13
93.82 3.70 1.33
92.75 4.13 1.50
91.75 4.52 1.66

N O Ot W

TABLE 3. Correlation between the 1st Principal Component and
the original variables at the laminar phase and for several embed-
ding dimensions.

Variable 3 4 5 6 7

X 0.98 097 0.96 0.95 0.94
Xiyo 0.99 098 0.98 0.97 0.96
Xita 0.98 098 0.98 098 0.97

Xy4a 0.97 0.98 0.98 0.97
Xets - - 0.96 0.97 0.97
Xite - . - 0.95 0.96
Xopr - . . - 0.94

2.3. Nonlinear prediction

Several authors used nonlinear prediction methods for river flow data locally in
the phase space, [6,7,10,12] and [4] among others.

In this work we use a different version of the nearest neighbours method
proposed by [9] to predict the next day runoff for the years 1997/98 using the
information of the historic series from 1946 to 1999. The prediction set is the
phase space average of the neighbour’s images. Other authors, [10] reported that
predictors based on the average give better results than other local linear functions.
Taking into account the findings of the former section we started by considering
small embeddings and a time delay of one day. On Table 4 we present a summary
of the usual fitting evaluation criteria for the one-step ahead prediction in the
laminar phase.

Instead of using all the neighbours within a fixed radius we have used the the
ten closest neighbours. For this data it gives better results due to statistical reasons.
In Figure 7 we can see that for a two-dimensional embedding in the laminar phase
the 10 closest neighbours are close to the central values of the sample conditional
distributions of X;;1 given X; = x. This is still true for dimension 3 but for higher
dimensions the prediction accuracy decreases.
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TABLE 4. Mean Relative Error (MRE) and MSE for the one-step
ahead prediction for the years 1995-99 and also for the laminar
regime. Several embedding dimensions were considered.

m MRE MSE

1 0.0486 2.915
2 0.0328 1.004
3 0.0301 0.888
4 0.0310 1.034
5 0.0341 1.155
6 0.0378 1.193
7 0.0427 1.375
8 0.0472 1.651
9 0.0523 1.605
10 0.0584 2.063

FIGURE 7. Phase space portrait for runoff values between 1 and
2 cubic meters/s.

The best Mean Square Error® (MSE) result was found for an embedding
dimension 3 and for time delay of one day, (see Table 4) as predicted by the
false nearest neighbours method. Here we should mention the paper on river flow
prediction, [4] where the authors also obtained results of the same magnitude for
the MSE for different embedding dimensions.

Predicting locally in the phase space with linear functions can be misleading
if the system has an intermittent behaviour. In laminar phase the flow converges
slowly to an equilibrium. This convergence is of stochastic nature but reveals strong

3The Mean Square Error of Prediction (MSE) is defined by MSE = % A (Xt — Xt> When

several models are proposed for the same data the ultimate choice of one may depend on goodness
of fit such as the MSE.
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determinism. If a rain event occurs then the flow increases and the system starts
a much more erratic behaviour outside the laminar phase.

3. Conclusions

A Dynamical analysis of the Paiva river data was performed using Takens method
of dynamical reconstruction, [16]. Later we used the Nearest Neighbours method
of prediction for one-step ahead prediction. The results indicate a gain on quality
prediction when one considers only the laminar phase. These differences are due
to the action of rain that seems to be unpredictable when we are dealing with
daily mean runoff data. The prediction results also reveal close MSE for different
embedding dimensions of the phase space and the dimension 3 has been proven
to be the best. We noted also that the principal component analysis of the recon-
struction vectors confirmed the correlation curve analysis. This means that the
information given by recent past runoffs is not sufficient to improve prediction
accuracy. For the Paiva systems the optimal embedding dimension for the laminar
phase is dictated by statistical rather than dynamical reasons.
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Shadowing in Higher Dimensions

Judy Kennedy and James A. Yorke

Abstract. This paper presents methods using algebraic topology for showing
that pseudo-trajectories are close to trajectories of a dynamical system. Our
emphasis is the case where the trajectories are unstable in two or more di-
mensions. We develop the algebraic topology for guaranteeing the existence
of such trajectories.

1. Introduction

When studying chaotic dynamical systems numerically, errors are introduced, so
the result is called a pseudo-trajectory rather than an actual trajectory of the
system being studied. Such errors will have an effect that grows exponentially
fast with time. In some cases, the pseudo-trajectory that is observed is close to
an actual trajectory of the system and sometimes it is far from all trajectories of
the system being studied. Numerical investigations of chaotic systems over long
times (like studies of climate) often aim at revealing statistical properties and the
choice of initial condition is unimportant. In such situations, finding that a pseudo-
trajectory is near some actual trajectory for a long time gives the investigator
confidence in the pseudo-trajectory. Beginning with [2,3, 5], a number of papers
have worked to show that the observed pseudo-trajectories are close to a true
trajectory over a long specified time interval. [5], for example, focused on solutions
of ordinary differential equations. Such “shadowing” properties often fail. Indeed,
Yuan and Yorke [7] showed that there is an open set of maps for which every point
is not shadowable. The above papers have aimed at establishing such shadowing
properties in cases where the dynamics are one-dimensionally unstable. Our goal
here is to establish methods for showing that pseudo-trajectories are close to a
trajectory in cases in which the dynamics are unstable in two directions. Our
methods follow those we introduced in [4].

In writing this paper, we assume the reader has studied some cohomology
theory, though not necessarily recently. We could have used homology theory but
we prefer Cech—Alexander-Spanier cohomology theory (as presented by Spanier [6]
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and Eilenberg and Steenrod [1]) because of its stronger properties and have chosen
to use it here.

We will say (A, B) is a pair if A and B are compact and B C A. If (C, D) is
a pair we write f : (4, B) — (C, D) to mean A is the domain of f and f(A) C C
and f(B) C D. All maps are continuous in the paper.

It is perhaps easiest to think about the cohomology of a pair (A, B) as the
cohomology of the pair that results if the set B is collapsed to a point. Hence, if
A =10,1] and B is {0, 1}, identifying 0 with 1 results topologically in a circle or
rather the pair (S, {b}) where b € S*.

If A,B are compact and B D A, the corresponding inclusion map (for A
and B) is denoted i : A — B, and is defined by i(a) = a for all a € A. Similarly,
a (pair) inclusion i : (A,B) — (A’, B’) is defined if A C A" and B C B’. We use
cohomology groups with coefficients in the integers Z. We also use the symbol j
to denote inclusion maps, as is customary, and in case several inclusion maps are
being considered, we use subscripts (e.g., i1 or j2) to avoid confusion.

An upper sequence of groups is a sequence (G*, ¢*) where for each i, G* is a
group and ¢’ : G — G*! is a homomorphism. An upper sequence is ezact if for
each integer i, ¢'(G?) is the kernel of G**! with respect to ¢**1. The sequence is of
order 2 if the composition of any two successive homomorphisms of the sequence
yields the trivial homomorphism.

If X is a space, define (4, B) x X := (A x X, B x X). Let I denote the unit
interval [0, 1]. Two maps f,g: (A, B) — (C, D) are said to be homotopic if there
isamap H : (4, B)xI — (C, D) such that f(x) = H(x,0) and g(z) = H(z,1) for
each z € A. For t € I, H; denotes the map defined by H;(x) = H(x,t) for x € A.
A pair (A, B) contained in a pair (C, D) is called a retract of (C, D) if there exists
amap r : (C,D) — (A, B) such that r(z) = z for each  in A. The map r is
called a retraction. The pair (A, B) is a deformation retract of (C, D) if there is a
retraction r : (C, D) — (A, B) and the composition o, where i : (A, B) — (C, D)
is the identity, is homotopic to the identity map (C, D) — (A, B). The pair (4, B)
is a strong deformation retract of (C, D) if the latter homotopy can be chosen to
leave each point of A fixed (i.e., H(x,t) = x for € A). The pairs (A, B) and
(C, D) are homotopically equivalent if there exist maps f : (A, B) — (C, D) and
g : (C,D) — (A, B) such that f o g is homotopic to the identity on (C, D) and
g o f is homotopic to the identity on (A, B).

For convenience, we list the axioms of cohomology and some other facts that
we use ([1] and [6]): Suppose (X, A), (Y,B), and (Z,C) are compact pairs. If
f:(X,A) — (Y, B) is continuous, then for each integer k, f induces a homo-
morphism f; : H*(Y,B) — H¥(X,A). As is customary, we depend on context
to tell which of the homomorphisms induced by f is intended, and write only
f*: H*(Y,B) — H¥(X, A). For the pair (X, A), and integer ¢, H4(X, A) is the
q-dimensional relative cohomology group of X mod A. Cohomology groups are
abelian groups; our coefficient group is the group of integers Z (thus this is also
suppressed in the notation).
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Axiom 1c. If f is the identity function on (X, A), then f* is the identity iso-
morphism.

Axiom 2c. If f : (X, A) — (Y,B)and g : (Y, B) — (Z,C), then (gof)* = f*og*.

Axiom 3c. The coboundary operator, denoted by J, is a homomorphism from
H*=1(A) to H*(X, A) with the property that § o (f | A)* = f* 0. (Again,
the notation is ambiguous, and we rely on context to determine which groups
and which homomorphism is intended.)

Axiom 4c. (Partial exactness) If i : A — X,j: X — (X, A) are inclusion maps,
then the upper sequence of groups and homomorphisms

Y)Y SR (X, A) D R X)) D R A) S

is of order 2. If (X, A) is triangulable, the sequence is exact. This upper
sequence is called the cohomology sequence of the pair (X, A).

Axiom 5c. If the maps f, g are homotopic maps from (X, A) into (Y, B), then
fr=g"

Axiom 6¢. (The excision aziom) If U is open in X, and U is contained in
the interior of A, then the inclusion map i : (X\U, A\U) — (X, A) induces
isomorphisms, i.e., H*(X, A) = H*(X\U, A\U) for all k.

Axiom 7c. If p is a point, then H*({p}) = {0} for k # 0.

Theorem [1]. Suppose f: (X,A) — (Y,B)and g: (Y,B) — (X, A). If f and g
are homotopy equivalent, then f and g induce isomorphisms f* : H*(Y, B) —
H¥(X,A) and g* : H*(X, A) — H*(Y, B) with (f*)~! = g*.

Theorem [1]. If (X', A’) is a deformation retract of (X, A), then the inclusion
map i : (X', A’) — (X, A) induces isomorphisms i* : H*(X, A) — H*(X'A").
Furthermore, if r : (X, A) — (X', A’) is the associated retract, then (i*)~! =

*

r*.
In addition to the usual cohomology axioms and theorems above, Cech—
Alexander—Spanier cohomology satisfies the following strong excision property and
weak continuity property:
Theorem [6]. (Strong excision property) Let (X, A) and (Y, B) be pairs, with X
and Y paracompact Hausdorff and A and B closed. Let f : (X, A) — (Y, B)
be a closed continuous map such that f induces a one-to-one map of X\ A
onto Y\ B. Then, for all k, f*: H*(Y, B) — H*(X, A) is an isomorphism.
Theorem [6]. (Weak continuity property) Let {(Xa, Aa)}a be a family of com-
pact Hausdorff pairs in some space, directed downward by inclusion, and let
(X, A) = (NaeaXa, NacaAs). The inclusion maps i, : (X, A) C (Xq, An)

induce an isomorphism

{it} :lim H*(X,, Ay) — H*(X, A).

Definition 1.1. If f : R™ — R™ is continuous, then {y;}}_; is a 6-pseudo-orbit
or noisy orbit if d(yi+1, f(yi)) < 6 for j < i < k. An exact orbit {xi}i-“:j for f
e-shadows the pseudo-orbit {yi}fzj if d(xi,y:) <eforj<i<k.
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2. The results

Suppose that f : R™ — R™ is continuous, k is a fixed integer such that 1 < k < m,
and (X;, B)N.,, (Z;,Y;)IX, are finite sequences of pairs of compact sets in R™
satisfying the following conditions:

(1). Fori=0,...,N, B; := X;NY;, Z; .= X;UY; and Z; and X; are rectangles
(products of intervals).

(2). Fori=0,...,N, B; is homeomorphic to S*~1 x R; (where R, is a rectangle)
and is the union of some or all of the faces of X;.

(3). Fori=0,...,N —1, f(B;) C Yiy1and f(X;) C Zi11.

We now assume a stronger version of (3):

(3%). Fori=0,...,N—1, f maps (X;, B;) into (Z;11, Yis1), and f*: H*(Z;, 1,
Yii1) — HF(X;, B;) is nontrivial.

Definition 2.1. We say E k-crosses the pair (Z,Y) if E is compact, E C Z, and
the inclusion map (E,ENY) — (Z,Y) induces a one-to-one homomorphism from
H*(Z,Y) into H*(E,ENY).

Lemma 2.2. Suppose E k-crosses (Z;,Y;) and suppose (1),(2), and (3%) hold for
f:R™ — R™, k a fixed integer such that 1 < k < m, and finite sequences
(Xi, B)N o, (Zi, Y))X. of pairs of compact sets in R™. Then there is a compact
set B C E such that f\E induces a one-to-one homomorphism from Hk(Zl'H, Yit1)
into H*(E, ENY;).

Proof. Let E= ENX;. Then E ny; = EﬂBi. The inclusion 7 : (E, (Eﬂ B))) —
(E,(ENY;)) induces an isomorphism i} : H*(E, (ENY;)) — Hk(E', (E N B;)), by
strong excision. Likewise, if i3 denotes the inclusion from (X;, B;) into (Z;,Y;), i3 is
an isomorphism. By assumption, the inclusion i4 : (E, (FNY;)) — (Z;,Y;), induces
a one-to-one homomorphism i} : H*(Z;,Y;) — H*(E,ENY;). Let i3 denote the
inclusion from (E, (EﬂBl)) into (X, B;). Since i4 04y = ig013, ij 0} = (i4001)" =
(i3 0 i3)* =i} o i3. Since 4} is an isomorphism, i} o i} o (i3) ™! = i3*. Since i} and
(i5)~! are isomorphisms, and 4} is a one-to-one homomorphism, i} is a one-to-one
homomorphism from H*(X;, B;) into H"(E7 (E' NY;)).

Note that f|E = fois. Since the groups H*(X;, B;) and H*(Z;1,Yi;1) are
isomorphic to the group of integers, and f* is not trivial, f* must be one-to-one.
Since i} is a one-to-one homomorphism, (f |E)* must be one-to-one. 0

Proposition 2.3. Suppose (1),(2), and (3%) hold for f : R™ — R™, k a fived
integer such that 1 < k < m, and finite sequences (X;, B))N., (Zi, Y1) of pairs of
compact sets in R™. Further, suppose E C Z;, and f|E : (E, ENY;) — (Z;i41,Yit1)
induces a one-to-one homomorphism from H*(Z;11,Y;y1) into H¥(E,ENY;).
Then the inclusion j : (f(E), f(ENY;) — (Zix1,Yit1) induces a one-to-one
homomorphism from H*(Z;11,Yiv1) into H*(f(E), f(ENY;)).
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Proof. Note that f|E can be regarded as a map from (E, ENY;) into (Z;11, Yit1)
and as a map from (E,E NY;) onto (f(E), f(ENY;)). (The ranges are differ-
ent.) To avoid ambiguity, denote the map f|E : (E,ENY;) — (f(E), f(ENY;))
as fo2, while continuing to denote f|E : (E,ENY;) — (Zi+1,Yit1) as f|E. Then
fi HNI(E), f(ENY) — HFE,ENY), and (fIE) : HH(Zis1,Yier) —
H¥(E,ENY;), with (f|[E)* a one-to-one homomorphism. Since f|E = j o fo,
where j : (f(E), f(ENY;)) — (Zit1,Yiq1) denotes the inclusion, j* must be a
one-to-one homomorphism. O

The following is a simple version of a proposition that appeared in [4].

Proposition 2.4 (The Covering Principle). Let Q be a metric space. Assume h :
Qo — Q is continuous, where Qo C Q is compact. Let

FEo,FhC P, By CPs,...,E, CP,

be n+1 nonempty compact subsets of Qo such that h(E;) D Piyq for each 0 <i < n.
Then there exists a point xg € Ey such that x, := h™(xg) € E,.

Proof. Suppose z,, € E,,. Since E,, C P, C h(E,_1), there is some z,_1 € E,_;
such that h(x,_1) = x,. Since F,,_1 C P,_1 C h(E,_2), there is some x,,_o €
E,_o such that h(z,_2) = x,_1. Then h?(z,_2) = x,. We can continue this
finite process until we reach Ey. Thus, there is some xo such that h(zg) = z1,
h2(x) = wa, ..., and h"™(xg) = . O

Theorem 2.5 (Shadowing Containment Theorem). Suppose (1),(2), and (3%) hold
for f:R™ — R™, k a fived integer such that 1 < k < m, and finite sequences
(Xi, BNy, (Zi, i), of pairs of compact sets in R™. Suppose (y;)Y, is a pseudo-
trajectory with y; € Z; over i, and let ¢ > 0 be the maximum diameter of Z; over i.
Then there is an e-shadow (x;)N.o of (yi)N,, i-e., |x;i —yi| <€, i=0,...,N.

Proof. Let Eg = XqgUYy = Zy. Then E k-crosses (Zp,Yy), and, by Lemma 1 and
Proposition 1, there is a compact subset F; = EyNXg of Ey such that the inclusion
g1 (f(E1), f(E1NYy)) — (Z1,Y1) induces a one-to-one homomorphism from
HY(Zy,Y1) into H*(f(Ey), f(E1NYy)). Thus, f(E4) k-crosses (Z1,Y1). Proceeding
inductively, if f(E;) k-crosses (Z;,Y;) with 1 < [ < N — 1, there is a compact
subset Ej11 = f(E;) N X, of f(E;) such that the inclusion j; : (f(Ei+1), f(Ei41 N
Y))) — (Zi41, Yi41) induces a one-to-one homomorphism from H*(Z;,1,Y;.;) into
Hk(f(EH_l), f(EH_l ﬂ}/l)), and f(EH-l) k-crosses (ZH-l,}/H-l)' Let EN+1 = f(EN)

Note that the hypotheses of the preceding proposition are satisfied for f and
the sequence

Ey, By C f(E1),...,Eny1 C f(EN).

Then there is a nonempty compact subset E’ of E1 C Zy such that if xo € E’,
flx0) :=x; € Ejx1 C X; C Z; for 0 <1 < N. Thus, (x;)YY, is an e-shadow of
yi)iLo- O
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Boundary Value Problems for Nonlinear
Perturbations of Singular ¢-Laplacians

Jean Mawhin

To Arrigo Cellina and Jim Yorke, for 130 years of excellence

Abstract. We give existence and multiplicity theorems for solutions of various
boundary value problems for (¢(u'))’ = f(¢,u,u’), when ¢ :] —a,a[— R is an
increasing homeomorphism.

Mathematics Subject Classification (2000). Primary 34B15; Secondary 47H10.

Keywords. ¢-Laplacian, boundary value problems, fixed points.

1. Introduction

Let ¢ : R — R (classical), or ¢ : R —] — a,a] (bounded), or ¢ :] — a,a][—
R (singular) be an increasing homeomorphism such that ¢(0) = 0. Canonical
examples are respectively

P(s) = |5|p728 (p-Laplacian) ,

s
§) = — curvature)
o) = = )
o(s) = S (special relativity) .
1—s2

If f:[0,7] x R? — R is continuous, we associate to ¢ and f the quasilinear
ordinary differential equation

(p(u)) = F(t,u,u). (1.1)

By solution of (1.1) we mean a function u of class C! whose range belongs to the
domain of ¢ and such that ¢ ou’ is of class C'.
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Like in the classical second order case, we can associate to (1.1) various
boundary conditions, for example

u(0) =0, w(T) =0 (Dirichlet),
uw'(0) =0, u(T)=0 (Neumann),
u(0) = u(T), u'(0) =/ (T)  (periodic).

At first sight one could think that the increasing order of difficulty in treating
a given boundary value problem with respect to the class of ¢ is classical, bounded,
singular. But this is not the case and papers [3-5] show that, indeed, the increasing
order of difficulty is singular, classical, bounded. In this paper, we concentrate on
the singular case, and describe the results of [2] and [5]. The classical and bounded
cases are treated in [2-4]. All results presented here are joint work with C. Bereanu.

2. Dirichlet problem

The first step is to reduce the problem to a fixed point problem in a suitable
function space. Let C' = C([0,T]), C* = C*([0,T)), with the respective norms

— — !
lulloo = maxful, lull = fulloe + [v/lloe
and let
Cy={ueC :u0)=0=u)}.

The construction of the fixed point operator requires the following result, valid for
¢:]—a,a]— R, with 0 < a < +00.

Lemma 2.1. For each h € C, there is a unique o := Qg(h) such that

T
/ ¢ (h(t) —a)dt =0.
0
Furthermore Qg : C — R is continuous.
For ¢ = I, Q(h) is the mean value of h and hence Q4 (h) is called the ¢-mean
value of h. Let H : C'— C* be defined by

Hu(t) :/0 u(s)ds (t€0,T]),

and let F : C' — C be a continuous mapping which takes bounded sets into
bounded sets. For example, this is the case for the Nemytski operator
Ny Cl = C, qu(,u(),u'())

associated to a continuous function f : [0,7] x R? — R. The following lemma is
easily proved. See [10] for early references and proof.
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Lemma 2.2. u is a solution of

() = F(u), u(0)=0=u(T) (2.1)
if and only if u € C} is a fized point of My, with
Mo(u):==Ho¢ ' o(I—Qy)o HF (u). (2.2)

Furthermore, My is completely continuous on C} and ||[(Mo(u))'||ec < a for all
ueCy.

We then obtain a universal existence theorem for Dirichlet problem when ¢
is singular.

Theorem 2.3. If ¢ is singular, problem (2.1) has at least one solution for any F.

Proof. For each u € C}, we have
|(Mo ()| <,

and hence My maps C¢ into the closed ball Be(r41) of C¢. The conclusion follows
from Schauder’s fixed point theorem. O

Remark 2.4. For the Dirichlet problem associated to a singular ¢ :

1. Existence of a solution is guaranteed for any right-hand member F, without
any growth condition with respect to u, like in the classical or bounded case.

2. For any reasonable spectral theory for ¢ singular with Dirichlet boundary
conditions (if any !), the spectrum is empty.

3. Neumann problem: sign condition
The problem
(p(u)) =1, u'(0)=0=u/(T)
has no solution, and hence there is no universal existence theorem for Neumann

boundary conditions.
To deal with the Neumann problem, let

Ch={ueC" W (0)=0=1u(T)},

and define the linear projectors P, @ : C' — C' respectively by

T
Pu:=u(0), Qu:= %/0 u(s).

If again F : C' — O is continuous and takes bounded sets into bounded sets, it is
easy to prove the following lemma (see [10] for references and proof).
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Lemma 3.1. u is a solution of
(6(u)" = F(u), /(0)=0=u'(T) (3.1)
if and only if u € C# is a fized point of My, with
My(u) == Pu+ QF(u)+ Ho¢ o H(I — Q)F(u).
Fugtgelrmore, My is completely continuous on Cl and ||(My(u))||e < a for all
u€ Cy.

For u € C, let

wr c=minw, Up = maxiu.
[0,7] (0,7

We denote by drs the Leray-Schauder degree et by dp the Brouwer degree (see,
e.g., [6]). We have the following existence theorem.

Theorem 3.2. If there exists R > 0 and € € {—1,1} such that
€ (sign u)QF (u) > 0 (3.2)
whenever wup > R oruy < —R, and ||| < a, then:

1. Problem (3.1) has at least one solution.
2. Each fized point u of My satisfies ||ul| < R+ a(T + 1).
3. dLs[I - M#vBR+a(T+1)aO] = —€.

Proof. (Sketched). We introduce the homotopy
M\ u) = Pu+QF(u)+ Ho¢d "o AH(I — Q)F(u) (A€[0,1]).  (3.3)
Each possible fixed point of M (), -) satisfies the a priori bound
]l < (3.4)

and the identity QF'(u) = 0. Consequently, we have uy; > —R and uy, < R, which,
together with (3.4), implies the second conclusion. Using degree invariance under
a homotopy and some reduction formula, we get

dps[I — M(1,+), Bry(at1yr. 0] = drs[I = M(0,"), Bria(ri1), 0]
=dp[— QF|z,] —R—a(T +1),R+a(T +1)[,0]
= —67

which is the third conclusion, and the first one follows from existence property of
degree. O

Example 3.3. If b #£ 0 and h € C, problem

<“’)/ — barctanu + h(t), w/(0) = 0 = u/(T)

V1—wu?
has at least one solution if and only if
|b|m bl
- h<—.
2 < @h < 2
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Remark 3.4. A standard approximation argument shows that the existence con-
clusion in Theorem 3.2 survives if the sign condition is weakened to

€ (sign u)QF (u) > 0 (3.5)
whenever uy, > R or upy < —R, and [|v/ || < a.
Corollary 3.5. If f: [0,T] x R? — R is continuous and such that

lirﬂrzl ef(t,u,v) = oo

for some € € {—1,1}, uniformly in (t,v) € [0,T]x | — a,a[, problem
(e()" = ft,u), w'(0)=0=u/(T)
has at least one solution, and dps[I — My, B,,0] = —e for large p > 0.
This is in particular the case for f(t,u,v) = pu+ h(t) with 4 # 0 and h € C.

Remark 3.6. For Neumann problem (3.1):

1. Existence holds under the sign condition (3.5) only upon F', which reduces
to the necessary and sufficient condition Qh = 0 when F'(u)(t) = h(t).

2. There is no need of any growth condition with respect to u like in the classical
or the bounded case.

3. For any reasonable spectral theory for singular ¢ with Neumann boundary
conditions (if any), the spectrum is {0}.

Example 3.7. If b £ 0 and p > 0, problem

(m> = blulP"tu+h(t), u'(0)=0=u(T)

has at least one solution for each h € C.

Remark 3.8. Similar results hold for the case of periodic boundary conditions.
See [5] for details.

4. Neumann problem: lower and upper solutions

We extend the classical method of lower and upper solutions to the Neumann
problem with singular ¢.

(6(u) = f(touu'), w'(0)=0=u/(T), (4.1)
where f :[0,7] x R? — R is continuous.

Definition 4.1. o € C! with poa’ € C' is a lower solution for (4.1) if ||| < a,

(gb(o/(t)))/ > f(t o), o' (1) (te0,T]), (4.2)

and '(0) > 0> o/(T). B € C* with o 3 € C' is an upper solution for (4.1) if
[8'loc < a,

(6(8®)) < £(1.50).8®) (t<l0.7]), (43)
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and §(0) <0 < #(T).
The fundamental existence theorem goes as follows.

Theorem 4.2. If ¢ is singular and (4.1) has a lower solution « and an upper
solution 3 such that

a(t) <pt) (telo,1]),
then (4.1) has at least one solution verifying
alt) <ut) < pB@E) (te€0,T]). (4.4)
Proof. (Sketched). Tt follows the classical scheme introduced in [11] for ¢ = I.

Define
pt) i u>p(t)
y(tu) =< u it a(t) <u<p(t)
alt) if u<alt),
and consider the modified problem

(o) = f(t,7(t,u),0') +u—(t,u), «'(0)=0=u(T). (4.5)
The Equation (4.5) has a solution from Corollary 3.5. Using a maximum principe

argument one then shows that each possible solution of (4.5) satisfies «(t) < u(t) <
B(t) for all ¢t € [0,T], and hence is a solution of (4.1).

Remark 4.3. For a singular ¢, there is no need of any Nagumo condition, like in
the cases of u” = f(t,u,u’) or of (|u/|P~2u) = f(t,u,u’).

Lower and upper solutions are called strict if the strict inequality holds
in (4.2) and (4.3).

Theorem 4.4. If the lower and upper solutions o and (8 are strict in Theorem 4.2,
then each solution u of (4.1) verifying (4.4) is such that

alt) <u(t) < Bt) (te[0,T])
and drg[I — My, Q4 3,0] = —1, where Q3 is the open bounded set

{u € Cl:a(t) < u(t) < A1) (t€[0,T]), [[v/]|e < a} .

Proof. (Sketched). The strict inequality for the solution u of the modified problem
follows from the definition of strict lower and upper solutions and a maximum
principle argument. The computation of the degree is based upon the excision
property. O

Remark 4.5. Theorem 4.2 also holds if f : [0,7]x]0, +oo[ xR — R is continuous
and «(t) > 0 for all ¢t € [0, 7).

The existence of a solution survives when unordered lower and upper solutions
exist. The argument of the proof is inspired from the one introduced by Amann—
Ambrosetti-Mancini [1] for the semilinear elliptic problem Au + g(z,u) = 0 with
zero Dirichlet conditions and g bounded.
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Theorem 4.6. If ¢ is singular and (4.1) has a lower solution « and an upper
solution 3, then it has at least one solution.

Proof. (Sketched). Decompose any u € C;# in the form u = ug + vy (ug = u(0),
u1(0) = 0), and let C, = {u € C = u(0) = 0}. The set S of the solutions
(uo,u1) € R x CJ, of problem

(¢(uh))" = f(t,uo +ur, uy) = QNyp(uo + 1), u;(0) = 0 = ui(T) (4.6)

contains a continuum C whose projection on R is R and projection on Cj# is
contained in the ball B, (7 1). This follows from the fact that, for each fixed ug € R,

problem (4.6) is equivalent to the fixed point problem in 6’#
up =Ho¢ ' o H(I —Q)Ny(ug+u1),

and from continuation arguments of Leray—Schauder’s type (see [5] for details). If
there is some (ug,u1) € C such that QNg(uo+u1) = 0, then ug+wu; solves (4.1). If
QN (up+uq) > 0for all (ug,u1) € C, then for (ap+aT,u1) € C, aps+aT +uq(t) >
a(t) for all ¢ € [0,T] is an upper solution for (4.1), and the existence of a solution
to (4.1) follows from Theorem 4.2. Similarly in the opposite case. O

Remark 4.7. Similar results hold for the periodic boundary conditions. See [5] for
details.

5. Neumann problem: Ambrosetti-Prodi type result

One can use the results on lower and upper solutions to prove an Ambrosetti—Prodi
type result for the Neumann problem

(¢(u/))’ = f(t7u7ul) - S, ’U,/(O) =0= u/(T) ) (51)

with singular ¢, f :[0,7] x R? — R continuous, coercive or anticoercive in u, and
seR.

Theorem 5.1. If ¢ is singular and
lm f(t,u,v) =400 (resp. — o) (5.2)

|u|—o0
uniformly in (t,v) € [0,T]x ] — a,a[, there exists s1 such that problem (5.1) has
no solution (resp. at least two solutions) if s < s1, at least one solution if s = s1
and at least two solutions (resp. no solution) if s > si.

Proof. (Sketched). Follows the scheme used in [7] when ¢ = I and in [12] when
#(s) = |s|P~2s, based upon a combination of lower and upper solutions techniques,
a priori estimates and Leray—Schauder degree. See [5] for details. O
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Example 5.2. Write h € C as h(t) = I + h(t) where h = Qh, and C = {h € C :
h = 0}. For each b > 0 (resp. b < 0), p > 0, and h € C, there exists s; € R such
that problem

has no solution (resp. at least two solutions) if h < s;, at least one solution if
h = s1, and at least two solutions (resp. no solution) if h > s;.

Remark 5.3. Similar results hold for the periodic boundary conditions. See [5] for
details.

6. Singular forces

We now discuss Neumann problems for equations with singular restoring forces and
¢ singular, which were considered, in the periodic case, by Lazer—Solimini [9] when
¢ = I and by Jebelean-Mawhin [8] and Rachunkova-Tvrdy [13] for classical ¢.
We first consider the case of attractive forces.

Theorem 6.1. Ifh € C, g: [0,T]x]0,4o00[ x R —10,400[ is continuous and

li = li =
uir&g(t,u,v) +00, uirilwg(t,u,v) 0,

uniformly in (t,v) € [0,T]x] — a, a[, problem

(6(u) +g(t,u,u') = h(t), o'(0)=0=1/(T) (6.1)
has at least one positive solution if and only if Qh > 0.
Proof. (Sketched). Necessity. If u solves (6.1), then Qh = QNg(u) > 0.
Sufficiency. For € > 0 such that g(t,€,0) — h(t) > 0 for all t € [0,T], a« = €'is a
strict lower solution for (6.1). Take now w such that
(¢(w") = h(t) = Qh, w'(0) =0=uw(T).

For 6 > 0 such that G(¢) := 6 + w(t) > «(t) and g(¢,6(t),5'(t)) < Qh for all
t € [0,T], B is a strict upper solution of (6.1). The result follows from Theorem 4.2
and Remark 4.5. (|

Example 6.2. If b > 0, p < 0 and h € C, problem
u’ !
<> +bu? =n(t), «(0)=0=d"(T)
1—u?
has at least one positive solution if and only if Qh > 0.
Consider now the case of repulsive forces, discussed, for periodic boundary

conditions, by Lazer—Solimini [9] when ¢ = I, and by Jebelean—-Mawhin [8] and
Rachunkova—Tvrdy [13] for classical ¢.
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Theorem 6.3. If h € C, g :]0,4+00[—]0, +00[ is continuous and
1
1. = 1. = d =
Jmog(u) =+oo,  lim g(u) =0, /O g(s)ds = +oo0,
problem
(6(u))' = glu) = hlt), o/(0) =0 =u/(T) (6:2)
has at least one positive solution if and only if Qh < 0.

Proof. (Sketched). A basic ingredient in the proof is to show that there exists
R > ¢ > 0 such that for all A €]0, 1], any positive solution u of

(¢(u)" = Aglu) = Mn(t), '(0) =0 =1/(T) (6.3)
satisfies R > wu(t) > € for all t € [0,7]. The upper bound R follows from the
relations

T
/0 g(u(s)) ds = =TQh, |[(6())'||, < TIQRI + [kl < 2]l ,

which gives, for some ¢y € [0,7] and Ry > 0,
u(to) < Ro, [l¢(u)]lee < 2T[|A]1,

where | - ||; denotes the L'-norm. For the lower bound e, the energy identity
associated to (6.2) is used, explaining the more restricted class of restoring forces.
The proof ends by showing that |drs[I — My, Q,0]| =1, with

Q:{uEC’#:e<u(t)<R(t€[O,T]), ||u’Hoo<a}. O

Example 6.4. If b < 0, p < —1 and h € C, problem

<\/1liT> FbuP = h(t), u'(0)=0=u(T)

has at least one positive solution if and only if Qh < 0.

Remark 6.5. Similar results hold for the periodic case. See [5] for details.
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Abstract. This paper studies the fourth order nonlinear fully equation
u® (@) + f (2, u(@), o' (@), v (@), 0" (@) = s p(x)

for ¢ € [a,b], f : [a,b] x R* — R,p : [a,b] — RT continuous functions and
s € R, with the boundary conditions
u(a) = A, wu'(a) =B,
ki v (a) — ko u'"'(a) =C, ks u'(b)+ ks (b) =D

for A,B,C, D, k1, ks €R, ko, ks > 0 such that k + ko > 0 and k% + k4 > 0.

This problem models several phenomena, such as, a cantilevered beam
with a linear relation between the curvature and the shear force at both
endpoints. For some values of the real constants, it will be presented an

Ambrosetti-Prodi type discussion on s. The arguments used apply lower and
upper solutions technique, a priori estimations and topological degree theory.

Mathematics Subject Classification (2000). Primary 34B15; Secondary 34B18;
34L30; 47H10; 47H11.

Keywords. Nagumo-type conditions, lower and upper solutions, Leray—
Schauder degree, Ambrosetti—Prodi problems, beam equation.

1. Introduction

In this paper it is studied the fourth order nonlinear fully equations
ul™ (@) + f (2, u(@), o (2),u" (2),u" (x)) = sp(x), (Es)

for f : [a,b] x R* — R and p : [a,b] — R* continuous functions and s a real
parameter, with several types of two-point boundary conditions.

This work was partially supported by CRUP, Accao E-99/06.
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If
u(a) = A, u'(a) =B,

1.1
ki u'(a) — ke u"'(a) =C, ks u"(b)+ ks v (b) =D (L.1)

for A, B,C, D, ky,ks € R, ko, ks > 0 such that k% + ks > 0 and k3 + kg > 0 it will
be proved the existence of solutions to problem (E4)—(1.1) for the values of s such
that there are lower and upper solutions.

In Section 3 it is considered, for clearness, a particular case of the above
boundary conditions in [0, 1]:

u(0) u'(0) =0

= O’
1.2
]4}1 UN(O) - k‘Q u"’(O) = O, k‘g U”(l) + k4 Um(l) =0 ( )

with k1, ko, k3, kg > 0 such that k; + ko > 0 and k3 + k4 > 0 and the existence of
solution for the problem (E;)—(1.2) will depend on s.

Taking, in (1.2), ko = k4 = 0 and kq, k3 > 0, the two-point boundary condi-
tions are

u(0) = v’ (0) = v (0) =" (1) =0 (1.3)

and it is obtained in Section 4 an Ambrosetti—Prodi type result, that is, there are
50, 81 € Rsuch that (E4)—(1.3) has no solution if s < sg, it has at least one solution
if s = 59 and (E;)—(1.3) has at least two solutions for s €]sg, s1].

As far as we know these Ambrosetti—Prodi results were never applied to
fourth order nonlinear fully equations. The arguments used were suggested by
several papers namely [2], applied to second order periodic problems, [10], to third
order three points boundary value problems, [1] for two-point boundary value
problems, and make use of Nagumo-type growth condition, [9], upper and lower
solutions technique for higher order boundary value problems, [3,4,7], and degree
theory, [6].

We point out that the localization of solutions provided by lower and upper
solutions method, combined with Ambrosetti-Prodi type results or by itself, can
be useful to prove the existence of positive solutions (if the lower function is non-
negative) or multiple solutions (if there are solutions in two disjoint branches).
In fact, this property is a sharp tool in some applications where bounds on the
solution or its derivatives are important, as it is illustrated in last section.

2. Existence and non-existence results

In the following, C*([a,b]) denotes the space of real valued functions with con-
tinuous i-derivative in [a,b], for ¢ = 1,..., k, equipped with the usual norms. The
nonlinearity of (Eg) must verify some growth conditions, given by next definition,
providing also an a priori estimate for u”’, if some bounds on u, u’ and u” are
verified.
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Definition 2.1. A continuous function g : [a,b] x R* — R is said to satisfy Nagumo-
type conditions in

E = {(x,y0,51,92,y3) € [a,b] x R* : y;(z) < y; <Ty(w), i =0,1,2},

with v;(x) and T;(x) continuous functions such that v;(x) < T';(x), for each i and
every x € [a,b], if there exists a continuous function hg : RY — [k, +oc], for some
fixed k > 0, such that

l9(z, Y0, Y1, y2, y3)| < he(lysl),  Y(z,90,y1,92,93) € E, (2.1)
with
/ - (2.2)
= +00. .
o he(§

Lemma 2.2. Let f : [a,b] x R* — R be a continuous function that satisfies Nagumo-
type conditions (2.1) and (2.2) in
E = {(2,90, 51,2, 43) € [a,0] x R* : y;(2) <3 <Ty(x), i =0,1,2},
where v;(x) and T;(x) are continuous functions. Then there is r > 0 such that
every solution u(z) of (E,) verifying v;(z) < u®(x) < Ty(x), fori = 0,1,2 and
every x € [a,b], satisfies [|[u"|| < .
The proof is contained in [4].

To apply upper and lower solutions method it will be considered the following
type of functions:

Definition 2.3. Consider A, B,C, D, ki, ko, k3, ks € R such that ko, ky > 0, k? +
ko >0 and k3 + ky > 0.
A function a(z) € C*(Ja,b[) N C3([a, b)) is a lower solution of (Es)—(1.1) if
oW (z) + f(z, a(z),d'(2), o (z), " (x)) = 5 p(x), (2.3)
for x €la,b], and
ala) <A, d(a) <B,
k1 o(a) — ke @ (a) <C, ks a"(b)+ ks o' (b) < D.
A function B(x) € C*(Ja,b]) N C3([a,b]) is an upper solution if the inequalities are

reversed.

For s such that there are upper and lower solutions of (E4)—(1.1) with the
second derivatives “well ordered”, it is obtained not only an existence result but
also some information concerning the location of the solution of (E4)—(1.1) and its
derivatives.

Theorem 2.4. Let f : [a,b] x R* — R be a continuous function. Suppose that there
are lower and upper solutions of (Es)—(1.1), a(z) and B(x), respectively, such that,
o' (x) < B"(x), for x € [a,b], and [ satisfies Nagumo-type conditions in

E* - {(x7y07y17y2ay3) € [avb} X R4 : Oé(Z)(l‘) S Yi S ﬁ(l)(x)77’ = 07172} .
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If f verifies
f(xva(x)va/(x)vy%yfi) S f(‘rvy()7y1ay2vy3) S f(tvﬁ(‘r)vﬁ/(x)ay%yS) 9 (24)

for fiwed (z,y2,ys3) € [a,b] x R?* and a(z) < yo < B(x), o/(z) < y1 < F'() then
(Es)—(1.1) has at least a solution u(x) € C*([a,b]) satisfying

a(z)<u(z)<Bx), o(@@)<u’(@)<p(z), o (z)<u’(2)<p"(z), Vrelel].

The proof is a particular case of the main result of [4].

A first discussion on s about the existence and nonexistence of a solution will
be done, for clearness, in [0,1] with A = B =C = D = 0 and ki, ko, ks, kg > 0
with k1 + k2 > 0, ks + k4 > 0, that is, for problem (E;z)—(1.2). Lower and upper
solutions definition for this problem are obtained considering these restrictions:

Definition 2.5. For ki, ko, k3, k4 nonnegative real numbers such that ki + ko > 0
and k3 + ky > 0, a function a(z) € C*(]0,1[) N C3([0,1]) is a lower solution of
(Es)—(1.2) if it verifies (2.3) in |0,1] and
a(0) <0, (0)<0,
k1 O//(O) — ko O/N(O) <0, k3 Oé”(l) + ky O/N(l) <0.

A function B(x) is an upper solution if it satisfies the reversed inequalities.

Theorem 2.6. Let f : [0,1] x R* — R be a continuous function satisfying Nagumo-
type condition and such that:

(Hy) f is nondecreasing on the second and third variables;

(Hz) f is nonincreasing on the fourth variable;
(H3) there are sy € R and r > 0 such that

f(x,0,0,0,0) c < f(z, 90,11, —7,0)
p(x) p(z)
for every x € [0,1] and every yo < —r and y; < —r. Then there is so < s1 (with
the possibility that sg = —00) such that: for s < sg, (Es)—(1.2) has no solution; for
so < s < s1, (Es)(1.2) has at least one solution.

; (2.5)

Proof. Defining s* = max{f(z,0,0,0,0)/p(z),z € [0,1]}, by (2.5), there exists
x* € [a,b] such that

f(:'L.?O?O?O’O)SS*:f(x 707S7O’O)<sl’ vw€[071]’
p(x) p(a)
and, by the first inequality, 5(z) = 0 is an upper solution of (Eg«)—(1.2).
The function a(z) = —r 22/2 is a lower solution of (E,-)—(1.2) and, by

Theorem 2.4, there is s* < s; and a solution of (Es«)—(1.2) with s* < s1. Suppose
that (E,)—(1.2) has a solution u,(x). For s such that o < s < s1,

ulh () < s p(x) = f(@,u0(x), uy (), uf (), uy (v))

and so u,(z) is an upper solution of (E;)—(1.2) for every s such that o < s < 5.



Multiple Solutions for Beam Equations 261

For r > 0 given by (2.5) take R > r large enough such that

ul(0) > —R, u(1) > —R and m[g)nl]u "(z) > —-R (2.6)
the function a(x) = —Rx?/2 is a lower solution of (Es)—(1.2) for s < s;. If there

is « € [0,1] such that v/ (x) < —R, define

min v/ (z) == u(z0) (< —R),

z€[0,1]
then, by (2.6), zo € 10,1[, uZ(xg) = 0, us’(wo) > 0. By (H), (Ha), (2.6)
and (2.5), the following contradiction is obtained

0 S ’U,((7.4)(.’E0) S (o} p(xO) - f(x07u0'(x0)au:j-(x0)a _R7 O)
S S1 p(l‘o) - f(x()y _Ra _R7 _Ra O) <0.

So —R < u/ (z), for every x € [0,1], and, by Theorem 2.4, problem (E;)—(1.2)
has at least a solution wu(z) for every s such that 0 < s < s1. Let S = {s € R :
(E5)—(1.2) has at least a solution}. As s* € S then S # ). Defining sy = inf S,
therefore, sp < s* < s1 and (E;)—(1.2) has at least a solution for s €]sg, s1] and it
has no solution for s < so, Observe that if s) = —oo then (E,)—(1.2) has a solution
for every s < s7. O

3. Multiplicity results

In the particular case of boundary conditions (1.1) where ko = ky = A = B =
C =D =0 and kq, ks > 0 it will be proved the existence of a second solution for
problem (E;)—(1.3) as a consequence of a non null degree for the same operator in
two disjoint sets.

The arguments are based on strict lower and upper solutions an some new
assumptions on the nonlinearity.

Definition 3.1. Consider o, 3 : [0,1] — R such that a, 3 € C3(]0,1]) N C?([0, 1]).
A function o(x) is a strict lower solution of (Es)-(1.3 ) if

aW(z) + f(z,a(z),d (z),a" (z),a” (z)) > s plx), forz €]0,1],

a(0) <0, a’(0)<0, a”(0)<0, o”(1)<0. (3:-1)

A function 3(x) is a strict upper solution of (Es)—(1.3) if the reversed inequalities
hold.

Define the set X = {y € C%([0,1]) : y(0) = ¢'(0) = ¥"(0) = y"(1) = 0}
and the operators L : dom L — C([a,b]), with dom L = C*([0,1]) N X, given by
Lu =4 and, for s € R, N, : C3([0,1]) N X — C([0,1]) given by

Nyu = f(z,u(z), v (z),u" (z),u" (z)) — s p(z).
For an open and bounded set 2 C X, the operator L + Ny is L-compact

in Q, [6]. Remark that in dom L the equation Lu + Ngu = 0 is equivalent to
problem (E;)—(1.3).
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Next result will be an important tool to evaluate the Leray-Schauder topo-
logical degree.

Lemma 3.2. Consider a continuous function f : [a,b] x R® — R wverifying a

Nagumo-type condition and (Hy). If there are strict lower and upper solutions
of (Es)—(1.3), a(x) and B(x), respectively, such that

a’(z) < p’(x), Vxel0,1], (3.2)
then there is ps > 0 such that d(L + Ns,Q) = £1 for

Q:{ye@meNNM<y@@0<wW@J:0Jﬁmww<p§.

Remark 3.3. The set {2 can be taken the same, independent of s, as long as o and 3
are strict lower and upper solutions for (E;)—(1.3) and s belongs to a bounded set.

Proof. For ¢ =0, 1,2 define the truncations

0;(z,y;) = max {a(i)(x),min {yi,ﬁ(i)(x)}} . Y(z,y;) €10,1] xR

consider the modified problem

U(4) (.’,E) + F(I, U(I), u/(x)a u/l(x)7 UW(I)) =S p(x) (3 3)

u(0) =/ (0) =" (0) =u"(1) =0 '
with F: [0,1] x R* — R a continuous function given by

F(xa Yo, Y1, Y2, y3) = f(xa 60(xa yO)v (51(%, yl)v 52(.%, y2)7 y3) — Y2+ 52(%, y2)

and define the operator F, : C3([0,1]) N X — C([0,1]) by

Fou = F(z,u(z),u (z),u" (z), v (z)) — s p(z).
With these definitions problem (3.3) is equivalent to the equation Lu + Fsu = 0
in dom L. For A € [0,1] and u € dom L consider the homotopy

Hyu:=Lu— (1—-X)u" + X Fsu
and take py > 0 large enough such that, for every « € [0, 1],
—p2 <a’(z) <B" < pa,
S p(x) - f(xv a(m), a/(x)va”(x)v O) — P2 — Oz”(l’) <0
and
s p(x) — f(z,B(x), 5 (), B" (), 0) + p2 — 5" () > 0.
Following similar arguments to the proof of Theorem 2.4, there is p3 > 0 such that
every solution u(z) of Hyu = 0 satisfies ||u”|| < p2 and ||u""|| < ps3, independently
of A € [0,1]. Defining ©; = {y € dom L : ||y"|| < p2, |ly"'|] < ps} then, every
solution u of Hyu = 0 belongs to ; for every A € [0,1], u ¢ 9 and the degree
d(Hx, ) is well defined, for every A € [0, 1].
For A = 0 the equation Hou = 0, that is, the linear problem

{ u®(z) —u(z) =0
u(0) =4/ (0) = v’ (0) =u"'(1) =0
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has only the trivial solution and, by degree theory, d(Ho, 21) = £1. By the invari-
ance under homotopy

:|:1=d(H0791):d(H17Ql):d(L+FS,Ql). (34)

By (3.4), there is uy(z) € €y solution of Lu + Fsu = 0. Assume, by contra-
diction, that there is = € [0, 1] such that v} (z) < o (z) and define

min (@) — ' (2)] = 1) — (@) (< 0).

From (3.1) 21 €]0, 1], w/"(z1) — /" (z1) = 0 and u{ (z1) — a® (21) > 0. By (H,),
the following contradiction is achieved

(1) = F(zr,ui (@), uy (21), uf (21), ) (1))

(21) = f (21, a(@1), o (1), & (21), 0" (21)) + u1 (wl) — o (z1)

< s p(z1) — f (21, a(z1), o' (21), 0" (21), 0" (1)) < o (21) .

Therefore uf(z) > o”(z), for € [0,1]. By a similar way it can be proved that
uf(z) < B"(z), for every x € [0, 1]. By integration and (1.3), u; € Q.
As the equations Lu + Fsu = 0 and Lu + Ngu = 0 are equivalent on 2 then

A(L + Fy, ) = d(L + Fy, Q) = d(L + N,,Q) = +1,

U§4)($1) sp
sp

IN

by (3.4) and the excision property of the degree. O

The main result is attained assuming that f is bounded from below and it
satisfies some adequate condition of monotonicity-type which requires different
“speeds” of growth.

Theorem 3.4. Let f : [0,1] x R* — R be a continuous function such that the
assumptions of Theorem 2.6 are fulfilled. Suppose that there is M € R such that
every solution u of (Eg)—(1.3), with s < s1, satisfies

u'(x) < M, Vzrel01], (3.5)
and there exists m € R such that

f(xay()aylvy27y3) Zmp(x), (36)

for every (x,yo,y1,Y2,y3) € [0,1] x [—r, |M|]2 X [—r, M| x R, with r given by (2.5).
Then sg, provided by Theorem 2.6, is finite and: if s < sg, (Es)—(1.3) has no
solution; if s = so, (Es)—(1.3) has at least one solution.

Moreover, let My := max{r,|M|} and assume that there is @ > 0 such that,
for every (x,yo,y1,y2,ys) € [0,1] x [~My1, My]* x R and 0 < no,m < 1,

f(xoyo+m0 0,91 +m 0,92 0,y3) < f(2,90,Y1, Y2, Y3) - (3.7)

Then for s €]sg, s1], (Es)—(1.3) has at least two solutions.
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Proof. If, by contradiction, there are s €]sg, 1], u solution of (E)—(1.3) and x5 €
[0,1] such that

" — : " < —p.
u(x2) zren[gll]u () < —r

By (1.3), 22 €]0,1], w”(22) = 0 and u® (z3) > 0. By (Hy),
0< U(4)(5€2) < 51 p(w2) — f(x27u($2)7ul(552), =, 0) .
If u(zs) < —r and u/(z2) < —r, from (2.5) the following contradiction is obtained
0 < s1 p(wg) — f(z2, u(@2), v (x2), —7,0) < 0.
If u(zg) > —r and u/(z9) < —r (the case u(xz) < —r and w'(x2) > —r is similar),
from (H;) and (2.5), this contradiction is achieved
0 S S1 p(xQ) - f(.’EQ,U(lEQ)/U,/((EQ), -, 0) é S1 p(xQ) - f(l'g,U((EQ), -r,—=r, 0) < O .
If u(xzq) > —r and u/(z2) > —r then
0 < 51 p(:ﬂg) - f(zQau($2)7u/($2)a -, O) < 81 p(ﬁCQ) - f(:r’27 =r,=r, =T, 0) <0.

Therefore, every solution u of (E;)—(1.3), with sg < s < sy, verifies u”(x) > —r,
for z € [0,1], and, by (3.5), —r < u”(x) < M, for every = € [0,1]. Integrating on
[0, 2], it is obtained —r < —rz < u/(z) < M x < |M], Yz € [0,1] .

Suppose that sg = —oo, that is, by Theorem 2.6, for every s < s; problem
(E5)—(1.3) has at least a solution. Define

= mi 0
p1= min ]p(l’) >

and take s sufficiently small such that

(m—s) p1
16

If u(z) is a solution of (E,)—(1.3), then, by (3.6), u®(z) < (s —m) p(z) and,

by (1.3), there is x3 €]0, 1 such that v/ (x3) = 0. For z < x3

m—s>0 and > M.

xrs3

W)= = [ de> [ m—s) pl6) de > (- )as—1) .

x

For x > x5

W (z) = /z u(4)(€) d¢ < (s—m)(x —x3) p1.

3
Choose I = [O, i], or I = [%,1}, such that |xz —t| > i, for every x € I. If
I=10,%], then v () > (m — s)p1 /4, for x € I, and if I = [2,1], then v (z) <

(s —m) p1/4, for x € I. In the first case,

1 1 1
— 1
0= /4 u'" () dm—i—/ u"(x) dx > /4 (M=) PL gy ()
0 1 0 4 4

4

_i " 1 _// 1
—16(m s$)p1—u (4)>M u{7)

which is in contradiction with (3.5).
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For I = [%, 1] a similar contradiction is achieved. Therefore, s is finite.

By Theorem 2.6, for s_; < sg, (Fs_,)—(1.3) has no solution. By Lemma 2.2,
consider ps > 0 large enough such that the estimate ||u”|| < p3 holds for every u
solution of (E4)—(1.3), with s € [s_1,s1].

Define My := max{r, |M|} and the set

Q2= {y €dom L: |ly"|| < My, ly"|| < ps} .

Then d(L + N, _,,Q2) = 0. If u is a solution of (E,)—(1.3), with s € [s_1, s1], then
u ¢ 0€5. Defining the convex combination of sy and s_1 as H(A) = (1—\)s_1+Asy
and considering the corresponding homotopic problems (E(y))—(1.3), the degree
d(L + Np (), Q2) is well defined for every A € [0,1] and for every s € [s_1,51].
Therefore, by the invariance of the degree

0=d(L+ Ny 1,Q) = d(L+ Ny, Q), (3.8)

for s € [s_1,s1]. Let o €]sg, $1] C [s—-1, $1] and u,(x) be a solution of (E,)—(1.3),
which exists by Theorem 2.6. Take € > 0 such that

[ul(z) +¢e| < My, Vzel0,1]. (3.9)
Then 4(x) := uy(x) +5§ is a strict upper solution of (E4)—(1.3), with 0 < s < s7.
In fact, by (3.7) with = ¢, n9 = L; and 7, = « for such o,
W (x) = ul (@) < s pla) = [z, u0(2), uy (), u))(2), @ (x))

SSp(l')_f(f,ug()-i-EQ ()+€$,1~L()+5u’”( )>

= s p(x) — f(z,a(2),d (2), 0" (z), 7" (x)) ;
w0)=0, @0)=0, @ (0)=u"(1)=c>0.

Moreover a(z) := —r “‘2—2 is a strict lower solution of (E,)—(1.3), for s < s;1. Indeed,
by (2.5) and (H;),

2
a® () =0> 81 p(x) — f(x,—r,—r,—1,0) > s p(x) — f (a?, —r%, —rx, =T, 0) :

a(0)=a'(0)=0, a"(0)=a"(1)=-r<0.

As —r < u(z) for every x € [0,1] and therefore —r < ul/(x) + ¢, Va € [0, 1],

that is, o (x) < u”(z). Integrating on [0, z], o/ (x) < o' (x)— (O) < u( )—u'(0) =

u'(z), for every x € [0, 1]. Then, by (3.9), Lemma 3.2 and Remark 3, there is p5 > 0,
independent of s, such that for

Q.= {y e domL : o' (z) <y (x) < uD(z),i=0,1,2,||y"| < ﬁ3}
the degree of L + N in (). satisfies
d(L+ N, Q.)=+1, for s €|o,s1]. (3.10)



266 F.M. Minhos

Taking ps in 5 large enough such that Q. C s, by (3.8), (3.9) and the additivity
of the degree, we obtain

d(L + Ng,Q2 — Q) =F1, for s €lo,s1]. (3.11)

So, problem (E;)—(1.3) has at least two solutions wuj,us such that u; € €. and
ug € Qy — Q. for s €]sg, 51, since o is arbitrary in ]sg, s1].

Consider a sequence (Sy,) with s, €]so, s1] and lim s, = so. By Theorem 2.6,
for each s,,,, (Es,,)—(1.3) has a solution u,,. Using the estimates of Step 1, ||u$fl) I <
My, i = 0,1,2, independently of m. As there is p3 > 0 large enough such that
|ul]] < ps, independently of m, t hen sequences (u,), (ul,) and (ur,), m € N, are
bounded in C([0,1]). By the Arzeéla-Ascoli theorem, we can take a subsequence of
(um) that converges in C3([0,1]) to a solution ug(z) of (Es,)—(1.3). Hence, there
is at least one solution for s = sg. O
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Reducing a Differential Game to a Pair of
Optimal Control Problems
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Abstract. Author’s recent concepts and results are extended here to the more
general case of non-autonomous (i.e., time-dependent) differential games.

The main idea is to introduce first a concept of admissible pair of (multi-
valued) feedback strategies to which one may associate a value function and
which reduce the differential game to a pair of symmetric, non-smooth opti-
mal control problems for differential inclusions; secondly, one introduces the
concepts of bilaterally-optimal pairs of feedback strategies and one proves
an abstract verification theorem containing necessary and sufficient optimal-
ity conditions; next, this approach is made more realistic by the proof of
several “practical verification theorems” containing corresponding differential
inequalities and regularity hypotheses on the value function that imply the
optimality.

As a method for constructing simultaneously, the value function, the
pair of optimal feedback strategies and also the optimal trajectories, cer-
tain natural extensions of Cauchy’s Method of Characteristics to non-smooth
Hamilton—Jacobi equations are suggested.

Mathematics Subject Classification (2000). Primary 49N70; Secondary 49N35;
49N90; 91A23; 93B52.

Keywords. Differential game, feedback strategy, value function, verification
theorem, Hamiltonian flow.

1. Introduction

The aim of this paper is to extend to the more general case of non-autonomous (i.e.,
time-dependent) differential games, author’s recent concepts and results developed
in [23, 24, 27, 29, etc.] for autonomous differential games; though the main ideas
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are practically the same as in the autonomous case, some formulations (including
the verification theorems, the associated Hamilton—Jacobi equation, etc.) may take
different forms in the non-autonomous case.

We start from the fact that a (possibly multi-valued) feedback strategy of
one player defines an optimal control problem for the other player and these two
optimal control problems may be studied in the framework of Dynamic Program-
ming; in this context, we introduce the concept of admissible pair of (multi-valued)
feedback strategies to which one may associate a value function and which should
coincide with the common wvalue function of the two symmetric optimal control
problems; we thus arrive at the concept of bilaterally-optimal pair of feedback
strategies in which each member is an optimal feedback for the corresponding
optimal control problem.

Therefore, an admissible pair of feedback strategies reduces the differential
game to a pair of symmetric optimal control problems which are non-smooth since
the feedbacks are usually so and also are defined by corresponding differential
inclusions since the feedbacks may be multi-valued.

This approach has the great advantage of allowing the direct use of the ex-
isting experience in Optimal Control Theory (e.g., [5, 15-22, 26, 28-30], etc.), to
the study of differential games; in particular, one may use suitable extensions of
Cauchy’s Method of Characteristics to non-smooth Hamilton—Jacobi equations to
find “candidates” for value functions, optimal feedback strategies and the corre-
sponding “optimal trajectories” and then one may use suitable “verification theo-
rems” to prove the optimality.

The efficiency of this approach is illustrated by the possibility to obtain com-
plete rigorous solutions to some classes of differential games in the literature, such
as, for instance, those considered in R. Isaacs’ book [12] (see [27]).

Using recent developments in Non-smooth Analysis and author’s experience
in optimal control (e.g., [15-30]), the approach in this paper may be considered as
an attempt to refine and to make “theoretically acceptable” the rather heuristical
but pragmatical approach of R. Isaacs in [12], in a different direction than those
pursued by Krassovskii and Subbotin (e.g., [13, 32, 33|, etc.), Berkovitz (e.g., [3,
4], etc.) and other authors.

In our setting there are two essential mathematical problems:

1) find efficient methods and procedures for describing (characterizing, etc.) ad-
missible, possibly optimal, pairs of feedback strategies, accompanied by the
corresponding value functions and trajectories;

2) provide “practical” verification theorems that contain “verifiable” sufficient
conditions for optimality.

For the first problem we are suggesting the use of certain recent exten-
sions and generalizations of Cauchy’s Method of Characteristics to non-smooth
Hamilton—Jacoby equations (see [16, 22, 26, 29], etc.), to describe (more or less
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explicitly) plausible “candidates” for optimal pairs of feedback strategies, corre-
sponding value functions and optimal trajectories; in contrast with Isaacs’ ap-
proach in [12] (which rather improperly used the classical Method of Charac-
teristics for non-differentiable Hamiltonians) this procedure is more precisely de-
scribed by the introduction of certain “generalized Hamiltonian systems”, “gener-
alized Hamiltonian flows” and certain parameterized, finite-dimensional optimiza-
tion problems that may define, simultaneously, the value function, the feedback
strategies and the corresponding trajectories which are “suspects” of being optimal
in a precisely defined sense.

As already stated, for the second essential problem we are using the expe-
rience in optimal control to obtain first an abstract verification theorem contain-
ing necessary and sufficient optimality conditions then we use some concepts and
results from non-smooth analysis to obtain easier verifiable sufficient optimality
conditions expressed in terms of certain differential inequalities accompanied by
suitable “regularity properties” of the value functions.

One should also note that the two problems are closely related since some
properties of the Hamiltonian flow and certain evaluations of the contingent deriva-
tives of the involved “marginal functions” may facilitate the applications of suitable
verification theorems.

Returning to the “pragmatical” point of view of R. Isaacs in [12], we consider
that the only possibility of acting “optimally” in a “two-person zero-sum” differen-
tial game is that of following the trajectories generated by “previously calculated
(described, etc.)” feedback strategies that are “mutually (relatively) optimal” in a
certain sense that should be precisely defined; this approach is obviously different
from the one based on the so-called “non-anticipative” strategies and the corre-
sponding VREK (Varaiya—Roxin-Elliot-Kalton) value functions and viscosity so-
lutions (e.g., [2, 6, 9-11, 14, 31, 34], etc.); in fact, besides being very abstract, the
non-anticipative strategies are obviously “non-computable” and “non-playable”
while the VREK value functions, even in the form of viscosity solutions, are of
little use for any of the two players.

The paper is organized as follows: in Section 2 we introduce the concepts of
(set-valued) admissible and, respectively, of relatively optimal feedback strategies
and of the associated value function, in Section 3 we present the abstract verifi-
cation theorem and in Section 4 the statements of several verification theorems
of Dynamic Programming type are presented; in the last section, we present very
shortly a generalization of Cauchy’s Method of Characteristics that may be used to
construct the relatively optimal feedback strategies, the associated value functions
and also the optimal trajectories.

2. Admissible and optimal pairs of feedback strategies

In a rather “vague formulation”, a non-autonomous differential game (DG) is
stated first in the following “standard form?”
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Problem 2.1 ((DG)-vague formulation). Find

inf  sup C(s y;u(.),v ()) Y (s,y) € Ey (2.1)
u(.)EUL v(.)EVa

subject to
C(s,yul.),v(.) = g(r,2(7)) +/ST fo(t,z(t),u(t),v(t)dt, (s,y) € By (22)
2'(t) = f(t,z(t),ut),v(?) ae(s,7), xz(s)=y (2.3)
u(t) eU, v(t)eV ael(s,7), (u(.),v()) €U xVy 2.4)
50 = (0 00) €00, 20(t) = [ ofrsar)u(r) v (25)
(ta(t) € By Vtel[s,7), (ra(r)eE, EynE =0. (2.6)

Obviously, the data of the problem are the following:

— the sets of all control parameters U,V , of the two players, assumed to be at
least topological spaces and, usually, subsets of some Euclidean spaces;

— the set of initial phases (time-state) Ey C R x R™ and the set of terminal
phases, £y C OFjy;

— the terminal payoff function g(.,.) : E1 — R and the “running payoff func-
tion”, fo(.y.,.) : DxU XV — R,

— the parameterized vector field f(.,.,.,.) : D x U x V. — R™, that defines the
“dynamics” in (2.3) of the differential game;

— the class P, = Uy xV,, € {P1, P, P;} of admissible control-pairs (u(.),v(.))
that generate the corresponding class 2, € {21, Qeo, Q,-} of admissible tra-
jectories;

— the payoff (cost) functionals in (2.2).

Remark 2.2. As it is apparent from this succinct formulation, the “terminal time”
7 =7(s,y,2(.)) > s is free and defines in an obvious way the “terminating rule”
n (2.6), i.e,, 7 > s is the first moment at which the graph of the trajectory z(.)
reaches the terminal set, Fy ; also, the mappings f(.,2(.),u(.),v(.)) should be
(Lebesgue) integrable if , = Q1 = AC (while P, = P; denotes the set of map-
pings (u(.),v(.)) for which this property holds), should be “essentially bounded”
if Q, = Qs and should be “regular” if Q, = Q,; the classes P, € {P1, P, P} of
admissible control pairs become “relevant” classes of measurable mappings in the
case U, V are topological spaces and the mapping f() = (f(.), fo(.)) is continuous.

An important particular case is that of fized terminal-time problems in which
7 =T € R is fired, and in which the terminal set is of the form F; =T x Y7, Y; C
R"™ and Ey C (—00,T) x Yy, Yy C R™, that is studied in a large number of books
and papers; another important particular case is that of autonomous problems in
which the time-variable, t, is absent from all the data and therefore the formulation
of the problem may be simplified taking always s = 0 as the “initial moment”, a
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set Yy C R™ as the set of initial states and Y; C 9Y| as the set of terminal states
(e.g., [23, 24, 29], etc.).

One may note also that in some concrete problems the sets of “usable control
parameters” may be “multi-functions” of the type U(t,x) C U, V(t,x) C V for
which all the results to follow remain valid; in order to simplify the exposition we
consider here only the case U(t,z) =U, V(t,z) =V.

The rather vague formulation of Problem 2.1, in which the aim in (2.1) is
not associated to any “information pattern”, should be replaced by the following,
more precise one, in which the feedback-type information pattern has been chosen:

Problem 2.3 (DG-accurate formulation). Given the data of Problem 2.1, find the
feedback strategies U(t,z) C U, V(t,z) C V, (t,z) € Ey C Ey with the following
properties

(A) The pair (U(.,.), V(.,.)) is admissible in the sense that for any (s,y) € Eo,

the set Q4 (s, y) of trajectories x4 (.) € Qa(s,y) of the differential inclusion
a € f(ta,Ut,z),V(t,z)), x(s)=uy (2.7)
that satisfy the constraints
(tasy(t) € BoVte[s,7), (rasy(r) €E1CEr, T=1(zsy())>s (2.8)

is not empty; moreover, if ]Sa (s,y), (s,y) € E‘O are the corresponding sets of control
mappings, (usy(.), Vsy(.)) € Po that satisfy

x;,y(t) = f(t7x37y(t)7u$7y(t)7v5,y(t)) ’ ‘T(S) =Y,
Usy (1) € Ut asy (1)), vsy(t) € V(L asy(t) ael(s,T)
then there exists the associated value function defined by
ﬁ//O(Say) = C(SvaUs,y(-)avs,y(-)) v (Us,y(-)vvs,y(~)) € ﬁa(Syy) s

W(s,y) _ { Wo(say) lf (37y) EAEO (2_10)

(2.9)

g(say)v Zf (Svy) € El

where the set of effective end-points is defined by: By = {(r, Tsy(T));Tsy(.) €

ﬁa<s7y)v(8ay) € E0}7 _ _
(B) The feedback strategies U(.,.), V(.,.) are bilaterally (“relatively”) opti-
mal for the restriction DG|FEjy in the following sense

Wo(s,y) = Wy (s,y) == u(ifif(.)c(s,y; u(.),v(.)) (2.11)

subject to
2 (t) = f(tat),ut),s(t)), ult)eU, u(t)eV(tad) (2.12)
z(s)=y, (tz(t)€By Vtel[s,1), (r,a(r))€E (2.13)
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and also
Wo(s,y) = We(s,y) = 7(S)L1p( )C(s,y;ﬂ(.)m(.)) V(s,y) € Ey (2.14)
subject to (2.13) and to

2 (t) = f(t,z(t),at),v(t)), at)eU(tzt), vt)eV. (2.15)

(C) Either EO = Fy or E’o C Ey is strongly invariant with respect to the
control system in (2.3) and (2.4) in the sense that (¢, z(t)) € Ey Vt € [s,T) for any
admissible trajectory.

Remark 2.4. If EO it is not strongly invariant in this sense then the “solution”
U, ),V(,),W(,) above may not be “satisfactory” since at least one of the
players may choose controls producing trajectories that leave the set E‘o; in this
case one should use additional “ad hoc” arguments to decide whether DG \Eo it
is either a “proper” or an “apparent” restriction of the original problem, DG;
in particular, one may try to solve the corresponding game of kind characterized
by the existence of an evading feedback strategy, 178(., B Eﬁ C Ey — P(V), of
player V| such that none of the problems in (2.12), (2.13), for (s,y) € ES, has an
admissible trajectory; in this case, using the “conventions” sup{) = —oco, inf® =
+00, one has
Wy (s,y) = i)ng( )C(s7y;u(~)ﬁ(~)) =+o0 V(s,y) € B

ul.
and therefore the problem does not have a value function on ES

Remark 2.5. We note that the “feedback differential system” in (2.7) is allowed to
have several admissible trajectories through some initial points (s,y) € Eo, which,
however, “produce” the same value, Wg(s, y), of the payoff functional in (2.2).
On the other hand, the “bilateral” (or “relative” ) optimality conditions in
(2.11)—(2.15) may be interpreted as follows in the case condition (C) is satisfied:

— if player V chooses the feedback strategy ‘7(, .) then ﬁ(, .) is the best choice
for player U and, symmetrically,

— if player U chooses the feedback strategy (}(, .) then Vi, .) is the best choice
for player V; in the case the strict subset Ey C Ey it is not strongly invariant
with respect to the control system in (2.3) and (2.4) then the same conclu-
sions remain valid, provided each player “voluntarily” restricts his own set
of control parameters such that all the trajectories remain in the subset Ej,
which seems rather improbable.

Remark 2.6. As it is apparent from the formulations of Problems 2.1, 2.3, the
admissible trajectories are at least AC (i.e., absolutely continuous) solutions (of
class Q) of one of the differential inclusions:

a' € f(t,z, ﬁ(t,m),v(t,x)) . 2 e f(ta, U,?(t,x)) . 2 e f(ta, ﬁ(t,x),V) ,
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that satisfy the constraints in (2.6), (2.8), (2.13) and for which there exist cor-
responding (measurable) selections, u(.),v(.), (of class P,) satisfying relations of
the form in (2.9), (2.12), (2.15).

We recall that in his original approach, Isaacs [12], (taken-up also by Sub-
botin [33]) used single-valued feedback strategies, U(t,z) = {u(t,z)}, V(t,z) =
{v(t,x)}, and a certain type of approzimating trajectories of the feedback differ-
ential systems in (2.16), generated by the so called “K(Karlin)-strategies”.

Later on, in order to make this approach more rigorous, Krassovskii and Sub-
botin [13], used uniform limits of Isaacs’ approximate trajectories and conjectured
that under suitable hypotheses they are AC trajectories of certain associated (“con-
vexified”) differential inclusions; a more detailed study of this topic may be found
in [30] where the associated differential inclusions are more precisely described.

As it is easy to see, the concepts and results in this paper remain valid if the
AC trajectories of the differential inclusions in (2.16) are replaced by corresponding
limiting trajectories, either of Isaacs—Krassovskii-Subbotin type or of Euler type.

Remark 2.7. The approach in this paper (and, for that matter, that of Isaacs [12],
Krassovskii-Subbotin [13], Subbotin [32, 33], etc.) is, obviously, essentially differ-
ent from the approach using the so called NA (non-anticipative)-strategies, VREK
value functions and viscosity solutions adopted in the last 15-20 years by a ma-
jority of the authors in the field of Differential Games.

3. The abstract verification theorem

Assuming that a pair of admissible feedback strategies ([7(, .),‘N/(., .)) with the

associated value function WO in (2.10) is given, the problem is to find criteria
(“verification theorems”) for their “bilateral optimality” in the sense of state-
ment (B) of Problem 2.3.

To solve this problem one may use the experience in Optimal Control Theory
since the associated value function in (2.10) coincides with each of the value func-
tion of two symmetric Bolza optimal control problems: the first one, By, consists
in the minimization of the functionals:

Wo(s,y) = u(.i)r}g(.)C(s,y;U(-)ﬁ(-)) Y (s,y) € Ey (3.1)
subject to:
o' € Fy(t,x) = f(t,z,U,V(t,z)), z(s)=y (3.2)

and to the phase and end-point constrains in (2.13), the other one, By, consisting
in the maximization of the functionals:

Wo(s,y) = sup C(s,y;ﬂ(.)m(.)) Y(s,y) € Eo (3.3)

subject to (2.13) and to:
a' € Fy(t,x) = f(t, =, ﬁ(t,a:),V) , z(s) =y (3.4)
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where the controls u(.),v(),u(.),v(.) are (measurable) selections (of class P,) of
the multi-functions in (2.12), (2.15), respectively.

Thus, the differential game DG in Problems 2.1, 2.3 is reduced to the two
symmetric (non-smooth) optimal control problems 53;, Bs described in (3.1), (3.2)
and, respectively, (3.3), (3.4).

Using the well known fact that the (completed) value function in (2.10) of
an optimal control problem has certain monotonicity properties along admissi-
ble trajectories (e.g., Cesari [2], Lupulescu and Mirica [15], Mirica [25, 26], etc.),
we obtain the following basic result providing a (rather abstract) necessary and
sufficient optimality condition that may easily be proved directly:

Theorem 3.1 (Abstract verification theorem). IfU(.,.), V(.,.) is an admissible pair
of feedback strategies with the associated value functions W@(., ), W(, .) in (2.10),
then it is a bilaterally optimal pair in the sense of statement (B) of Problem 2.3
iff it satisfies the following two monotonicity conditions:

— “monotonicity condition” (M;): the real function

wup(t) == W (tz(t)) + / fo(r,z(r),u(r), o(r))dr (3.5)

is increasing on the interval [s, 7] for any u(.),v(.), z(.) satisfying (2.12) and:
— “monotonicity condition” (Ms): the real function

wan(t) =W (t2(0)) + [ folra(r),a(r), o) dr (3.6)
is decreasing on [s, 7] for any u(.),v(.),x(.) satisfying (2.15).

For the necessity part of this statement one may see the proof of Th. 4.1 in
Mirica [25] (see also Prop. 4.5.i in Cesari [5]) while the sufficiency part is rather
obvious: e.g., W(s,y) =wu5(0) <wyz(t1) =Ci(s,y;u(.),v(.)) YV u(.) € Uy

The necessary monotonicity conditions in Mirica [18] expressed in terms of
the Dini derivatives of the real functions w,, 5(.), wg.(.) in (3.5) and (3.6), respec-

)

tively, and suitable “chain rules” for the composite functions W(.,Z(.)) above may
lead to certain necessary optimality conditions of Dynamic Programming type, in-
cluding, in particular, the fact that, under certain hypotheses, the value function
W (.,.) in (2.10) is a viscosity solution of the associated “Isaacs’ main equation” in
(4.5) below; however, in this paper we are concerned only with the sufficient opti-
mality conditions of the same type which, as noted in Lupulescu and Mirica [15],
Mirica [19], in some cases may be weaker than the necessary ones.

4. Practical verification theorems

As in Optimal Control Theory (e.g., Cesari [5], Lupulescu and Mirica [15], Mirica
[24, 26], etc.), starting from the “abstract verification Theorem” 3.1, more realistic
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(“practical”) verification theorems may be obtained under different types of hy-
potheses on the value function AW/(, .) in (2.10) using corresponding “monotonicity
results” for real-valued functions in Mirica [18, 26], etc. and the suitable “chain
rules” in Lemmas 4.1, 4.2 above for the composite functions W(,x()) in (3.5)
and (3.6).

Due to the difficulties of “checking” the needed “generalized differential in-
equalities” that may imply the monotonicity properties (M), (Ms) in Th. 3.1, a
reasonable approach is that of choosing the weakest type of such inequalities for
each type of regularity properties of the value function in (2.10); on the other
hand, as simple examples show, the value function may have “weaker” regular-
ity properties on the “effective terminal set”, El so the needed differential in-
equalities and regularity assumptions may involve only the proper value function,
Wo(., ) = W(, )|E0

From this point of view, the simplest case is that in which the “proper value
function” Wy (.,.) in (2.10) is differentiable on its open domain Eo = Int(Ey) C Eo,
considered rather heuristically in Isaacs [12] (Th. 4.4.1) and also in Subbotin [33]
(Section 11.5).

A first natural and significant extension of this case may be obtained in
the case the proper value function WO(., = W(, )|EO is differentiably stratified
in the sense that its domain, EO, has a countable partition into differentiable
manifolds (of different dimensions) such that the restriction of Wy(.,.) to each
manifold (“stratum”) is differentiable in the classical sense (see Miricd [22-24, 26,
29], etc.); in this case we shall use the following notations:

Ur(t,z;v) := {u e U, (1,f(t,m7u,v)) € T(t,x)EO}; veV, (4.1)

Vr(t, z;u) := {v eV; (l,f(t,x,u,v)) € T(M)EO}, welU, (t,x)e E,.

where T(W)E'o denotes the “stratified tangent space” to the stratified set EO; using
the simple properties of stratified sets and mappings we obtain:

Theorem 4.1 (Verification theorem for stratified value functions). Let U(.,.),
V(.,.) be a pair of admissible feedback strategies in the sense of Problem 2.3 and
assume that the associated value function W (.,.) in (2.10) has the following prop-
erties:

(i) W(.,.) is continuous at the terminal points in Ey in the sense that:

3 lim W(s,y)=W(r,&) =g(r,&) V(1.6 € En; (4.2)
Eo>(s,y)—(7,8)
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(i) the restriction Wo(., D)= 17[//(, )| Eo is differentiably stratified and its “strat-
ified derivatives” satisfy the following pair of differential inequalities:

inf [DWN/O(t,a:).(l,f(x,u,@)) + fo(t,a:,u,ﬁ)} >0; (4.3)
weUr (t,x;v), DVEV (t,z)
sup DWO(t,x).(Lf(t,x,ﬂ,v)) + fo(t,ac,ﬂ,v)} <0; (4.4)

veVr (t,zym), el (t,z)

(iii) either Wy(.,.) is continuous and the admissible controls are regulated (i.e.,

P, = P.) or Wy(.,.) is locally Lipschitz.

Then U(.,.),V(.,.) are bilaterally optimal in the sense of statement (B) in
Problem 2.3.

As in Lupulescu and Mirica [15], Mirica [24, 26], etc., this theorem fol-
lows from the “abstract verification Theorem” 3.1 proving that the inequalities
in (4.3), (4.4) imply corresponding differential inequalities for the real functions
wuw(.), wae(.)in (3.5), (3.6) which, in turn, imply the corresponding monotonicity
properties using either a Corollary of the Zygmund’s Lemma (in the case WO(., 2
is continuous) or the Lebesgue monotonicity theorem in the case Wg(., .) is locally
Lipschitz since in this case wy, 5(.),wn () are locally AC.

Remark 4.2. One may note that at the points in the open strata (at which Wy(.,.)
is differentiable), the differential inequalities in (4.3), (4.4) are equivalent with
Isaacs’ basic Equation (4.2.1) in Isaacs [12]:

Lnel[r]l max [Dwo(t,x).(lj(t,x,u,v)) + fo(t,%u,v)}

= r51€a‘3<31€151 [Dwo(t,x).(l, f(t,x,u, v)) + fo(t,m,u,v)}

= DWy(t,z).(1, f(t,2,5,7)) + fo(t, 2,5, T) = 0

which is usually written in the “compact” form

oW oW =~ = =
8t (t7$) +H (t,.’IJ, 8.1‘) = 0, (t,.’E) S EO; W(T,f) :g(,r?é-)? (T7€) € E1

(4.5)
where the Isaacs Hamiltonian H(.,.,.) is the function defined by:
H(t,2,p) = minmax [ < p, f(t,2,u,0) > +fot,,u,v)]
=maxmin [ < p, f(t,z,u,v) > +fo(t, x,u,v)], (4.6)

veV uelU
(t,z,p) € Z :=domH(.,.,).
Obviously, Theorem 4.1 may be considered as a significant refinement of Isaacs’
(“elementary”) verification Theorem 4.4.1 in Isaacs [12], (see also Section 11.5 in
Subbotin [33]) in which the value function W(.,.) is assumed to be of class C*
on its open domain E = Eo U El; we recall that, besides a rather “loose” proof,
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Isaacs’ Theorem 4.4.1 has been used (in a rather improper way) to study problems
in which the value function does not satisfy its hypotheses; rigorous solutions of
the examples in Isaacs [12], in which the domain, Ey in (2.10) of the “proper”
value function Wo(., .) is no more open and/or the restriction WO(.7 )= W(7 I Eo
is no more differentiable, may be obtained only using refinements and extensions
of Tsaacs’ (“elementary”) theorem, like Theorem 4.1 above; such extensions and
refinements may be obtained using further concepts and results from non-smooth
Analysis.

Another significant extension of Isaacs’ theorem may be obtained in the case
the proper value function Wo(.,.) := W(.,.)|Eo is contingent differentiable; in
this case the “stratified derivatives” in Th. 4.1 are replaced by the “contingent
derivatives” and the “stratified tangent spaces” are replaced by the “contingent
cones” K (im)Eo while the proof remains practically the same.

It is interesting to note that in the case of locally-Lipschitz value functions,
the differential inequalities that should be satisfied by “contingent differentiable”
value functions may be replaced by much simpler conditions; using the following
notations for each (t,z) € Ey:

U;(t,x;v) = {u eU, (l,f(t,x,u,v)) e K= EO}, vevV,

(tz)
V%(t,sc;u) = {v evV; (1,f(t,m,u,v)) € K(im)FEV‘O}, uelU,
Uk(t,;v) == Ui (t,x;0) NUK (t,230),  Vie(t,oyu) = ViE (8, z5u) N Vi (t,2;u)
we obtain the following:
Theorem 4.3 (Verification theorem for locally-Lipschitz value functions). Let

U(.,.),V(.,.) be a pair of admissible feedback strategies in the sense of Problem 2.3
and assume that the associated value function W(.,.) in (2.10) has the following
properties:
(1) W(, ) is continuous at the points in Ey in the sense of (4.2);
(ii) the restriction V[N/o(., )= W(, )|Ey is locally-Lipschitz and its extreme con-
tingent derivatives satisfy the following pair of differential inequalities:

inf ~ [D;WO<(tvx)v (1,f(t,$7u,6))> —|—f0(t7x,u,v)] > 07 (47)
uweUk (t,z;v), vEV (t,x)

sup [D;(Wo((t,l'), (l,f(t,Qf,ﬂ,’U))) +f0(t7$,ﬂ, U):| <0. (48)
vEVK (t,x5u), Eeﬁ(t,w)

Then U(.,.),V(.,.) are bilaterally optimal in the sense of statement (B) in Prob-
lem 2.3.

As in Lupulescu and Mirica [15], Mirica [24,26], etc., this theorem follows from
the “abstract verification Theorem” 3.1 proving that the inequalities in (4.8), (4.9)
imply corresponding differential inequalities for the real functions wy, 7(.), wz,v(.) in
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(3.5), (3.6) which, in turn, imply the corresponding monotonicity properties using
the Lebesgue monotonicity theorem since in this case Wy(.,.) is locally Lipschitz.

In the case the associated value function W(.,.) in (2.10) it is only semi-
continuous (in particular, continuous), the possible verification theorems have more
complicated statements that depend essentially on the class P, = U, x Va of
admissible control mappings specified in the statement of Problem 2.1; in the
general case of “bounded measurable” controls P, = P, and semi-continuous
value functions, due to certain monotonicity conditions for semi-continuous real
functions (e.g., Mirica [18, 26], etc.) and to the “weak forms” of the chain rules for
the extreme contingent derivatives, we have to use the “u.s.c.-relaxed” differential
inclusions in Mirica [17, 28], etc. that contain the sets of contingent directions to
the admissible trajectories.

Moreover, using some more “sophisticated” monotonicity criteria in Mirica
[18], one may obtain similar verification theorems for arbitrary, “strongly discon-
tinuous” value functions, that are neither lower nor upper semi-continuous, as in
the case of the optimal control problems in Lupulescu and Mirica [15]; in such
cases, certain more restrictive differential inequalities should be added.

Remark 4.4. One may note also that the concepts and results above may be
extended to the case in which the “usual (AC) trajectories” are replaced by the KS-
trajectories in Remark 2.6; in this case, the corresponding differential inequalities
should be expressed in terms of the “directions” in the associated “u.s.c.-relaxed
multi-functions”

5. Construction of the value function, optimal strategies, and
optimal trajectories

The “playable solution” of Problem 2.3 obviously consists in the triplet (U(.,.),
V(.,.), W(7 .)) satisfying the admissibility properties (A) as well as the optimality
properties (B), (C) in the statement of Problem 2.3, accompanied by the “optimal
trajectories” in (2.9).

Using the experience in optimal control (e.g., Mirica [26]) as well as Isaacs’
rather artisanal procedures in [12], we are suggesting the use of a suitable gen-
eralization of Cauchy’s Method of Characteristics for the (usually non-smooth)
Isaacs’ Hamiltonian in (4.6) in the following way:

1) Integrate “backwardly” (for ¢ < 7) a suitable generalized Hamiltonian
system:

(«,p) € d*H(t,z,p), (2(7),p(r)) = (& q) € Z{(7) (5.1)

where Z(7) is given by the usual “transversality conditions”, to construct a gen-
eralized Hamiltonian flow X*(.,.) = (X(.,.), P(.,.)), and a generalized Charac-
teristic flow C*(.,.) = (X*(.,.),C(.,.)), where X*(.,a), a = (7,&,q) is a solution
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of (5.1) and the function C(.,.) is given by:

t

C(t,a) = g(1,€) —|—/ [<P(r7 a), X' (r, a)> — H(T,X*(r, a))]dr
it a=(1,¢q) € Zy.

For instance, in the case H(.,.,.) is differentiably-stratified, one may take:
d#H(tv l’,p) = d?H(tv l',p) = {(l’l,p/) € T(t,x,p)Z; z' e f(ta z, fj(ta xap)7
‘7(t, .T,p)), <Jf’,ﬁ> - <plvj> = DH(t,x,p)(O,E,T)) v (Oa§7ﬁ) € T(t,a:7p)Z}

which on open strata (at differentiability points) coincides with the classical Hamil-

tonian field:
OH(t,z,p) OH(t,x,p)
*H = — ;
dH(t,x,p) {( op ’ Ox ’

in more general cases one may use either the extreme contingent derivatives or
Clarke’s generalized gradient to define (a possible larger) generalized Hamiltonian
field (e.g., Mirica [26, 29], etc.).

Similarly, in the case the “terminal payoff”, ¢(.,.) : E; — R is differentiably-
stratified, the sets of “terminal transversality points” are defined by:

Zi(r) ={(& q); (1.&,q9) € Z, (1,6) € By, (¢,€) —TH(7,£,q) =
Dy(r,&)(7.&) ¥ (7.€) € T(r e Er }

while in the general case one may use the extreme contingent derivatives of g(.,.)
to define similar sets.

The experience shows that the “optimal value function”, W(, .) may be one
of the “minimal” or the “maximal” value functions:

Win(s,y) := min  C(s;7,&,q),
(5,9) xehin (5;7.€,9) o)
War(s,y) = max C(s;7,£,q). '
m(s:9) X(s;7,8,9)=y ( §4)

While the pair of mutually-optimal feedback strategies, U (o .),17(., .), is the corre-
sponding pair of feedback strategies, Uy, (.,.),Vin(.,.), respectively, Ups(.,.),Var(.,.)
defined in a certain way by the corresponding (finite-dimensional) optimization
problem in (5.2); moreover, the first components, X (., a), of the Hamiltonian flow,
that correspond to the “optimal parameters”, a = (7, &, ¢) in (5.2), define the opti-
mal trajectories in (2.9), generated by the chosen feedback strategies [7(, .),‘7(., D
this procedure is presented in more detail in Miricd [29] in the case of autonomous
differential games.
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Abstract. The paper deals with dynamic optimization problems of the Bolza
and Mayer types for evolution systems governed by nonconvex Lipschitzian
differential inclusions in Banach spaces under endpoint constraints described
by finitely many equalities and inequalities with generally nonsmooth func-
tions. We develop a variational analysis of such problems mainly based on
their discrete approximations and the usage of advanced tools of generalized
differentiation. In this way we establish extended results on stability of dis-
crete approximations and derive necessary optimality conditions for noncon-
vex discrete-time and continuous-time systems in the refined Euler-Lagrange
and Weierstrass—Pontryagin forms accompanied by the appropriate transver-
sality inclusions. In contrast to the case of geometric endpoint constraints in
infinite dimensions, the necessary optimality conditions obtained in this paper
do not impose any nonempty interiority/finite codimension/normal compact-
ness assumptions.
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1. Introduction

The paper is devoted to the study of dynamic optimization problems governed by
differential inclusions in infinite-dimensional spaces. We pay the main attention to
variational analysis of the following generalized Bolza problem (P) for differential
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inclusions in Banach spaces with endpoint constraints described by finitely many
equalities and inequalities.

Let X be a Banach state space with the initial state xro € X, and let T :=
[a,b] C IR be a fixed time interval. Given a set-valued mapping F': X x T = X
and real-valued functions ¢;: X — Rasi=0,...,m+rand J: X x X xT — IR,
consider the problem:

minimize J[z] := ¢o(z(b)) + /bﬁ(x(t),m'(t),t) dt (1.1)

subject to dynamic constraints governed by the differential inclusion [1]
i(t) € F(x(t),t) ae. t€la,b with xz(a)=mzo (1.2)
with functional endpoint constraints of the inequality and equality types given by
¢i(z(b)) <0, i=1,....,m, (1.3)
@i(z(b)) =0, i=m+1,...,m+r. (1.4)

Dynamic optimization problems for differential inclusions with the finite-
dimensional state space X = IR™ have been intensively studied over the years,
especially during the last decade, mainly from the viewpoint of deriving necessary
optimality conditions; see [3,8,11,13,15,17] for various results, methods, and more
references. Dynamic optimization problems governed by infinite-dimensional evolu-
tion equations have also been much investigated, motivating mainly by applications
to optimal control of partial differential equations; see, e.g., the books [7,9] and
the references therein. To the best of our knowledge, deriving necessary optimality
conditions in dynamic optimization problems for evolution systems governed by
differential inclusions in infinite-dimensional spaces has not drawn attention in the
literature till the very recent time.

In [13], the author developed the method of discrete approzimations to study
optimal control problems of minimizing the Bolza functional (1.1) over appro-
priate solutions to evolution systems governed by infinite-dimensional differential
inclusions of type (1.2) with endpoint constrains given in the geometric form

z(b)eQC X (1.5)

via closed subsets of Banach spaces satisfying certain requirements. The major as-
sumption on € made in [13] is the so-called sequential normal compactness (SNC)
property of € at the optimal endpoint Z(b) € €2; see [12] for a comprehensive the-
ory for this and related properties, which play a major role in infinite-dimensional
variational analysis. Loosely speaking, the SNC property means that €2 should be
“sufficiently fat” around the reference point; e.g., it never holds for singletons un-
less X is finite-dimensional, where the SNC property is satisfied for every nonempty
set. For conver sets in infinite-dimensional spaces, the SNC property always holds
when int Q # (). Furthermore, it happens to be closely related [13] to the so-called
“finite-codimension” property of convex sets, which is known to be essential for
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the fulfillment of an appropriate counterpart of the Pontryagin maximum principle
for infinite-dimensional systems of optimal control; see, e.g., [7,9].

In this paper we show that the dynamic optimization problem (P) formulated
above, with the functional endpoint constraints (1.3) and (1.4), admits necessary
optimality conditions in the extended Euler—Lagrange form accompanied by the
corresponding Weierstrass—Pontryagin/maximum and transversality relations with
no SNC and similar assumptions imposed on the underlying endpoint constraint
set in infinite dimensions. Moreover, the case of endpoint constraints (1.3) and (1.4)
allows us to partly avoid some other rather restrictive assumptions (like “strong
coderivative normality,” which may not hold in infinite-dimensional spaces; see
Sections 6, 7 for more details) imposed in [13] in the general case of geometric con-
straints (1.5). Our approach is based, in addition to [13], on refined properties of ap-
propriate subdifferentials of locally Lipschitzian functions on infinite-dimensional
spaces, as well as on dual/coderivative characterizations of Lipschitzian and metric
regularity properties of set-valued mappings.

The rest of the paper is organized as follows. In Section 2 we formulate
the standing assumptions on the initial data of (P), and discuss the relaxation
procedure used for some results and proofs in the paper. The main attention in
this paper is paid to the so-called intermediate local minimizers, which occupy an
intermediate position between the classical weak and strong minima.

In Section 3 we construct a sequence of the well-posed discrete approximations
(Pn) to the original Bolza problem (P) involving consistent perturbations of the
endpoint constraints in the discrete approximation procedure. Then we present a
major result on the strong stability of discrete approximations that justifies the
W12 norm convergence of optimal solutions for (Py) to the fixed local minimizer
for the original problem (P).

Section 4 contains an overview of the basic tools of generalized differentia-
tion needed to perform the subsequent variational analysis of the discrete-time
and continuous-time evolution systems under consideration in infinite-dimensional
spaces. Most of the material in this section is taken from the author’s book [12],
where the reader can find more results and commentaries in this direction and
related topics.

Section 5 is devoted to deriving necessary optimality conditions for the con-
strained discrete-time problems arising from the discrete approximation proce-
dure. These problems are reduced to constrained problems of mathematical pro-
gramming in infinite dimensions, which happen to be intrinsically nonsmooth and
involve finitely many functional and geometric constraints generated by those
in (1.2)—(1.4) via the discrete approximation procedure. Variational analysis of
such problems requires applications of the full power of the generalized differential
calculus in infinite-dimensional spaces developed in [12].

In Section 6 we derive necessary optimality conditions of the extended Fuler—
Lagrange type for relazed intermediate minimizers to the original Bolza problem
(P) by passing to the limit from those obtained for discrete-time problems. It
worth emphasizing that the realization of the limiting procedure requires not only
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the strong convergence of optimal trajectories to discrete approximation problems
but also justifying an appropriate convergence of adjoint trajectories in necessary
optimality conditions for discrete-time systems. The latter becomes passible due
to specific properties of the basic generalized differential constructions reviewed
in Section 4, which include complete dual characterizations of Lipschitzian and
metric regularity properties of set-valued mappings.

The concluding Section 7 concerns necessary optimality conditions for arbi-
trary (non-relazed) intermediate minimizers to problem (P) that are established in
terms of the extended Euler—Lagrange inclusion accompanied by the Weierstrass—
Pontryagin/mazimum and transversality relations without imposing any SNC as-
sumptions on the target/endpoint constraint set. The approach is based on an ad-
ditional approximation procedure that allows us to reduce (P) to an unconstrained
Bolza problem of the type treated in Section 6 for which any intermediate local
minimizer happens to be a relaxed one.

Our notation is basically standard; cf. [12,13]. Unless otherwise stated, all the
spaces considered are Banach with the norm || - || and the canonical dual pairing
(-,) between the space in question, say X, and its topological dual X* whose
weak™ topology is denoted by w*. We use the symbols IB and IB* to signify the
closed unit balls of the space under consideration and its dual, respectively. Given
a set-valued mapping F': X = X*, its sequential Painlevé-Kuratowski upper/outer
limit at Z is defined by

Limsup F(z) := {x* € X*| 3 sequences 1w — T, o} YL o with
e (1.6)
v € F(xy) as ke IN = {1,2,...}}.

2. Bolza problem for differential inclusions

Just for brevity and simplicity, we consider in this paper the Bolza problem (P)
with autonomous (time-independent) data. By a solution to inclusion (1.2) we
understand (as in [1,6] a mapping x: T — X, which is Fréchet differentiable for
a.e. t € T satisfying (1.2) and the Newton—Leibniz formula

t
x(t)za?o—i—/ﬂb(s)ds forall teT,

where the integral in taken in the BOCHNER SENSE.

Recall that a Banach space X is Asplund if any of its separable subspaces
has a separable dual. This is a major subclass of Banach spaces that particularly
includes every space with a Fréchet differentiable renorm off the origin (i.e., every
reflexive space), every space with a separable dual, etc.; see [4] for more details,
characterizations, and references. There is a deep relationship between spaces hav-
ing the Radon-Nikodym property (RNP) and Asplund spaces, which is used in what
follows: given a Banach space X, the dual space X* has the RNP if and only if X
is Asplund.
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It has been well recognized that differential inclusions (1.2), which are cer-
tainly of their own interest, provide a useful generalization of control systems
governed by differential /evolution equations with control parameters:

&= f(z,u), uwel, (2.1)

where the control sets U(-) may also depend on time and state variables via
F(z,t) = f(z,U(x,t),t). In some cases, especially when the sets F(-) are convex,
the differential inclusions (1.2) admit parametric representations of type (2.1), but
in general they cannot be reduced to parametric control systems and should be
studied for their own sake; see [1]. Note also that the ODE form (2.1) in Ba-
nach spaces is strongly related to various control problems for evolution partial
differential equations of parabolic and hyperbolic types, where solutions may be
understood in some other appropriate senses [7,9].

In what follows, we pay the main attention to the study of intermediate local
minimizers for problem (P) introduced in [11]. Recall that a feasible arc to (P) is
a solution to the differential inclusion (1.2) for which J[z] < oo in (1.1) and the
endpoint constraints (1.3) and (1.4) are satisfied.

Definition 2.1 (Intermediate local minimizers). A feasible arc T(-) is an INTERME-
DIATE LOCAL MINIMIZER (i.l.m.) of rank p € [1,00) for (P) if there are numbers
e >0 and a > 0 such that J[z] < J[x] for any feasible arcs to (P) satisfying the
relationships

lz(t) —z(t)|| <e forall te€la,b and (2.2)

b
a/ &(t) — Z()||P dt < e. (2.3)

In fact, relationships (2.2) and (2.3) mean that we consider a neighborhood
of Z(+) in the Sobolev space Wl’p([a, bl; X) with the norm

/p

o). = e (1) +</ i (t) |pdt> ,

where the norm on the right-hand side is taken in the space X. If there is only the
requirement (2.2) in Definition 2.1, i.e., @« = 0 in (2.3), then we get the classical
strong local minimum corresponding to a neighborhood of Z(-) in the norm topol-
ogy of C([a,b]; X). If instead of (2.3) one puts the more restrictive requirement

|@(t) —z(t)]| <e ae tEeE]a,b],

then we have the classical weak local minimum in the framework of Definition 2.1.
Thus the introduced notion of i.l.m. takes, for any p € [1,00), an intermediate
position between the classical concepts of strong (a = 0) and weak (p = c0) local
minima, being indeed different from both classical notions; see various examples
n [13,18]. Clearly all the necessary conditions for i.l.m. automatically hold for
strong (and hence for global) minimizers.
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Considering the autonomous Bolza problem (P) in this paper, we impose the
following standing assumptions on its initial data along a given intermediate local
minimizer Z(-):

(H1) There are a open set U C X and a number £z > 0 such that Z(¢) € U for all

t € [a,b], the sets F(x) are nonempty and compact for all z € U and satisfy

the inclusion

F(z) C F(u) +lp|lz —ul[lB  whenever x,u€eU, (2.4)

which implies the uniform boundedness of the sets F(z) on U, i.e., the exis-
tence of some constant v > 0 such that

F(z)CcyB forall zeU.

(H2) The integrand ¢ is Lipschitzian continuous on U x (vIB).
(H3) The endpoint functions ¢;, i =0,...,m +r, are locally Lipschitzian around
Z(b) with the common Lipschitz constant ¢ > 0.

Observe that (2.4) is equivalent to say that the set-valued mapping F is
locally Lipschitzian around z(-) with respect to the classical Hausdorff metric on
the space of nonempty and compact subsets of X. In what follows, along with
the original problem (P), we consider its “relaxed” counterpart significantly used
in some results and proofs of the paper. Roughly speaking, the relaxed problem
is obtained from (P) by a convezification procedure with respect to the wvelocity
variable. It follows the route of Bogolyubov and Young in the classical calculus of
variations and of Gamkrelidze and Warga in optimal control; see the books [1,13]
and the references therein for more details and commentaries.

To construct an appropriate relaxation of the Bolza problem (P) under con-
sideration, we first consider the extended-real-valued function

Ip(z,v) = z,v) + (5(1); F(m)) ,
where 6(+; Q) is the indicator function of the set Q. Denote
T/g\F(J?,U) = (ﬁF)j*(ﬂf,U)7 (33,1)) EXXXa

the biconjugate/bypolar function to Vg (x,-), i.e., the greatest proper, convex, and

lower semicontinuous (l.s.c.) function with respect to v that is majorized by Jp.

Then the relaxzed problem (R) to (P), or the relazation of (P), is defined as follows:
b

minimize j[a:] = ¢ (z(b)) —|—/ Ip (z(t),2(t)) dt (2.5)

a

over a.e. differentiable arcs x: [a,b] — X that are Bochner integrable on [a, )]
together with ¢ (x(t), #(t)), satisfy the Newton—Leibniz formula and the endpoint
constraints (1.3), (1.4).

Note that the feasibility requirement .J[z] < oo in (2.5) is fulfilled only if z(-)
is a solution to the convezified differential inclusion

i(t) € cleo F(z(t),&(t)) ae. t€la,b] with x(a)=ux0, (2.6)
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where “clco” stands for the convex closure of a set in X. Thus the relaxed problem
(R) can be considered under explicit dynamic constraints given by the convexified
differential inclusion (2.6). Any trajectory for (2.6) is called a relaxzed trajectory
for (1.2), in contrast to the ordinary (or original) trajectories for the latter inclu-
sion.

There are deep relationships between relaxed and ordinary trajectories for
differential inclusions, which reflect the fundamental hidden convezity inherent in
continuous-time (nonatomic measure) dynamic systems defined by differential and
integral operators. In particular, any relaxzed trajectory of (1.2) under assumption
(H1) can be wuniformly approxzimated (in the C([a, b];X)—norm) by a sequence of
ordinary trajectories; see, e.g., [1,6,16]. We need the following version [5] of this
approximation/density property involving not only differential inclusions but also
minimizing functionals.

Lemma 2.2 (Approximation property for the relaxed Bolza problem). Let x(:)
be a relaxed trajectory for the differential inclusion (1.2) with a separable state
space X, where F' and 9 satisfy assumptions (H1) and (H2), respectively. Then
there is sequence of the ordinary trajectories xy(-) for (1.2) such that xp(-) — =()
in C([a,b]; X) as k — oo and

b b
liminf/ O (ax(t), @, (t)) dt < / O (x(t), &(t)) dt .
k—oo J, a

Note that Theorem 2.2 does not assert that the approximating trajectories
x () satisfy the endpoint constraints (1.3) and (1.4). Indeed, there are examples
showing that the latter may not be possible and, moreover, the property of relaz-
ation stability

inf(P) = inf(R) (2.7)
is violated; in (2.7) the infima of the cost functionals (1.1) and (2.5) are taken over
all the feasible arcs in (P) and (R), respectively.

An obvious sufficient condition for the relaxation stability is the convezity
of the sets F(z,t) and of the integrand ¢ in v. However, the relaxation stability
goes far beyond the standard convexity due to the hidden convexity property of
continuous-time differential systems. In particular, Theorem 2.2 ensures the re-
laxation stability of nonconvex problems (P) with no constraints on the endpoint
2(b). There are various efficient conditions for the relaxation stability of nonconvex
problems with endpoint and other constraint; see [13, Subsection 6.1.2] with the
commentaries therein for more details, discussions, and references.

A local version of the relaxation stability property (2.7) regarding intermedi-
ate minimizers for the Bolza problem (P) is postulated as follows.

Definition 2.3 (Relaxed intermediate local minimizers). A feasible arc z(-) to the
Bolza problem (P) is a RELAXED INTERMEDIATE LOCAL MINIMIZER (r.i.l.m.) of
rank p € [1,00) for (P) if it is an intermediate local minimizer of this rank for the
relazed problem (R) providing the same value of the cost functionals: J[z] = J[Z).
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It is not hard to observe that, under the standing assumptions formulated
above, the notions of intermediate local minima and relaxed intermediate local
minima do not actually depend on rank p. In what follows we always take (unless
otherwise stated in Section 7) p =2 and o = 1 in (2.3) for simplicity.

The principal method of our study in this paper involves discrete approxima-
tions of the original Bolza problem (P) for constrained continuous-time evolution
inclusions by a family of dynamic optimization problems of the Bolza type gov-
erned by discrete-time inclusions with endpoint constraints. We show that this
method generally leads to necessary optimality conditions for relazed intermediate
local minimizers of (P). Then an additional approximation procedure allows us to
establish necessary optimality conditions for arbitrary (non-relaxed) intermediate
local minimizers by reducing them to problems, which are automatically stable
with respect to relaxation.

3. Discrete approximations

In this section we present basic constructions of the method of discrete approxi-
mations in the theory of necessary optimality conditions for differential inclusions
following the scheme of [11,13] developed for the case of geometric constraints,
with certain modifications required for the functional endpoint constraints (1.3)
and (1.4).

For simplicity we use the replacement of the derivative by the uniform Fuler

scheme:
t+h)—ax(t
i(t) ~ w ., h—0.
To formalize this process, we take any natural number N € IN and consider the
discrete grid/mesh on T defined by

TN::{a,a—i—hN,...,b—hN,b}, hN::(b—a)/N,

with the stepsize of discretization hy and the mesh points t; := a + jhy as j =
0,...,N, where ty = a and ¢t = b. Then the differential inclusion (1.2) is replaced
by a sequence of its finite-difference/discrete approximations

an(tjy1) € an(ty) + hyF(an(t;), 7=0,...,N—=1, ax(tg) =zo. (3.1)

Given a discrete trajectory xn(t;) satisfying (3.1), we consider its piecewise
linear extension xpy(t) to the continuous-time interval T = [a, b], i.e., the Fuler
broken lines. We also define the piecewise constant extension to T of the corre-
sponding discrete velocity by

tiv1) — N (L
un(t) == o ( ]H})l o ()
N
It follows from the very definition of the Bochner integral that
t

J;N(t):xo—l—/vN(s)ds for teT.

a

R te[tj,tj+1), 7=0,...,N—1.
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The next result establishes the strong W2-norm approzimation of any tra-
jectory for the differential inclusion (1.2) by extended trajectories of the sequence
of discrete inclusions (3.1). Note that the norm convergence in W2 ([a, b]; X) im-
plies the wuniform convergence of the trajectories on [a,b] and the pointwise, for
a.e. t € [a,b], convergence of (some subsequence of) their derivatives. The latter is
crucial for the study of nonconver-valued differential inclusions. The proof of this
result in given in [13, Theorem 6.4], which is an infinite-dimensional counterpart
of the one in [11, Theorem 3.1].

Lemma 3.1 (Strong W !2-approximation by discrete trajectories). Let Z(-) be an
arbitrary solution to the differential inclusion (1.2) under the assumptions in (H1),
where X is a general Banach space. Then there is a sequence of solutions Ty (t;) to
the discrete inclusions (3.1) such that their extensions Ty (t), a <t <b, converge
to Z(t) strongly in the space W2 ([a,b]; X) as N — oo.

Now fix an intermediate local minimizer Z(-) for the Bolza problem (P) and
construct a sequence of discrete approximation problems (Py), N € IN, admitting
optimal solutions Z y () whose extensions converge to Z(-) in the norm topology of
Wh2([a,b]; X) as N — oo.

To proceed, we take a sequence of the discrete trajectories Z y (-) approximat-
ing by Lemma 3.1 the given local minimizer Z(-) to (P) and denote

= max ||[Zn(t;) —Z(t;)|| =0 as N — . 3.2
i = _max[[E(t) - a(t)] (32

Having € > 0 from relations (2.2) and (2.3) for the intermediate minimizer

Z(-) with p = 2 and o = 1, we always suppose that

Z(t)+¢e/2€U forall te€la,bl,

where U is a neighborhood of Z(-) from (H1). Let ¢ > 0 be the common Lipschitz
constant of ¢;, i = 1,...,m+r, from (H3). Construct problems (Py), N € IN, as
follows: minimize

N-1

TN (L) —xn (L
JN[xN]:QDO(xN(tN»‘FhNZl? xN(tj), N( ]+1) N( J)
3=0 v
Nol e ) (3.3)
i tivl) —an(ty) .
+Z/ xN( J+1) xN( J) 7i’(t)H dt
. t. hN
Jj=0""%
over discrete trajectories zy = zn () = (zo,zn(t1), ..., zn(ty)) for the difference
inclusions (3.1) subject to the constraints
vi(zn(tn)) < Iny for i=1,....,m, (3.4)
—lny < gi(zn(tn)) < Iy for i=m+1,...,m+r, (3.5)
lon () — 2(t)] < = for j=1,...,N, and (3.6)

-2
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N-1

tit1 . — i 2
Z / a;N(t].H})L o (t) j(t)H dt < % (3.7)
j=0 7t N

Considering in the sequel (without mentioning any more) piecewise linear
extension of zx(+) to the whole interval [a, b], we observe the relationships:
t
xn(t) = xo +/ in(s)ds forallt € fa,b] and
a (3.8)

in(t) = @n(t;) € Fan(t;)), tE€[tj,tj41), j=0,...,N—1.

In the next theorem, we establish that the given relaxed intermediate local
minimizer (r.i.lm.) Z(-) to (P) can be strongly in W2 approximated by opti-
mal solutions to (Py); the latter implies the a.e. pointwise convergence of the
derivatives significant for the main results of the paper. To justify such an ap-
proximation, we need to impose the Asplund structure on both X and its dual X*,
which is particularly the case when X is reflezive.

Theorem 3.2 (Strong convergence of discrete optimal solutions). Let Z(-) be an
r.i.l.m. for the Bolza problem (P) under the standing assumptions (H1)—(H3) in
the Banach state space X, and let (Py), N € IN, be a sequence of discrete approz-
imation problems built above. The following hold:

(i) Each (Pyn) admits an optimal solution.
(ii) If in addition both X and X* are Asplund, then any sequence {Tn(-)} of
optimal solutions to (Pn) converges to Z(-) strongly in W2 ([a,b]; X).

The proof of this theorem follows the arguments in [12, Theorem 6.13] and
the estimates

lpi(@n(tn)) — @i (2(0))| < £|Z(tn) — 2(tn)| < fgy forall i=1,...,m+7r

due to (3.2), which are needed for (3.4) and (3.5).

The strong convergence result of Theorem 3.2 makes a bridge between the
original continuous-time dynamic optimization problem (P) and its discrete-time
counterparts (Px), which allows us to derive necessary optimality conditions for
(P) by passing to the limit from those for (Py). The latter ones are intrinsically
nonsmooth and require appropriate tools of generalized differentiation for their
variational analysis.

4. Generalized differentiation

In this section, we define the main constructions of generalized differentiation
used in what follows. Since our major framework in this paper is the class Asplund
spaces, we present simplified definitions and some properties held in this setting.
All the material reviewed and employed below is taken from the author’s book [12],
where the reader can find more details and references.
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We start with generalized normals to closed sets 2 C X. Given T € (), the
(basic, limiting) normal cone to Q at Z is defined by

N(7;Q) := Limsup N(z:Q), (4.1)
where “Limsup” stands for the sequential upper/outer limit (1.6) of the Fréchet
normal cone (or the prenormal cone) to Q at @ € Q given by

lim sup #tu=a) < O} , (4.2)

N Q) =327 e X~
(230 = {r S

where z 5 & signifies that 2 — Z with z € Q, and where N (z;€) := 0 for z ¢ €.
Given a set-valued mapping F': X = Y of closed graph

gph I := {(x,y) € X x Y’ y € F(ar:)}7

define its normal coderivative and Fréchet coderivative at (Z,y) € gph F by, re-
spectively,

D'F@,g)y") = {o" € X*| 0", ~y") e N(@pigph F) |, (43)

D'F(@,9)y") = {2* € X*| (0", ~y") € N((@ phigoh F) } . (44)
If F=f: X —Y is strictly differentiable at T (in particular, if f € C1), then
D f(@)(y") = D" f(@)(y") = {VF(@)y"}, y €Y,
i.e., both coderivatives (4.3) and (4.4) are positively homogeneous extensions of
the classical adjoint derivative operator to nonsmooth and set-valued mappings.
Finally, consider a function ¢: X — IR locally Lipschitzian around Z; in this
paper we do not use more general functions. Then the (basic, limiting) subdiffer-
ential of ¢ at T is
d¢(%) := Limsup dp(z) , (4.5)
T—T
where the sequential outer limit (1.6) of the Fréchet subdifferential mapping 54,0()

1S

~

op(x) == {x* e X*

o) — () — (a*,u — 2)
o=zl 20} (46)

We are not going to review in this section appropriate properties of the gen-
eralized differential constructions (4.1)—(4.6) used in Sections 5-7: these properties
will be invoked with the exact references to [12] in the corresponding places of the
proofs in the subsequent sections. Just note here that our basic/limiting construc-
tions (4.1), (4.3), and (4.5) enjoy full calculus in the framework of Asplund spaces,
while the Fréchet-like ones (4.2), (4.4), and (4.6) satisfy certain rules of “fuzzy
calculus.”
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5. Necessary conditions for discrete inclusions

In this section we derive necessary optimality conditions for the sequence of discrete
approximation problems (Py) defined in (3.1) and (3.3)—(3.7). We only present re-
sults in the “fuzzy” form, which are more convenient to derive necessary conditions
for the original problem (P) by the limiting procedure in Section 6.

Observe first that each discrete optimization problem (Pp) can be equiva-
lently written in a special form of constrained mathematical programming (MP):

minimize o(z) subject to
Yi(2) <0, j=1,...,s
f(z)=0,

2€0;CZ, j=1,...,1,

where 1); are real-valued functions on some Banach space Z, where f: Z — E is
a mapping between Banach spaces, and where ©; C Z. To see this, we let

zZ = (.’L‘h...,,’EN,Uo,...,UN,l)EZZ:XQN,
E=X" s=N+2+m+2r,1:=N—-1

and rewrite (Py) as an (M P) problem (5) with the following data:

s
Po(2) == wo(rN +hNZ191:J,vJ +Z/ |v; — 2(t)||* dt,

ijfl—x(tj—l)\l —€/2,j=1,...,N+1,

N-1 iy
0 (z) = Z/ o — 302 dt— /2, j = N +2,
- t.

oi(zn) — o, G=N 4240, i=1,...,m+r,
—pi(en) =N, j=N+24+m+r+i,i=m+1,.... m+r;
{ f(2) = (fo(2),- -, fn-1(2))  with

fj(z) =241 —x; —hyv;, j=0,...,N—1,

0; = {z e XN

vjeF(xj)} for j=0,...,N 1.

The next theorem establishes necessary optimality conditions for each prob-
lem (Py) in the approximate/fuzzy form of refined Euler-Lagrange and transver-
sality inclusions expressed in terms of Fréchet-like normals and subgradients. The
proof is based on applying the corresponding fuzzy calculus rules and neighborhood
criteria for metric reqularity and Lipschitzian behavior of set-valued mappings;
cf. [13, Theorem 6.19].

Theorem 5.1 (Fuzzy Euler-Lagrange conditions for discrete approximations). Let
zn() = {zn(tj)| 7 = 0,...,N} be local optimal solutions to problems (Py) as
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N — oo under the assumptions (H1)-(H3) with the Asplund state space X. Con-
sider the quantities

tjt1
9]\]]' = 2/
tj

Then there exists a sequence ey | 0 along some N — oo, and there are sequences
of Lagrange multipliers \in, i = 0,...,m + r, and adjoint trajectories pn(-) =
{pn(t;) € X*|j=0,...,N} satisfying the following relationships:-

xN(tj+1) —$N(tj) _f(t)Hdt’ 17=0,...,N—1.
hn

— the sign and nontriviality conditions

m-+r

Ay >0 forall i=0,...,m+r, Z/\iNil;
i=0

— the complementary slackness conditions

AiN [%(iN(tN)) - ZnN} =0 for di=1,...,m;
— the extended Fuler—Lagrange inclusion in the approzimate form

(pN(th) —pn(t5)
hn

9 .
;PN (tir1) — /\ONthb}‘vJ
N

Ty(tj+1) — Tn(t))
)

€ )\oNé\ﬂ (xN(tj),

+ ﬁ( <§7N(tj), In(ti) = xN(tj)) ;gphF) +elB*  with

N, €B*, j=0,...,N—1;

— the approximate transversality inclusion

—pn(tn) € i AinOpi (T (ty))
=0
m—4r
+ Z )\iN {5901 (fN(tN)) Ué\( - (,Dz) (fN(tN)):| + eB*.

i=m-+1

6. Euler-Lagrange conditions for relaxed minimizers

This section contains necessary optimality conditions in the refined forms of the
extended Euler-Lagrange and transversality inclusions for relazed intermediate lo-
cal minimizers of the original problem (P). The proof is based on the passing
to the limit from the necessary optimality conditions for discrete approximation
problems obtained in Section 5 and on the usage of the strong stability of discrete
approximations established in Section 3. A crucial part of the proof involves the
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justification of an appropriate convergence of adjoint arcs; the latter becomes pos-
sible due to the coderivative characterization of Lipschitzian set-valued mappings;
cf. [13, Theorem 6.21]

Theorem 6.1 (extended Euler-Lagrange and transversality inclusions for relaxed
intermediate minimizers). Let Z(-) be a relazed intermediate local minimizer for
the Bolza problem (P) given in (1.1)—(1.4) under the standing assumptions of Sec-
tion 2, where the spaces X and X* are Asplund. Then there are nontrivial Lagrange
multipliers 0 # (Mo, -+, Amar) € R™T™L and an absolutely continuous mapping
p: [a,b] — X* such that the following necessary conditions hold:

— the sign conditions

A >0 forall i=0,....m-+r, (6.1)
— the complementary slackness conditions
Nigi(2(b)) =0 for i=1,...,m, (6.2)

— the extended Euler—Lagrange inclusion, for a.e., t € [a,b],

p(t) € cleo {u e X* (u,p(t)) € /\oaﬂ(f(t)vf(t))

(6.3)
+ N((f(t), #(t)); gph F) } :
— and the transversality inclusion
m m—r
—p(b)) € Y Nid; (z(b)) + Z:&p%@@DUaVWﬂ@@M~ (6.4)
i=0 i=m-+1

Note that the results obtained in Theorem 6.1 are different from those derived
in [13, Subsection 6.1.5] not only by the absence of any SNC-like assumptions on
the target/constraint set but also by not imposing the “coderivative normality”
property on F needed in [13] in similar settings. Observe also that the arguments
developed above allow us to provide the correspondent improvements in the case of
Lipschitzian endpoint constraints of the Euler—-Lagrange type necessary optimality
conditions derived in [14] for evolution models governed by semilinear inclusions

i(t) € Az(t) + F(x(t),t), (6.5)

where A is an unbounded infinitesimal generator of a compact Cy-semigroup on X,
and where continuous solutions to (6.5) are understood in the mild sense.

7. Necessary conditions without relaxation

In this section we establish necessary optimality conditions for intermediate local
minimizers Z(-) of evolution inclusions without any relazation. It can be done under
certain more restrictive assumptions on the initial data in comparison with those
in Theorem 6.1. For simplicity, consider here the Mayer version (Pys) of problem
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(P) with ¥ = 0 in (1.1). In this case, the Euler—Lagrange inclusion (6.3) admits
the coderivative form

p(t) € cleco D*F(z(t), 2(t)) ( — p(t)) ae. t€a,b], (7.1)

which easily implies, due to the extremal property for coderivatives of convex-
valued mappings given in [12, Theorem 1.34], the Weierstrass—Pontryagin maxi-
mum condition
(p(t),z(t)) = ver;l%}gt)) (p(t),v) ae. tela,b (7.2)

provided that the sets F(x) are convex near Z(t) for a.e. t € [a,b]. Our goal is to
justify the above Euler-Lagrange and Weierstrass—Pontryagin conditions, together
with the other necessary optimality conditions of Theorem 6.1, for intermediate
minimizers of the Mayer problem (Py;) subject to the Lipschitzian endpoint con-
straints (1.3) and (1.4), without any convezity or relazation assumptions and with
no SNC-like requirements imposed on the endpoint constraint set. To accomplish
this goal, we employ a certain approximation technique involving Fkeland’s vari-
ational principle combined with other advanced results of variational analysis and
generalized differentiation, which allow us to reduce the constrained problem un-
der consideration to an unconstrained (and thus stable with respect to relazation)
Bolza problem studied in Section 6. However, this requires additional assumptions
on the initial data of (Pys) imposed in what follows.

Recall that a set-valued mapping F': X =Y is strongly coderivatively normal
at (Z,7) € gph F if its normal coderivative (4.3) admits the representation

*

D*F(z,9)(y") = {:E* € X*| 3 sequences (zy,yr) — (Z,79), =5 = 2%, and

vi —y" with gy € F(a) and 2} € D"Flak,y)(yp) as
k= o0} = Dy F(z,5)(y"). (7.3)

where D3, F(Z,9) is called the mized coderivative of F at (Z,y). Observe that the
only difference between the normal and mixed coderivatives of F' at (Z,y) is that

the mired weak™ convergence of xj, “} #* and the norm convergence of y; — y*
is used for D}, F(z,y) in (7.3), in contrast to the weak™ convergence of both com-
ponents (z},y;) = (z*,y*) for D*F(z,9) in (4.3) via (4.1). Besides the obvious
case of dimY < oo, the strong coderivative normality holds in many important
infinite-dimensional settings, and the property is preserved under various compo-
sitions; see [12, Proposition 4.9] describing major classes of mappings satisfying
this property.

A mapping F: X = Y is called sequentially normally compact (SNC) at
(Z,7) € gph F if for any sequences (zy, yx) b F (z,7) and (z},y*) € N((xk,yk);
gph F) one has

(@ yn) = 0= (%, w0) = 0 as &k —oo.
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As discussed in Section 1, this property is a far-going extension of the “finite-
codimension” and other related properties of sets and mappings. It always holds
in finite dimensions, while in reflexive spaces agrees with the“compactly epi-
Lipschitzian” property by Borwein and Stréjwas; see [12] for more details, dis-
cussions, and calculus.

Finally, recall that the given norm on a Banach space X is Kadec if the strong
and weak convergences agree on the boundary of the unit sphere of X. It is well
known that every reflexive space admits an equivalent Kadec norm.

Theorem 7.1 (Euler-Lagrange and Weierstrass—Pontryagin conditions for inter-
mediate local minimizers with no relaxation). Let Z(-) be an intermediate local
minimizer for the Mayer problem (Par) in (1.1)—(1.4) under the standing hypothe-
ses (H1) and (H3) on F and ¢;. Assume in addition that:
(a) the state space X is separable and reflexive with the Kadec norm on it;
(b) the velocity mapping F is SNC at (Z(t),Z(t)) and strongly coderivatively nor-
mal with weakly closed graph around this point for a.e. t € [a,b].

Then there are nontrivial Lagrange multipliers 0 # (Xo, - ., Amar) € R™TTT and
an absolutely continuous mapping p: [a,b] — X* satisfying the following relation-
ships:

~ the sign and complementarity slackness conditions in (6.1) and (6.2);

— the Euler—Lagrange inclusion (7.1), where the closure operation is redundant;
- the Weierstrass—Pontryagin mazimum condition (7.2); and

— the transversality inclusion (6.4).

Proof. Denote
gog'(x,u) = max{g&o(x) - 1/,0} , gaj'(:v) = max{gpi(x),()} yi=1,....,m, (74)

and, by the method of metric approzimations [10], consider the parametric cost
functional

m m—+r 1/2
01 = [(2(®.) + Y (@) ) + Y 2ew)] veRr, (75)
=1 i=m-+1

over trajectories for (1.1) with no endpoint constraints. Since Z(+) is an intermediate
local minimizer for (Pyr) and due to the constructions in (7.4) and (7.5), we have

0,[z] >0 forany v <i:=(Z(b))

provided that z(-) is a trajectory for (1.2) belonging to the prescribed W11-
neighborhood of the given intermediate local minimizer and such that x(t) € U
for all ¢ € [a, b], where the open set U C X is taken from the requirements in (H1)
imposed on Z(-).

Then following the proof of [13, Theorem 6.27], we find an absolute continuous
arc z.(-) satisfying the estimate

b
/Hﬂﬂ—%@mﬁgg
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and such that x. provides an intermediate minimum to the unconstrained Bolza
problem with Lipschitzian data:

b
minimize e ((5)) + / 9. (w(t), (1), £) dt (7.6)

a

over absolutely continuous arcs x(-) satisfying z(a) = zo and lying in a Whi-
neighborhood of Z(-), where the functions p.: X — IR and .: X x X x [a,b] — IR
are given by

m m—+r 1/2
0@ = [P+ 3 (D@ + Y o] . @
=1 i=m-+1

De(w,0,) = my/1 4 G dist (2, v); b F) + VEllo — (0] (7.8)
Applying the optimality conditions of Theorem 6.1 to problem (7.6) with the
initial data (7.7) and (7.8), for all small € > 0 we find an absolutely continuous
adjoint arc p: [a,b] — X* satisfying
De(t) € co {u € X*‘ (u,pe(t)) € ,u(?dist((xs(t),jcs(t));gphF) + \@(O,ZB*)} (7.9)

for a.e. t € [a,b] with p :=n\/1+ £% and

m m-+r 1/2
—pe) € O (1)2(ov) + 3 (1) () + Y 930 P @a0)
i=1 i=m+1

Passing to the limit in (7.9), (7.10) and using the calculus rules of generalized dif-
ferentiation as in the proof of [13, Theorem 6.27], we arrive at the Euler-Lagrange
and transversality conditions of the theorem without any relaxzation.

Observe that in the general nonconvex setting the Euler-Lagrange inclu-
sion (7.1) does not automatically imply the maximum condition (7.2). To es-
tablish the latter condition supplementing the other necessary conditions of the
theorem, we follow the proof of [17, Theorem 7.4.1] given for a Mayer problem
of the type (Pys) involving nonconvex differential inclusions in finite-dimensional
spaces; it holds with minor changes in infinite-dimensions under the assumptions
imposed. The proof of the latter theorem is based on reducing the constrained
Mayer problem for nonconvex differential inclusions to an unconstrained Bolza
(finite Lagrangian) problem, which in turn is reduced to a problem of optimal
control with smooth dynamics and nonsmooth endpoint constraints first treated
in [10] via the nonconvex normal cone (4.1) and the corresponding subdifferen-
tial (4.5) introduced therein to describe the appropriate transversality conditions
in the maximum principle. U
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Abstract. In the paper we describe basin of attraction of the p-adic dynam-
ical system f(z) = 2* 4+ ax®. Moreover, we also describe the Siegel discs of
the system, since the structure of the orbits of the system is related to the
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1. Introduction

It is known that the p-adic numbers were first introduced by the German math-
ematician K. Hensel. During a century after their discovery they were considered
mainly objects of pure mathematics. Starting from 1980s various models described
in the language of p-adic analysis have been actively studied. Applications of p-
adic numbers in p-adic mathematical physics [6,12,20,30], quantum mechanics [16]
and many others [17] stimulated increasing interest in the study of p-adic dy-
namical systems. In [17,29] p-adic field have arisen in physics in the theory of
superstrings, promoting questions about their dynamics. Also some applications
of p-adic dynamical systems to some biological, physical systems were proposed
in [3,4,18,31]. Other studies of non-Archimedean dynamics in the neighborhood of
a periodic and of the counting of periodic points over global fields using local fields
appeared in [9, 13,19, 25]. Certain rational p-adic dynamical systems were inves-
tigated in [14,21] which appear from problems of p-adic Gibbs measures [22-24].
In [7,8] the Fatou set of a rational function defined over some finite extension
of @, has been studied. Besides, an analogue of Sullivan’s no wandering domains
theorem for p-adic rational functions, which have no wild recurrent Julia critical
points, was proved.
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The most studied discrete p-adic dynamical systems (iterations of maps) are
the so called monomial systems, i.e., f(z) = ™. In [5] an asymptotic behavior of
such a dynamical system over p-adic and C,, was investigated. In [18] perturbated
monomial dynamical systems defined by f,(z) = 2" +¢(x), where the perturbation
term ¢(z) was a polynomial whose coefficients had small p-adic absolute value,
was studied. There it was shown a connection between monomial and perturbated
monomial systems. Formulas for the number of cycles of a specific length to a given
system and the total number of cycles of such dynamical systems were provided.
These investigations show that the study of perturbated dynamical systems is
important. Even for a quadratic function f(z) = 2%+c, ¢ € Q,, its chaotic behavior
is complicated (see [28,29]). In [28] the Fatou and Julia sets of such a p-adic
dynamical system were found. Unique ergodicity and ergodicity of monomial and
perturbated dynamical systems have been considered in [1,11].

The aim of this paper is to investigate the asymptotic behavior of a cubic
p-adic dynamical system f(z) = 23 +az? at |al, # 1. Note that globally attracting
sets play an important role in dynamics, restricting the asymptotic behavior to
certain regions of the phase space. However, descriptions of the global attractor
can be difficult as it may contain complicated chaotic dynamics. Therefore, in
the paper we will investigate the basin of attraction of such a dynamical system.
Moreover, we also describe the Siegel discs of the system, since the structure of the
orbits of the system is related to the geometry of the p-adic Siegel discs (see [2]).

2. Preliminaries

2.1. p-adic numbers

Let Q be the field of rational numbers. Throughout the paper p will be a fixed prime
number. Every rational number x # 0 can be represented in the form z = p" -,
where r,n € Z, m is a positive integer and p,n, m are relatively prime. The p-adic
norm of z is given by |z|, = p~" and |0|, = 0. This norm satisfies so called the
strong triangle inequality

|7+ ylp < max{|alp, [y} -
From this inequality one can infer that
if |z[p # lylp, then |z —y[, =max{[z|p, |y|,} (2.1)
if |zl =lylp, then |z—yl|, <|2z],. (2:2)

This is a ultrametricity of the norm. The completion of Q with respect to
p-adic norm defines the p-adic field which is denoted by Q,. Note that any p-adic
number x # 0 can be uniquely represented in the canonical series:

x=p" (o +z1p+220” + 1), (2.3)

where v = y(z) € Z and x; are integers, 0 < z; < p—1,29 >0, j =0,1,2,...
(see more detail [10,15]). Observe that in this case |z|, = p~7(*).
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We recall that an integer a € Z is called a quadratic residue modulo p if the
equation 22 = a(mod p) has a solution = € Z.

Lemma 2.1 ([30]). In order that the equation

?=a, 0#£a=p"Dag+ap+- ), 0<a; <p—-1, ag>0

has a solution x € Qy, it is necessary and sufficient that the following conditions
are satisfied:

(i) v(a) is even;
(ii) ao is a quadratic residue modulo p if p # 2, if p = 2 besides a1 = ag = 0.

For any a € Q, and r > 0 denote

Br(a)z{ze(@p:|x—a|p§r}, B.(a)={z€Q,: |z —al, <r},
Sp(a) ={x € Q,: |z —al, =7}.

A function f : B,(a) — Q, is said to be analytic if it can be represented by
f(x):an(x_a)n7 fner7
n=0

which converges uniformly on the ball B,.(a).
Note the basics of p-adic analysis, p-adic mathematical physics are explained
in [10,15,27,30]

2.2. Dynamical systems in Q,
In this section we recall some known facts about dynamical systems (f, B) in Q,,
where f: 2 € B — f(z) € B is an analytic function and B = B,(a) or Q,.
Recall some standard terminology of the theory of dynamical systems (see
for example [26]). Let f : B — B be an analytic function. Denote (™) = f(2(9)),
where 2° € B and f"(z) = fo---o f(x). If f(2@) = 2O then () is called a
—_———

fized point. A fixed point z(9) is called an attractor if there exists a neighborhood
U(z(®) of 2(9 such that for all points y € U(2(?) it holds lim, . y™ = 2,
where y(™ = f(y). If 2(°) is an attractor then its basin of attraction is

A(I(O)) = {y €Qp: y™ = 2O n oo} .

A fixed point z(©) is called repeller if there exists a neighborhood U(z(®) of z(©)
such that | f(z) =z, > [z —2©)|, for z € U(x), x # 2(9). For a fixed point 2(*)
of a function f(x) a ball B,(2(°)) (contained in B) is said to be a Siegel disc if
each sphere S,(z("), p < r is an invariant sphere of f(z), ie., if z € S,(z(?)
then all iterated points 2(™) € S,(z(?)) for all n = 1,2... . The union of all Siegel

discs with the center at z(?) is said to a mazimum Siegel disc and is denoted by
SI(x®).
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Remark 2.2. In non-Archimedean geometry, a center of a disc is nothing but a
point which belongs to the disc, therefore, in principle, different fixed points may
have the same Siegel disc.

Let (9 be a fixed point of an analytic function f(x). Set

A= %f (@) .

The point z(*) is called attractive if 0 < |\|, < 1, indifferent if |A|, = 1, and
repelling if |\, > 1.

3. The map f : x — 23 + ax? and its fixed points
In this section we consider dynamical system associated with the function f :
Qp — Q, defined by
fl)=2*+az®, acQ,. (3.1)
Throughout the paper we will consider only the case |a|, # 1, since the case

lal, = 1 requires more investigations and it will be considered elsewhere.
Direct checking shows that the fixed points of the function (3.1) are the

following ones
—a++vVa*+4

T = 0 and €r2,3 = 9 (32)
Here it should be noted that z3 3 are the solutions of the following equation
2 far—1=0. (3.3)

Note that these fixed points are formal, because, basically in @Q, the square
root does not always exist, but a full investigation of behavior of the dynamics of
the function needs the existence of the fixed points z2 3. To do end this it is enough
to verify when va? 4+ 4 does exist. So, by verifying the conditions of Lemma 2.1
one can prove the following

Proposition 3.1. The following assertions hold
(i) Let |a|, < 1, then the expression va? + 4 exists in Q, if and only if either
p>3orp=2andlal, <1/p>.
(ii) Let |a|, > 1, then the expression Va? + 4 exists in Q,.

4. Attractors and Siegel discs

In this section we will establish behavior of the fixed points of the dynamical
system. After, we are going to describe size of the attractors and Siegel discs of
the system.

Before going to details let us formulate certain useful results.
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Let us assume that (%) be a fixed point of f. Then f can be represented as

follows
" (0)
£@) = £0) 4 (o) (2 - 20) + L0 (o g2
+M( _ (0))3 b
6 Tr—x .

From the above equality putting v = © — zy we obtain

f// 2(0) f/// 2(0)

@) = £y = |7 @) + L8 LER ol )

Lemma 4.1. Let 2% be a fized point of the function f given by (3.1). If

e { 1320 + al e — 2], |2 x<°>|i} <If ()l
then
(@) = f(O)]p = £/ (&) |plz — 2V, . (4.3)
The proof immediately follows from (4.2) and

f(x) = 32% + 2ax (4.4)

f'(x)=6x+2a, ["(x)=6.
From Lemma 4.1 we get

Corollary 4.2. [5] Let (9 be a fized point of the function f given by (3.1). The
following assertions hold:
(i) if (9 is an attractive point of f, then it is an attractor of the dynamical
system. If r > 0 satisfies the inequality

max {|3x(0) + alpr, r2} <1 (4.5)

then B, () c A(z(©);

(ii) if ) is an indifferent point of f then it is the center of a Siegel disc. If r
satisfies the inequality (4.5) then B,.(z(©)) c SI(x(®));

(iii) if 29 is a repelling point of f then 2(°) is a repeller of the dynamical system.

Now we are going to calculate norms of the fixed points and their behavior.
Consider several distinct cases with respect to the parameter a.
From (4.4) one can easily conclude that the fixed point x; is attractive.
Therefore, furthermore we will deal with x5 3.
Taking into account that the fixed points x5 and a3 are the solutions of (3.3)
from (4.4) we find
f(z,) =3 —az,, o=2,3 (4.6)
and
To+x3 = —a, Towg = —1. (4.7



310 F. Mukhamedov and J.F.F. Mendes

Case |a|, > 1. In this case from (4.7) one gets that |zo+z3|, = |alp, |z2|p|z3], = 1.
These imply that either |za|, > 1 or |z3], > 1. Without loss of generality we may
assume that |x2|, > 1, which means that |z3], < 1. From the condition |a|, > 1
one finds that |z2|, = |a|, and |z3|, = 1/]al,.

From (4.6) we infer that

|f'(@2)lp = lalplwal, = laly > 1 (4.8)

which implies that xo is repelling. Now (4.4) with |z3], = 1/|a|, implies that
|f'(x3)|p =1, hence z3 is a indifferent point.

Now let us find the basin of attraction of x4, i.e., A(z1).

Denote

1
|als

Consider several steps along the description of A(z1).

(I) From Corollary 4.2 and (4.5) we find that B,, (0) C A(x1). Now take x €
Sy, (0), i.e., || = r1. Then one gets

Tk

[f(@)lp = |z[3lz + alp = |zflal, = 71,
whence we infer that |f)(z)|, = r1 for all n € N. This means that x ¢
A(zy), hence A(x1) NSy, (0) = 0. As a consequence we have f(S,,(0)) C
Sr, (0).
In the sequel we will assume that /|al, & {p*, k € N}. Denote

A(oo):{xe(@p:|f(”)(x)|p—>oo as n—>oo}.

It is evident that A(z1) N A(co) = 0.
(II) Let us take z € S,(0) with r > |al,. Then we have
[f(@)]p = |zl +alp = [2[3lz], = |2l ,

which means that x € A(o0), i.e., S, (0) C A(c0) for all r > |al,.

(III) Now assume that x € S,(0) with r € (r1,79) U (70, ]alp). Then we have
f(Sr(0)) C Sy214,(0). If 7 € (ro,|al,) then r?|al, > |al,, hence we have
S-(0) € A(c0). If r € (r1,70) then according to our assumption we have
7‘2n\a|11,“'2“"”+2%1 # 1 for every n € N, hence there is ng € N such that
f(0)(S,.(0)) € A(00), from this we infer that S,.(0) C A(co). Consequently,
we have S,.(0) C A(oco) for all € (r1,79) U (ro, |alp).

(IV) If z € S;,(0), then one gets f(S,(0)) C S|4y, (0).

(V) Therefore, we have to consider x € S|4/, (0). From (3.1) we can write

[f(@)lp = lal|a + alp . (4.9)
From the last equality and the following decomposition

alp

!
Sial,(0) = | Sr(~a). (4.10)

r=0
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one concludes that we have to investigate behavior of f on spheres S, (—a)
(r € [0, lal,)).

(VI) Let = € B,,(—a), ie., |+ a|, < rs, then the equality (4.9) implies that
lf(2)]p, < Which means € A(x1). Hence B,,(—a) C A(x1). Moreover,
taking into account (I) one gets f(S,,(—a)) C Sy, (0).

(VII) If z € S, (—a) then from (4.9) we find that f(x) € S4|,(0).
(VIII) If # € S,,(—a) then again using (4.9) one gets that f(z) € S,,(0). This
with (IV) implies that f)(S,. (—a)) C Slal, (0).

(IX) If x € Sy(—a) with r € (r3,72) U (r2,r1) U (r1,]alp]. Then from (4.9) we
obtain that f(x) € S,(0), p € (r1,70) U (ro, |alp) U (lalp, laf}]. Hence thanks
to (II) and (IIT) we infer that f(z) € A(c0).

Let us introduce some more notations. Given sets A, B C Q, put

Tf7A7B(x):min{k€N: f(k)(x)GB}, €A, (4.11)
D[A,B]={z € A: Ty ap(z) <ox}. (4.12)

1

Taking into account (II)-(IX) and (4.11), (4.12) we can define DI[S,,(0) U
Slal,(0), By, (—a)], which is non empty, since from (VI) one sees that B,«S( a) C
DIS,,(0) U S, (0), By (—a)]. Thus from (I)-(IX) we have A(x1) = B,,(0) U
D[STO (0) U Sla\p(o)’ BT3(_a)] .

Now consider the other z, (¢ = 2,3) fixed points. We already have known
from above calculations that |z2|, = |a|, and|zs|, = 1, this means z3 is indifferent,
so Corollary 4.2 with (4.5) yields that B, (z3) C SI(z3). It is clear that 0 ¢ SI(z3),
therefore SI(x3) = By, (z3). From (I) we infer that SI(z3) C Sy, (0).

Thus we have proved the following

Theorem 4.3. Let |a|, > 1 and \/|a], & {p*, k € N}. Then x1 is attractor and
A(x1) = By, (0) U D[Sy, (0) US)q|,(0), By (—a)]. For the other fived points we have
|z2|p, = lalp, and |z3|, = 71, hence x3 is indifferent and SI(x3) = B, (z3).

[\

Case |a|, < 1. Let p > 3 then from (3.2) and (4.7) one finds that |z,|, = 1.
Let p = 2 then Proposition 3.1 implies that a = p*e for some k& > 3 and
le|, = 1. From this and taking into account (3.2) we have

|mcr|p = |pk715 + /p2k—De? + 1‘1) =1

since [p?*~Ve? £ 1|, = 1 and k > 3.

Now let us compute |f'(z,)|,. If p # 3, then using (4.6) one gets

I (zo)|p =3 —az,|, =1, 0=2,3.

This means that the fixed points z,,(0 = 2, 3) are indifferent.

If p = 3 then from (4.6) we easily obtain that |f'(z,)|, < 1, 0 = 2,3, which
implies that the fixed points are attractive.

Let us first consider z1. According to Corollary 4.2 we immediately find that
Bi(0) € A(x1). Take z € S1(0) then |f(x)], = |z[2|z + al, = [z[* = 1, hence
|f™)(z)|, = 1 for all n € N. This yields that z ¢ A(z;), hence A(z;) = B;(0).
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In the sequel according to the above done calculations we will consider two
possible situations when p # 3 and p = 3.

Assume p # 3. In this case z9 and z3 are indifferent, so Corollary 4.2 implies
that Bi(z,) C SI(z,), 0 =2,3.

Let us take x € S,.(z,), r > 1, then put v = © — z,. It is clear that |y|, = 7.
By means of (4.2) and (3.3) we find

|f(x) = f(zo)]p = |7|p|3$3 +2az, + (37, +a)y + 72‘p
=r|y* + 32,7 + 3+ aly — 25)lp -

If » > 1 then from we easily obtain that
f(z) = flzo)lp = 13
since |y + 3z + 3|, = [7[2, |a(y — x5)|p = |alp|7]p. This implies that SI(z,) C
Bi(zs).
Lemma 4.4. Let |a|, < 1 and p # 3. The equality SI(z,) = Bi(z,) holds if and
only if for every v € S1(0) the equality
172 + 32,7+ 3| =1 (4.14)

(4.13)

is valid.

Proof. It (4.14) is satisfied for all v € S1(0) then from (4.13) we infer that
f(S1(z5)) C S1(zs), since |a(y — z4)|p < 1. This proves the assertion. Now sup-
pose that SI(z,) = Bj(z,) holds. Assume that (4.14) is not valid, i.e., there is
~o € S1(0) such that

176 + 3zo70 +3] < 1. (4.15)
The last one with (4.13) implies that |f(zo) — 24|, < 1 for an element zq = z,+0.
But this contradicts to SI(x,) = Bi(xs). This completes the proof. O

From the proof of Lemma 4.4 we immediately obtain that if there is vy €
S1(0) such that (4.15) is satisfied then ST(x,) = Bi(x,).

Lemma 4.5. Let |al, < 1 and p # 3. The following conditions are equivalent:

(i) Sl(xo) =B (xa)f

(i) there is vo € S1(0) such that (4.15) is satisfied;

(iii) v/—3 ewists in Qp.
Proof. The implication (i)« (ii) immediately follows from the proof of Lemma 4.14.
Consider the implication (ii)=-(iii). The condition (4.15) according to the Hensel
Lemma yields that existence of the solution z € QQ, of the following equation

22+ 32,24+3=0 (4.16)

such that |z — 49| < 1 which implies that |z|, = 1. Now assume that there is a
solution z; € Q, of (4.16). Then from Vieta’s formula we infer the existence of the
other solution z3 € Q,, such that

21+ 20 =—-3x,, z120=3.
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From these equalities we obtain that |21 + 22|, = 1, |2122], = 1 which imply
21,22 € S1(0). So putting 7o = z1 one gets (4.15).

Let us now analyze when (4.16) has a solution belonging to Q,. We know
that a general solution of (4.16) is given by

—3xs £v/—3 — 9azx,
2 b

Z1,2 = (4.17)

here we have used (3.3). But it belongs to Q,, if \/—3 — 9az, exists in Q,. Since
| — 9ax,|, = |a|, < 1 implies that —9az, = pFe for some k > 1 and ||, = 1.
Hence, —3 — 9az, = —3 + pFe. Therefore according to Lemma 2.1 we conclude
that /=3 — 9az, exists if and only if v/—3 exists in Q,. The implication (iii)=>(ii)
can be proven along the reverse direction in the previous implication. U

~ From Lemmas 4.4 and 4.5 we conclude that SI(x,) is either By(x,) or
Bi(z,). The equality (3.2) yields that

w2 — @slp = [Va® + 4], =2[p, (4.18)
which implies that ST(z2) N SI(x3) = 0 when p > 5 and SI(x2) = SI(z3) when
p = 2, since any point of a ball is its center in non-archimedean setting.

Now consider the case p = 3. Then, we know that both fixed points z2 and z3
are attractive. Taking into account |z,|, < 1 and |al, < 1 from Corollary 4.2 one
finds that By(x,) C A(z,), o = 2,3. From the equality (4.18) we have |zo — 3], =
1 which implies that Si(x,) is not a subset of A(z,).

Let us take x € S,.(z,) with > 1, then putting v = x — 2, from (4.13) with
13Bz,y 4+ 3+ aly — zo)|p < |7]p we get

|f(z) — 2olp = "7”72 + 32,7 + 3+ aly — zo)|p = e,
which implies that f(S,(xy)) C Sys(xs) for every r > 1. Hence, in particular, we
obtain f(S1(z,)) C Si(xs).

Consequently we have the following

Theorem 4.6. Let |al, < 1. The following assertions hold:
(i) The fized point x1 is attractor and A(x,) = B1(0);
(ii) If p # 3 the fized points x,,0 = 2,3 are indifferent and SI(z,) = Bi(z,) is
valid if and only if /=3 exists in Q,. Otherwise SI(z,) = Bi(z,) holds.
(i) If p > 5 then SI(z2) N SI(x3) =0, if p=2 then SI(xa) = SI(x3).
(iv) If p = 3 then the fized points x,, o = 2,3 are attractors and A(z,) = Bi(x,).

Note that if we consider our dynamical system over p-adic complex field C,
we will obtain different result from the formulated theorem, since v/—3 always
exists in C,,.
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Abstract. This paper contains a review of recent results concerning some new
concepts of analytical dimensions of sets and measures. We make in evidence
the relationship between these new concepts and the classical once. In par-
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1. Introduction and basic notation

The idea of dimension of sets and measures has a long story. In 1911, H. Lebesgue
proposed a first definition of a dimension of set, using some properties of covers.
In 1912, Poincaré formulated a framework of the theory known actually as the
theory of topological dimension. A precise definition of the topological dimension
was formulated in 1922-1923 by P. Uryshon and K. Menger. In the next years this
notion was intesively studied and in 1941 appeared the monography Dimension
Theory by W. Hurewicz and P. Wallman, which contains rather complete the-
ory of (inductive) topological dimension for separable metric spaces. In the next
40-50 years this theory was generalized to arbitrary metric spaces and the results
was presented in several books (J. Nagata (1965), K. Nagami (1970), A.R. Pears
(1975), R. Engelking (1977) and others).

The quite different approach to the dimension theory was proposed by F. Hau-
dorff in 1919. He used some properties of measures which are satisfyied for arbi-
trary metric space. The Hausdorff dimension has the important property, by mean
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of similarities with scale s, the measure of image of d-dimension set changes s?

times. Unfortunately, this dimension is very difficult to be calculated even for
simple sets. Moreover, the Hausdorfl dimension is not invariant with respect to
the homeomorphismes. For that reason for long time the Hausdorff approach was
rather undervalued.

The situation radically changed after 1975, when B. Mandelbrot introduced
a new class of sets, so called fractals, defined as the sets for which the Hausdorff
dimension is strictle greater then the topological dimension. On the other hand in
course of time, the dimension became a very important characteristic of attractors
in the theory of dynamical systems. Since the Hausdorff dimension was not suffi-
cient to cover all situation, the various notions of dimensions have been proposed:
box dimension, packing dimension, correlation dimension, informatic dimension,
entropy, capacity. All these concepts were very widely investigated and used, but
unfortunately all of them are rather hard to calculate.

Recently two other concepts of dimensions have been proposed by A. Lasota,
the concentration dimension and the thin dimension. The concentration dimension
is defined by using the Lévy concentration function. This dimension is relatively
easy to be calculated. Moreover, it is strongly related to the mass distribution
principle and often simplified the calculation of the Hausdorff dimension of sets.
The thin dimension is based on the notion of the thin function which is a kind of
anti-concetration function to Lévy function. The thin dimension is related to the
fractal dimension.

Through this paper X denotes a metric space with metric p. By B(x,r) we
denote the open ball with centre € X and radius » > 0. For A C X and =z € X,
A stands for the closure of A, diamA for the diameter of A, OA for the boundary
of A and p(z, A) for the distance from x to A. As usual, by R we denote the set
of reals, by N the set of all positive integers, by Q the set of all rational numbers
and Ry = [0, 00).

By B(X) we denote the o-algebra of Borel subsets of X and by M(X) the
family of all finite Borel measures on X. By M;(X) we denote the space of all
1 € M(X) such that u(X) = 1. The elements of M;(X) are called probability
measures. Finally, by B(X) we denote the space of all bounded Borel measurable
functions f: X — R and by C(X) the subspace of all continuous functions.

2. Some classical notions of dimensions

a) Hausdorff dimension. For A C X and s,6 > 0 we define

H3(A) =inf > (diam U;)®,
i=1
where the infimum is taken over all countable covers {U;} of the set A such that
diam U; < §. Then
H(A) = %in% H;(A)
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is a Hausdorff s-dimensional measure. Note that all Borel sets are H*-measurable.
For s sufficienly large H*(A) = 0 and for s sufficiently small H*(A) = oco. The
Hausdorff dimension of the set A is defined by

dimgA =inf {s >0 : H*(A) < oo} .

Observe that Hausdorfl dimension is well defined for every subset of X.
The Hausdorff dimension of the measure p € M;(X) is defined by the formula

dimpp = inf {dimpgA : A € B(X), p(A) =1}.

It is easy to see that the Hausdorf dimension satisfies the following properties:

(i) dimgA < dimygB if A C B;
(i) dimpg Uf;l A, =supdimpyA,;
neN
(iii) dimpgA =0 if Ais a countable set;
(iv) If f: X — X is lipschitzian function, then dimpf(A) < dimpA.

b) Fractal dimension. The lower and upper fractal (or box ) dimension of the
set A is defined by

dimpA = liminf M, dimpA = lim sup M
r—0 flogr r—0 710gr
where N (r) denotes the smallest number of closed balls of radius r needed to cover
A. Note that in the above definitions N (r) can be replaced by M (r) — the smallest
number of sets of diameter less then or equal to r needed to cover A.
If dimpA = dimpA then this common value is called the fractal dimension
of A. It is easy to verify the following properties of fractal dimensions:

(i) dimgA < dimpA for arbitrary A C X;
(ii) dimpA =0 if A is a finite set;
(iii) dimg U\_, A, = max {dimpA, :n=1,...,N}.

Example 2.1. Let A = {1/n : n € N}, B = {1/(logn) : n € Nyn > 2}, C' =
QnN[0,1]. Then dimgA = dimyB = dimyC = 0, dimpA = 1/2, dimpB = 1 and
dlmFC = 1.

c) Correlation dimension. Given a Borel probability measure p the lower and
upper correlation dimension of p are given by

! —— 1
r=0 logr r—0 logr

)

where

Culr) = [ (Bl )ulds).
X
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d) Information dimension. The lower and upper information dimension of the
measure ¢ € M;(X) is given by

I,(r) = liminf / wu(d:ﬂ), T,.(r) = limsup / wu(dm).

r—0 log r r—0 lOg r
X

Ifr, = 1, then this common value is called information dimension of p
and it is denoted by I,,. These dimensions are special cases of generalized Rényi
dimensions introduced by Hentchel and Procacia (see [14]).

e) Packing dimension. Let A C X. A family {B(wi, ri) :1€eN } is called a centered
d-packing of A if it is pairwise disjoint, 2; € A and 0 < r; < §. Define

Py(A) =sup > _(2r)",
=1

where the supremum is taken over all centered J-packing of A. Set
P*(A) = inf P§(A).
P*(A4) = inf P3(4)

The last function is not necessarily countably subadditive, but it allows us to define
the countably subadditive function P* by formula

PiA) = inf > PUA)

ACU,?il A;

where the supremum is taken over all countable coverings of A. The function P*(A)
is called the s-dimensional packing measure. The packing dimension of A is defined
by the formula

dimpA =inf {s >0 : P°(A) < oo} .
The packing dimension was introduced by Taylor and Tricot (see [48]).
Remark 2.2. If X is a separable metric space, then for each s > 0 we have H*(A) <
P2(A) for every subset A of X. It follows immediately that

f) Local and average dimension. The local upper dimension of the measure p at
the point x is defined by

_ ~ logu(B(a,r)
dy(x) = III:I_S)(I)lp l(ogr) .

The upper average dimension of a measure p € M;(X) is defined by the formula
4= [ @fa)u(do).
X

The lower local dimension and the lower average dimension are defined in the
same way replacing limsup by liminf.
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It is known that
du(m) < dimgsuppp and EM(I) < dimpsupp p .
Moreover, Cutler proved (see [4]) that if the measure p has compact support then
I,<d,<d,<1I,.

Theorem 2.3. Let i be a finite Borel measure on R™. Assume that there exist
positive constants M and v such that

/ log™ (1 + [z u(dz) < M.
Rn

Then the upper information dimension 7# is finite and we have 7# < E#. Moreover,
if average information d,, exists then the information dimension I, exits and we
have 1, = d,,.

The proof of the last theorem can be found in [33].

Theorem 2.4. Let i1 and v be finite Borel measures on R™ and o and (8 positive
numbers. Then

oy = od,, + B, .
Proof. First, one can verify that
d,;, = min {dwdv} :
Now, set
Ar={zeR" : d,(z) <d,(2)},
Ay ={zeR" : d,(x) > d,(2)},
Ag=R"\ (A1 U Ay).

Simple calculation shows that

duw = [ dusala)p+ (o)

= /A 0 d, (z)p(dw) + /A O d, (z)v(dx) + / d,(z)p(dx) + / d,(x)v(dx)

A1 A2
=d, +d,.

Since equality d,,, = ad,, a > 0 is obvious, the proof is complete. 0
We end this section with two important classical results which will be fre-

quently used in the sequel: Frostman lemma and mass distribution principle
(see [10,43]).

Theorem 2.5. (Frostman Lemma). Let A be a subset of a metric space X. Assume
that there are d > 0, ¢ > 0 and a Borel measure u supported on A such that for
almost all x € A and r > 0 we have

w(B(z,7)) < erd .
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Then

Theorem 2.6. (Mass Distribution Principle). Let E C R™ and let u be a finite
Borel measure such that u(E) > 0. Suppose that there exist s > 0, ¢ > 0 and
ro > 0 such that

1(U) < c(diam U)S
for all sets U with diam U < rqy. Then

dimgFE > s.

3. Concentration dimension

Given a Borel measure p € My (X) the lower and upper concentration dimension
of p are given by formulae

1 = 1
@Lﬂzllmlnfw’ dimLM:thupM7
r=0 logr r—0 log r
where
Qu(r) = sugu(B(x,r)) . (3.1)
xre

If dim; ¢ = dimzu then this common value is called concentration or Lasota
dimension of y and it is denoted by dimp pu.

The function @, is called the Lévy concentration function and it is frequently
used in the theory of stochastic processes (see [15,23]).

It is easy to verify that for every u € M;(X) we have

dimp p < dimep < 2dim g
Analogous inequalities hold for the corresponding upper dimensions.
Theorem 3.1. Let € My (X) and let A € B(X) be such that ;1(A) > 0. Then
dimpyA > dim .

Proof. Set d = dimy pu. Suppose d > 0. (If d = 0 the assertion is obvious). Choose
s € (0,d). Then there exists ro > 0 such that

w(B(z,r)) <r® for re(0,r9) and zeX.

According to Frostman Lemma we have dimgA > s. Since s < d was arbitrary,
the statement of theorem follows. O

The concentration dimension of a closed set A is defined by the formula
dimy A = sup {dim; p : p € M;(X), supppu C A}.
From Theorem 3.1 follows immediately that

dimHX Z dimLX.
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4. Thin dimension

For pn € M;(X) we define the lower and upper thin dimension of u by

logT, — log T,
dimyp = lig(r)lf (m , dimpp = lim sgp O%ogur(ﬂ

)

where
T,(r) = inf {,u(B(as,r)) cxE suppu} .

If dimyp = dimpp then this common value is called thin dimension of the
measure p and it is denoted by dimpu (see [19]).

The function T}, : (0,00) — [0,1] is called the thin function corresponding to
the measure p. Obviously, if supp ¢ is a compact set, the values of 1), are positive.
In general 7}, is only nonnegative. For convenience we make log(0 = —oo.

Theorem 4.1. If A C supppu, A € B(X) then
dimpA <dimpp and  dimpA < dimgppu.

Proof. Let d = dimpu, A C suppp, A # 0, d < oo. Choose s € (d, o). Obviously
there exists a sequence {r,} of positive numbers such that r,, — 0 and

Ty(rn) >y, neN. (4.1)

For fixed n € N let I, = Na(r,/2) be the smallest number of closed balls of radius
rn/2 needed to cover A. Let {B(x;,7,/2) : i € I,} be the corresponding covering.
Obviously we can find y; € A such that the family {B(y;, ) : i € I,,} covers A.
Let J,, C I, be such that {B(z;,r,) : i € J,} are pairwise disjoint and the family
{B(x;,4ry,) : i € J,} covers A. Consequently Na(4r,) < cardJ,. On the other

hand

3 ot = (U Bl <1

iedy, iedy,
Since y; € A we have pu(B(y;, 7)) = T),(r) which implies that T}, (r,,)-cardJ,, < 1.
Consequently N (4r,) < r,*. From the last inequality it follows that dimpA < s.
Since s € (d,o0) was arbitrary, the first inequality of Theorem 4.1 follows. The
proof of the second one is similar. O

5. Variational principles

It is well known that the dimension of a measure allows us to estimate the dimen-
sion of its support. Moreover, the estimation of a set A can be obtained either as
the greatest lower bound or as the least upper bound of the dimensions of measures
supported on A. Such results are called variationals principles. They are closely
related with Frostman Lemma and Mass Distribution Principle.

In particular variational pinciple for the Hausdorff and packing dimension
of sets and the point dimension of measures were proved by C. Tricot [48] and
C.D. Cutler [5]. The variational principle for the Hausdorff dimension and packing
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dimension of sets and Rényi dimension of measures were found by C.D. Cutler
and L. Olsen [6]. Here we recall the variational principles for Hausdorf and fractal
dimensions of sets and concentration and thin dimension of measures (see [19,23])

Theorem 5.1. Let K C X be a nonempty compact set. Then
dimy K = supdimg p,
where the supremum is taken over all p € My (X) such that suppu C K.

Proof. From Theorem 3.1 it follows that
dimpy K > supdim; p,

where the supremum is taken over all p € M;(X) such that supppu C K.
We need to prove the opposite inequality. Let d = dimy K. Suppose d > 0
(for d = 0 the assertion is obvious). Choose s € (0,d). Obviously H*(K) > 0. It
can prove that there is a measure y € M;(X) and constants ¢ > 0 and ro > 0
such that
,LL(B(J:,T)) <ecr® for 0<r<rnrg.
Consequently dim; i > s. Since s € (0,d) was arbitrary, dimyg K > d. O

Theorem 5.2. Let K be a nonempty compact subset of X. Then there exists a Borel
probability measure p such that supppu = K and

dimp K =dimzp,  dimpK = dimgpp.
The proof can be found in [19].

6. Iterated Function Systems

An Tterated Function System (shortly IFS) is given by a family of continuous
functions

w;: X =X, 1€1,
where I={1, ... N}.

For A C X set
N

F(A) = Jwi(4). (6.1)
i=1
Obviously F' maps compact sets in compact sets. If all w; are strictly contractive,
then there exists a unique compact set such that

N
K:Ume (6.2)

Moreover, for every compact set A C X, F"(A) — K in Hausdorff distance. The
set K is called attractor or fractal corresponding to IFS {w; : i € I}.

We say that given IFS {w; : i € I} satisfies the Moran condition if the sets
wy (K),...,w,(K) are pairwise disjoint, where K is the attractor corresponding
to this system (see [27]).
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Let IFS {w; : i € I} satisfies the Moran condition and
p(wi(z),wi(y)) = lip(x,y) for z,yeX, i€el, (6.3)

then the Hausdorff dimension of the attractor K is greater then or equal to the
unique positive number d such that

it =1. (6.4)
Moreover, if w; are lipschitzian function with Lipschitz constants I;, then dimy K <
d, where d is the unique solution of Moran equation (6.4). In particular, if w; are
similarities with the scaling factors ;, ¢ = 1,..., N, then dimy K = d.
An operator P : My — My is called Markow, if:
(i) P(Aipr + Aap2) = M P(p1) + AP (p2) for A, Ao € Ry, g, po € My;
(i) Pu(X) = p(X).
A measure p, € M;(X) is called invariant with respect to operator P if
Pu, = p. If in addition

/ f(m)P",u(dJ;)—>/ f(@)pe(dx) for every f e C(X), (6.5)
X X

then operator P is called asymptotically stable.

The family {(w;,p;) : ¢ € I}, where w; : X — X, p; : X — (0,1), 4 € I,
are continuous functions and ), ; pi(z) = 1 for all z € X, is called IFS with
probabilities.

Given an IFS {(w;,p;) : i € I} we can define a Markov operator P :
Ml — M1 by

PuA) =Y [ piloutde). A€ BX),
iel YwTH(A)
We say that IFS {(w;,p;) : © € I} is asymptotically stable if the corresponding
Markov operator is asymptotically stable.

Remark 6.1. Assume that all functions w; are lipschitzian with corresponding
Lipschitz constants L;. If
ZpiLi <1,

icl
then IFS {(w;,p;) : @ € I} is asymptotically stable.
Remark 6.2. Let IFS {(w;,p;) : @ € I} be such that all functions w; are strictly
contractive. Then

Ay =suppu”,
where A, is the attractor of IFS {w; : ¢ € I'} and p, is the invariant measure with
respect to IFS {(w;,p;) 13 € I}.

Now we will give a generalizaton of above notion of attractor. For this purpose
we recall the notion of convergence in Kuratowski’s sence of sequence of sets.

Let {A,} be a sequence of subsets of a metric space X. The lower bound
LiA,, and the upper bound LsA,, are defined by the following conditions. A point x
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belongs to LiA,, if there exists a sequence {z,}, x,, € X,,, such that =, — z. A
point x belongs to LsA,, if there exists a sequence {x,, }, n, € X,,, such that
Zpn, — . Obviously LiA, C LsA,. If LiA, = LsA,,, we say that the sequence
{A,,} is topologically convergent and we denote this common limits by LtA,,.

In the case when X is a compact set, Lt A, = A if and only if {A,,} converges
to A in the Hausdorff distance.

Given an IFS {w; : i € I} we define

H(A) = Jwi(4).
icl

A set Ag such that H(Ag) = Ay is called invariant with respect to IFS {w; : i € I'}.
If in addition, for every nonempty bounded subset A of X, Lt H"(A) = A, the IFS
is called asympotically stable (on sets) and the set Ay is called attractor of IFS
{wi RS I}

Note that, if we consider H on the class of compact sets, this definition of
attractor coincides with that used before.

We said that IFS {w; : i € I'} is regular if there is a nonempty subset Iy of T
such that IFS {w; : i € Iy} is asymptotically stable. The attractor corresponding
to IFS {w; : ¢ € Iy} will be called nucleous.

Theorem 6.3. Let {w; : i € I} be a reqular IFS and Aq be a nucleous of this system.
Let

A= H"(Ay).
n=1

Then,

(i) A, does not depend on the choice of the nucleous Ag;
(ii) A, is the smallest nonempty set such that H(A,) = As;
(iil) LtH™(A) = A, for every nonempty set A C A..

The set A, is called semiattractor or semifractal corresponding to regular IFS
{wi RS I}

Theorem 6.4. Let X be a Polish space. Assume that IFS {(w;,p;) : @ € I} is
asymptotically stable and {w; : 1 € I} is reqular. Then

A, =suppu”,

where A, is the semiattractor of IFS {w; : i € I'} and p. is the invariant measure
with respect to IFS {(w;,p;) =i € I}.

For proofs and further results see [21,22].

7. Upper and lower bound for concentration dimension

We start with the following technical lemma.
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Lemma 7.1. Let oy, Bi, L; € (0,1) fori € J. Let ® : Ry — Ry be a bounded
increasing function. Suppose that

&(r) >supa;®(r/L;) for re€(0,a), a>0. (7.1)
J

Then, there exists ¢ > 0 such that
O(r)>cer® for re(0,a),

where
. loga;
s = min .
J logL;

Proof. For i € J define
ci=a “®(al;),
where
si = log a;/(log L;) .
We claim that for arbitrary n € N we have

®(r) > ¢r* for re[Lla,a). (7.2)
Indeed, for r € [Lia, a) by the definition of ¢; we have

O(r) > ®(L;a) = ¢;a® > ¢r.
Suppose that (7.2) holds for some n > 1. Since r/L; € [L?a, a) for r € [L? " a, L7a),
from (7.1), (7.2) and the definition of s; we have

®(r) > a;®(r/L;) > cic;(r/L;)" = eir® for re [Lia, La).

By virtue of the induction principle the condition (7.2) holds for every n € N.
Since L; < 1 this implies that

O(r) > ¢r* for re(0,a).
Since i € J is arbitrary, the statement of Lemma 7.1 follows. O

Theorem 7.2. Suppose that IFS {(w;,p;) : @ € I} has an invariant measure fi.
Assume that all functions w; are lipschitzian with Lipschitz constants L; and the
set J={iel:L; <1} is nonempty. Then

log «;

dimy i < inf
S T

where
;= igl(fpi(as) .
Proof. Since the measure p is invariant, for arbitrary ¢ € J we have
w(B(z,r)) > aiu(wi_l(B(z,r)D for ze€eX, r>0.
Substituting & = w;(y) we obtain

w(B(wi(y),r)) = aiu(B(y,r/L;)) for ze€X, r>0.
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This implies that
Qu(r) > a;Qu(r/L;) for r>0, ielJ,
where @, is given by (3.1). Consequently the function @, satisfies the inequality
Qu(r) > Sljp a;Qu(r/L;) for r>0.

From the last inequality and Lemma 7.1 it follows that

Qu(r) = cr®,
for some ¢ > 0. Consequently

dimppu < s,
which completes the proof of Theorem 7.1. O
To obtain a lower estimate of concentration dimension of measure we need
more restrictive assumptions on transformations w;. Let Iy, ..., I, be a partition

of I and let K C X be a nonempty set. Define
Kj:Uwi(K) for j=1,...,m. (7.3)

’L’GI]‘

We say that the family {w; : i € I'} satsfies the mized Moran condition with
respect to the set K and the partition Iy, ..., I, if K; C K for j =1,...,m and
dist(Kj,, Kj,) = inf {p(z,y) : v € Kj,,y € K;,} >0

for arbitrary ji,j2 € {1,...,m}, j1 # Ja.

Similarly as Lemma 7.1 one can prove the following lemma.

Lemma 7.3. Let m; € (0,1) and 3; > 0 for j =1,...,m, be given. Suppose that
®: Ry — Ry be a bounded increasing function such that

®(r) < max (3;®(r/m;) for re(0,a).
1<j<m

Then, there is ¢ > 0 such that
O(r) <er® for re(0,a),

where
log 3;

S = 1ml .
1<j<m logm;

Theorem 7.4. Suppose that IFS {(w;,p;) : i € I} has an invariant measure fi.
Assume that the family {w; : i € I} satisfies the mized Moran condition with

respect to the set K = supp u and a partition Iy,. .., I,. Moreover, assume that
the functions w; satisfy the condition
p(wi(x),wi(y)) > lip(,y)  for z,yeX, iel, (7.4)

where [; are constants such that

0<inf <1 for j=1,...m.

J
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Then,
1 :
dim; > min ﬂ,
1<j<m logm;
where
B = Z suppi(z) and m; = inf [;.
ier; X i€l
g J
Proof. Let

a = min {diSt(Kjvi]é) 5 jla j2 € {]-7 s am}v jl 7é ]2} )
where K; are given by (7.3).
Obviously
w;'(z)NK =0 for i¢I; and x€ X suchthat p(z,K;)<a. (7.5)
Since p is invariant, from (6.6) it follows that
m
uw(A) < Z Z ’yi,u(wi_l(A)) for A€ B(X), (7.6)
j=11i€l;

where ; = sup, ¢ x pi(x). Set

A():X\ ?j-

1C:=

From (7.5) it follows that p(w; '(A)) = 0 for i € I. Thus AgN K = ) and so

K C U;nzl Fj. B
Let A € B(X) be such that diamA <r < a and p(A) > 0. Then ANK; =0
for some j € {1,...,m}. Since diamA < a, by virtue of (7.5) we have

w;H(A)NK =0 for ©¢1;.
Consequently, the inequality (7.6) reduces to
p(A) <D vip(w; ' (A)) for AeB(X),
i€l
From (7.4) it follows that diamw; '(A) < I;diam A < r/m; for i € I,. Thus for
A € B(X) with diamw; '(A) <7 < a there is j € {1,...,m} such that
pA) < 7iQulr/my) = 8;Qu(r/my) .
icl;
Consequently
Qu(r) < max (;Qu(r/m;) for r€(0,a)

T 1<i<m

and by Lemma 7.3
Qu(r) <cr®,
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where

_ o logf
s = min .
1<j<m logm;
From the last inequality the statement of Theorem 7.4 follows immediately. (]

8. Small overlaps

The lower estimate of dimensions can be also obtained for some “small overlaps”.
We say that IFS {w; : i € I} satisfies the open set condition if there exists an open
set G such that the sets wq(G), ..., wy(G) are pairwise disjoint and w;(G) C G for
i=1,...,N. Note that open set condition does not imply the Moran condition.

Lemma 8.1. Let l;, p; € (0,1), fori=1,...,N. Assume that py + - - +py = 1.
Let A be a family of sequences (i1,...,4m), ix € {1,..., N}, i1 < -+ < dp.
Let & : Ry — Ry be a bounded function. Suppose that there exists a > 0 such that

D(r) < m[z\axz_:pikcb(r/lik) for r€(0,a).

Then there is ¢ > 0 such that
O(r) <er, (8.1)

forr € (0,a), where s is a positive solution of equation

maxz Pi _q. (8.2)
A
Proof. Let s satisfies (8.2). Since ® is bounded, there exists ¢ > 0 such that (8.1)
holds for every r > a. Let [ = max{ly,...,Ixy}. We claim that (8.1) holds for every
r > {"a. Indeed, for n = 0 the condition (8.1) holds by the choice of ¢. Suppose
that (8.1) holds for r > L™a. Let r > [""ta since r/l; > ("a for i = 1,..., N, we
have

O(r )<maprlk r/llk)<max2plk 5 <cr max ZPT—
k= ’L

k=1 k=1 ix
Since [ < 1, the statement of Lemma 8.1 follows. O
Theorem 8.2. Let w;, i = 1,..., N, be strictly contractive functions and let K be
the corresponding attractor. Assume that
N
(wi(K)=90.
Let A be the family of all sequences (i1,...,0m), 11 < o < <+ < by, g €

{1,..., N} such that
() i (5) £0.
i=1
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Then,
dlmHK Z S,

where s is the solution of equation
m
d—s _
m/%xkz:lik =1, (8.3)
=1

Proof. For x € K define

= i ZK )
() r;ggrenélp(x,w( )

where I, = {i € {1,...,N} : y ¢ w;(K)}. It is easy to verify that ¢ is continuous
and positive. Thus

= inf .
a mnggo(x) >0

Let p be an invariant measure of IFS {(w;,p;) i =1,..., N}, where p; = I¢ with d
given by (6.4). By virtue of Theorem 6.4 we have K = suppu. Simple calculation
shows that

w(B(z,7)) < Zlfu(B(w;l(sc),r/li)) for 7€ (0,al.
i=1
Consequently
Qu(r) < mgx};pik%(r/m ,

where @, is the Lévy function given by Formula (3.1). By Lemma 8.1
Qu(r) <er® for >0,

where s is given by (8.2). From the last inequality and mass distribution principle
the statement of Theorem 8.2 follows immediately. O

Corollary 8.3. Let wy, ..., w, be strictly contractive mappings satisfying the Moran
condition. Let K be the attractor of this system. Moreover, suppose that condition
(6.3) holds. Then,

dimHK Z d,

where d is given by Moran equation (6.4).

Proof. 1t is enough to note that A = {{1},...,{N}}. O

For proofs and related results see [36,39,47].
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9. Condensation systems

The sequence of lipschitzian functions w; : X — X, 7 = 1,..., N together with
the probability vector (po,p1,...,pn) and a probability measure v is called a
condensation system (on measures) and it is denoted by {(w;, p;), v}
Given a condensation system we define a Markov operator P : M; — M;
by fomula
N
Pu(A) = pov(A) + Y _pip(w; ' (A)) for AeB(X).
i—1

Let L; be a Lipschitz constant of w;. If p; and L; satisfy the condition

N
sz‘Li <1,
i=1

then P has a unique invariant pobability measure u, and {P" .} converges to pu.
for every p € My (X).

Moreover, if C' = suppv is a compact set and all w; are strictly contractive,
then K = supp u, is also a compact set and

N
K=CulJuw(K). (9.1)
i=1
Theorem 9.1. Let a condensation system on measures {(w;,p;),v} be given. As-
sume that all functions w;, i = 1,..., N, are strictly contractive. Let ., be the
corresponding tnvariant measure. Then

- - log p;
dimpp, < max {dimTV, 11%1%)?\, lgggi} .
Sketch of the proof. First we can show that for arbitrary s > dimgv there
is rg such that
T.(r)>7r* for r € (0,70].
Now, let ¢, ¢ : Ry — R be such that

< mi s 1 ; ; < .
©(r) < min {por 711§r%1§anl<P(r/Ll) for 0<r< ro} (9.2)
and

¥(r) > min {pors, 1giSani¢(r/Li) for 0<r< 7‘0} . (9.3)

Put L = inf; L;. Using similar argument as in the proof of Lemma 7.1 one can
show that if inequality ¢(r) < ¢(r) holds for r € [Lrg,rg), then it holds for every
r € (0,70].

Observe that functions ¢(r) = ¢r® (¢ < po) and ¢(r) = T,(r) satisfies the
condition (9.2) and (9.3). Consequently, for ¢ sufficietly small T,(r) > cr® for
r € (0, ro], whence the statement of Theorem 9.1 follows.
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A system of functions {wq, ..., wy} together with a nonempty compact set C
is called an iterated function system with condensation (on sets) and will be denoted
{’LUi7 C}

Given an condensation system {w;, C'} we define the operator F' acting on
the space of sets by

N
F(A) =Cu|Jwi(4).

It is easy to verify that, if all functions w; are strictly contractive, then there
exists a unique nonempty set K which satisfy condition (9.1). Moreover, for every
nonempty compact subset A of X the sequence {F"(A)} converges to K in the
Hausdorff metric.

Theorem 9.2. Let a condensation system {w;, C'} be given. Assume that all func-
tions {w;} are strictly contractive. Let K be the attractor of this system. Then

dimpK < max {do,d},
where dy = dimpC' and d is the unique solution of (6.4).
Proof. Let max;e; L; < 6 < 1 and let d(6) be the solution of equation
Li+-- +1% =9.
Define
@ =1-0, p0) =L for i=1,...,N.

According to Theorem 5.2 there exists a probability measure v such that C' =
supp v and dimpr = dimpC.

Consider the condensation system {(w;,p;(0),C}. Let pg be the correspond-
ing invariant measure. By Theorem 9.1

. L 1 (0
dimppy < max {dime max M
1<i<N log L;

} = max {do,d(0)}.
By Theorem 4.1
ﬁFK S RTMQ S max {d(), d(@)} .

Since 0 € (¢, 1) is arbitrary and limg_~1 d(f) = d, the statement of Theorem 9.2
follows. O

10. Systems with the squeezing property
Let A be a nonempty bounded subset of X. Consider two families of functions
wi:A—A and P:A—RF, icl.
We assume that
1Pi(x) = Pi(y)ll: < p(z,y) for zyeX, iel, (10.1)

where || - ||; denotes the norm in R¥:.
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Moreover, assume that the function w; satisfies the following squeezing pro-
perty:

p(wi(x)vwi(y)) < max {Lip(xay) CZHP ” } T,y € X, (10'2)

for some L; € (0,1) and ¢; > 0.

The following covering condition is essential for further results:
Condition A. Let L € (0,1), ¢ > 0 and (R¥,|| - ||) be given. Then there exists an
integer m > 1 such that for arbitrary set B C R* with diamB < c there exist sets
Aq,...,A,, such that

BCUAj and diam A; <L, for j=1,...,m

Theorem 10.1. Let transformation w;, P;, i € I satisfying conditions (10.1) and
(10.2) be given. Moreover, for each L; € (0,1), ¢; > 0 and R let integer m; be
chosen according to Condition A. Let A be such that

N
A= Jwi(A).
Then,

dlmFA S d,

where d is the unique solution of equation
N
> miLi=1. (10.3)
i=1

Sketch of the proof. Let r > 0. One can show that for every i € I and B C A
with diamB < r there exist sets D; C A, j = 1,...,m;, such that

N
CUDj and diam D; <rL; for j=1,...,m;.

Let s = diam A and L = minyL;. One can construct a covering of the set A by
sets of the diameter less then or equal to rs, such that

Ac U U U o
(r)j1=1 Jr=1
where
T(r)={(ir,...,ix) : Lyy -+ Li, < < Ljy -~ Ly _, }.
Observe that number of sets of this covering is given by the formula

T):Zmil"' m, .

T(r)
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It can be proved that
N
N(r) = ZmiN(T/Li) for r € (0,L7).
i=1

Simple calculation shows that the last equation is satisfied by
N(@)=c~¢ for re(0,L?),
where d is given by (10.3). Consequently
log N (r)

dimpA < limsup ———% =
r—0 _IOg (TS)

Corollary 10.2. Let X be a Hilbert space and let A be the attractor of an iterated
function system {w,...,wy;C}, where all functions w; are strictly contractive.
Then,

dimpA < max{d, k},
where d is the unique solution of the Moran equation (6.4) and k is the dimension
of linear subspace Xy C X spanned by C'.

Theorem 10.3. Suppose that hypotheses of Theorem 10.1 are satisfied. Moreover
assume that are given numbers p; > 0, ¢ = 1,..., N such that Zfil pi =1 and
that IFS {(w;,p;) i =1,..., N} admits an invariant measure fi., i.e.,

N
e (A) = Zpi,u* (w:l(A)) for AeB(X).

Then,
d w < —_—
Ll = HE log(L;)
Remark 10.4. If in addition of hypotheses of Theorem 10.3 we assume that p;, =
m;L¢, then
mL,Uf* < d7
where d is the solution of (10.3).

In Theorem 10.1 we assumed that all coefficients L; are positive. Now we
extend this theorem to the case when some of the constants L; can be equal to
zero. Let I={1,.... N+ M}, N>1, M > 1.

Theorem 10.5. Suppose that P; satisfy condition (10.1) fori=1,...,N + M and
condition (10.2) fori=1,...,N. In addition assume that
p(wi(x),wi(y)) < ¢i||Pi(x) — Pi(y)||:, for i=N,...,N+ M. (10.4)

Moreover assume that the integers m;, i = 1,..., N, are chosen according to the
Condition A. Let A be such that
N4+M
A= ] wi(4).

i=1



336 J. Myjak

Then,
dlmFA S max {d, kN:h ceey kN-‘rAf} 5

where d is the unique positive solution of (10.3) and k; denote the dimension of
the space R¥, i =N 4+1,...,N + M.

Theorem 10.6. Suppose that hypotheses of Theorem 10.5 are satisfied. Moreover
assume that are given numbers p; > 0,1 =1,..., N + M such that Ziv:{Mp,- =1

and that IFS {(w;,p;) i =1,..., N + M} admits an invariant measure ji.. Then

log(ps /1) log(pn /mn)
logLy 777 logLy

dimLu* S min{ 5 kN+17~-~>kN+M} .

For details and further generalisation see [11,25].

11. Some generic properties of dimensions

Recall that a subset of a metric space X is called residual, if its complement is of
the first Baire category. If the set of all elements of X satisfying some property P
is residual in X, then the property P is called generic or typical. We say also that
typical elements from X has property P.

For f € B(X) and p € M(X) we write

(o) = /X f(@)uldz).

We assume that the space M;(X) is endowed with the Fortet-Mourier dis-
tance dpps defined by the formula

deas(pov) = sup {|(F.0) = (Fv)]|: f € £}

where L is the set of all f € C(X) such that |f(x)] < 1and |f(x)— f(y)] < p(z,y),
for z,y € X.

We say that a sequence {u,} C M;(X) converges weakly to a measure
p e My (X), if

Jim (f. ) = (fos) for every [ € C(X).

It is well known that the convergence in the Fortet—Mourier metric is equiva-
lent to the weak convergence. Moreover (M1 (X),dpas) is a complete metric space.
Finally, assume that the space of compact subsets of X is equipped with the
Hausdorff distance (see [7]). It is well known that it is a complete metric space.
The following results is well known (see [8,13,29])

Theorem 11.1. A typical compact subset of a complete metric space X has Haus-
dorff and fractal dimension zero.
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The smallest local lower and upper fractal dimension of a set A C X are
defined by the formulae

sl —dimpA = inf{@F(B(x,r) NA):ze€A, r> 0},

sl — dimpA = inf{ciTmF(B(x,r) NA):z€A, r> o}.

Theorem 11.2. For a typical compact subset A of a complete metric space X we
have

SI—RFA Z Sl—ﬁFX

The lower and the upper fractal dimension of a measure u € Mj(X) is defined
by the formulae

dimpp = limiélf {@FA c Ae B(X), u(Ad) >1— e}
dimpp = limiglf {dimpA : A€ B(X), p(A) >1—¢}

Theorem 11.3. Let X be a complete metric space. For a typical measure p €
M (X) we have:

(i) dimpp = 0;
(ii) inf {HFA L A€ B(X), u(A) > o} > sl— dimpX;

Theorem 11.4. Let X be a complete separable metric space. Then for a typical
measure [t € M1 (X) we have:

(i) suppp = X;
(ii) dimep = 0

(iii) dimpA = dimpX and dimpA = dimpX, for every A € B(X) such that
n(A) =1;
(iv) sl — dimpX < dimcp < sl — dimpX

Theorem 11.5. Let K be a compact fractal set. Then for a typical measure p €
M (K) we have:

(i) dim;p = 0;
For details and connected results see [12,28-33,40,46].
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12. Relationship with topological dimension

Recall that for a separable metric space the three principal topological dimensions
(small inductive dimension, large inductive dimension and covering dimension)
coincide. We denote this common value by dim;X and we call it topological di-
mension of X. The value dim; X is an integer greater then or equal to —1, or oco.
It can be defined by the following recurent scheme:

(i) dimyX = —1, if and only if, X = (J;

(ii) dim;X <n,n=0,1,...,if for every z € X and every neighbourhood U of z

there is a neighbourhood V' of x such that V C U and dim;dV <n —1;

(i) dim;X = n, if and only if, dim; X < n and it is not true that dim;X <n —1;
(iv) dimyX = oo, if and only if, dim; X > n for every n € N.

The relationship between the Hausdorff and the topological dimension in the
case of R™ was made in evidence by V. G. Nébeling and in a more general setting
by Szpilrajn in 1937 (see [49]). Namely, he proved that if X is a separable metric
space then dimy X > dim; X and

dim; X = inf {dimy X’ : X’ is homeomorphic to X } . (12.1)
The similar results for topological and packing dimension was proved by H. Joyce.
Since dimpX > dimpyX then dimpX > dim;X. Joyce [17] proved that For-
mula (12.1) holds with dimp X’ in the place of dimgyX'.

Here we will give a result of this type for topological and concentration di-

mension.
The following lemma (see [37]) is essential for further results.

Lemma 12.1. Suppose that dim;X > d, where d € NU {0}. Then there exists a
Borel measure v such that

v(B(z,7)) <cr? for z€X and r>0, (12.2)
where ¢ > 0 is a positive constant independent on x and r.

Theorem 12.2. Let X be a Polish space with dim;X < oo. Then there exists a
measure v € My(X) such that
dim; v > dim; X .
Proof. Set d = dim; X, X # (). Let u be a measure given by Lemma 12.1. Define
v=p/(u(X)). Clearly v € M;(X) and
v(B(z,7)) < cr?/u(X) for r>0.
Hence,
Qu(r) <erd/u(X) for >0,
where @, is Lévy function given by (3.1). Consequently

log @y -
dim; v = lim inf M > lim inf
r—0 logr r—0 logr

log cr? — logu(X)

=d. O
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Corollary 12.3. Let X be a Polish space. Then
dimy X > dim; X .

Indeed, if dim;X < oo, the assertion is true by virtue of Theorem 12.2. If
dim; X = oo, by Lemma 12.1 for every k € N there exists v, € M1(X) such that

ve(B(z,r)) <cpr® for z€X and 7>0.
Hence, for pr = vi/vi(X) we have dim; pp > k, whence it follows immediately

that dim; X = oco.

Corollary 12.4. If dim;X = oo, then there exists a measure y € My (X) such that
dimgp = oo.

Indeed, by above observation for k£ € N there is p, € M;(X) such that

dim; p > k. Define
p= Z 2 g
k=1

Since dimgp > dimppg > dimy pg, n € N, the assertion of Corollary 12.4 follows.

Theorem 12.5. Let X be a Polish space. Then
dimy X = inf {dim; X’ : X’ is homeomorhic to X} .

Proof. Let v be a Borel measure given by Lemma 12.1 and let A be a compact set
such that v(A) > 0 (such set there exists by virtue of Ulam Theorem). Obviously
The condition (12.2) holds for every « € A and r > 0. Hence the assertion follows
from Frostman lemma. (]

13. Applications to differential equations

Consider the Wazewska-Czyzewska equation

%er%:)\, teRy, xze€]l0,1], (13.1)
with initial condition
u(0,x) = v(x), (13.2)
where v is a given continuously differentiable function such that v(0) = 0.

This equation describes the process of the reproduction of the red blood
cells (see [20]). It is well known that solutions of this equation may exhibit quite
irregular behaviour.

Let

V= {u : v e C([0,1]), v(0) :o}.

Assume that V is endowed with the norm

[o]] = max {sup [v(@)], sup Iv’(x)l} :

[0,1] [0,1]
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Using the method of characteristics it is easy to see that the solution of Prob-
lem (13.1), (13.2) is given by

u(t,z) = S*((v(x))) = e Mv(ze™).

Obviously {S*};>0 is the semigroup defined on the space V. If A < 1, then ||S*v|| <
e* 1 and so the system is asymptotically stable. It is well known that for A > 2
the semigroup {S*};>0 has a nontrivial invariant ergodic measure. We are going to
show that for A > 1 the semigroup {S*};>¢ admits an invariant measure with large
concentration dimension. Note that according to G. Prodi [45] and C. Foias [9] the
chaotic dynamical system can be described by the dimension of invariant measure.

Recall that a measure p is called invariant with respect to semigroup {S*}+>¢
if

p(S7HA)) = pu(A) for AeB(V), t>0.

Theorem 13.1. Let A > 1. Then for every m € N there exists a probability mea-
sure [i invariant with respect to semigroup {S*}i>0 such that

dim; g >m.
Sketch of the proof. Fix N € N and for ¢ € {1,..., N} consider the maps
T, :V — V given by
22\ (2z), z € [0, 3]
Tv(x) =
2 [o() + v/ () @z - 1) +i(e - 1)?], we (3,1].

It easy to see that all transformations T; are similarities with the same scaling
factor 2!~ < 1 and satisfies the Moran condition with respect to the set {v eV
Joll < N/(21 = 1)}

Consider the IFS {(T;,p;) : i = 1,..., N}, where p; = 1/N. Let p, be the
corresponding invariant measure. By Theorem 7.2 and 7.4 (with L, = 1; = 21=A
p; = 1/N) we obtain

1
dimpp, = mlogzN.

Now, define
1 In2 .
n(A) = — «(STHA .
i) = o [ (s )

It is easy to verify that the measure p is invariant with respect to the semigroup
{S'}i>0 and that for ¢ > 0 the transformation ST} are similarities with scaling
factor e =D(=%0) Hence

diam ((S'T;) " (4)) = eA=DEt0) diam A < cdiamA .

/\71)150

where ¢ = el . From the last inequality it follows that

Qu(r) < Qjler).
Consequently
dimpp > dimy gy .
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Since N was arbitrary, the statement of Theorem 13.1 follows.
Consider now the more general version of Wazewska-Czyzewska equation

ou Ju
N + c(x)% = f(z,u), for (t,z)€[0,00) x [0,1], (13.3)

with initial condition
u(0,z) =v(z), for x€][0,1]. (13.4)

We assume that ¢ : [0,1] — R and f : [0,1] x [0,00) — R are given continuously
differentiable functions satisfying ¢(0) = 0, c¢(z) > 0 for z € (0,1], f(z,y) <
k1y + ko, for (z,y) € [0,1] x Ry and f(z,0) =0, f,(z,0) > 0 for x € [0,1].

Using the method of characteristics one can prove that the Cauchy Prob-
lem (13.3), (13.4) generates a semigroup {S*};>o of operators acting on the space
Vy ={v eV : vis nonnegative}. A. Lasota [18] proved that under suitable con-
dition the semigroup {S*};> is chaotic in the sense of Auslander—Yorke [1]. This
means that every point v € V is unstable and that for some v € V' the trajectory
{S%v : t > 0} is dense in V. Moreover, it was proved that the semigroup {S*}:>¢
has invariant measures with interesting ergodic properties. Recently, using new
concepts on dimensions, A. Lasota and T. Szarek [24] obtained another charac-
terization of the asymptotic behaviour of the semigroup {S%};>¢. Namely they
obtained the following results.

Theorem 13.2. Let {S'};>0 be semigroup generated by Problem (13.3), (13.4).
Then:

(i) For every m € N there exists a probability measure [1 invariant with respect
to semigroup {S'};>0 such that dim, i > m and dimpfi is finite.
(ii) There exists a probability measure f invariant with respect to semigroup
{S'} >0 such that dimpy i = co.
(iii) There exists a probability measure 1 invariant with respect to semigroup
{S'} >0 such that dimpp = oo.
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Abstract. Periodic boundary value problems can be reduced to fixed point
equations of integral type. After this reduction the Leray—Schauder degree
becomes an useful tool for proving the existence of periodic solutions. The
purpose of this paper is to discuss the analogous approach for almost peri-
odic problems and to show by means of examples that degree theory is not
applicable in this setting.
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1. Introduction
This paper deals with differential equations which are almost periodic in time.
Examples of these equations are

— the pendulum equation with quasi-periodic forcing
il + ¢t + sinu = sint + sin v/2t
— the limit-periodic Riccati equation
[ee]
i=u?—1+ Z 37"sin(27").
n=1

Since the beginning of the last century, the development of a theory for these
equations has been inspired by the known results in the simpler class of periodic
equations. This is shown in the following quotation, taken from the introduction
of the paper by Bohl [1],
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Les méthodes de détermination des solutions périodiques ont été
notablement perfectionées, ces derniers temps, grace surtout aux
travaux bien connus de M. Poincaré. On ne peut pas en dire autant
a ce qu’il semble, des solutions trigonométriques plus générales.

By the time the paper [1] appeared, the notion of almost periodic function had
not been introduced and Bohl just referred to trigonometric solutions. After the
definition of almost periodicity by Bohr, many results for linear and nonlinear
equations were obtained. Information on many of these results can be found in [5,
8,11].

Going back to the periodic problem, we notice that nowadays there are several
methods for proving the existence of periodic solutions. One of the most popular
consists in a combination of Functional Analysis and Degree Theory. After reducing
the periodic problem to a fixed point equation in a space of periodic functions, it
applies the theory of Leray and Schauder. We refer to the work by Krasnoselskii
and his school [9] and by Mawhin [10] for more information. The purpose of this
paper is to discuss what should be the analogous approach in the almost periodic
case and to present some examples which seem to indicate that the degree theory
is not applicable in this setting. In this context it is interesting to mention the
related discussion by Fink in [5] Chapter 8, Section 3.

The paper is organized in two parts. First we will consider a second order
equation of Newtonian type and transform the almost periodic problem in a fixed
point equation of the type

u=~Ku, uecAP,

where AP is the Banach space of almost periodic functions. In general the oper-
ator IC is not compact on bounded sets and so the Leray—Schauder theory is not
applicable. We will present an example where I has no fixed points and maps the
unit ball into its interior; that is

K(B)C B, B={u€AP: ||ullx <1}.
This shows that K cannot belong to any class of maps for which it is possible to
define a degree with the standard properties. As a corollary it will be proved that
the well known homotopy method for periodic problems does not extend to the
almost periodic case.

The second part of the paper deals with a first order almost periodic equation
having a prescribed module of frequencies. Given an additive subgroup of R, which
will be denoted by €, the space AP(Q2) is composed by those almost periodic
functions having all their frequencies in Q. The search of solutions in AP () leads
to a fixed point equation in this space. It will be shown that, unless €2 is cyclic, the
Schauder principle does not hold and so the degree is not applicable. The cases
of cyclic groups correspond to periodic functions of a fixed period and so this
result shows that periodic problems are rather special. At this point I would like
to express my gratitude to Professor Corduneanu, for these results on prescribed
frequencies were motivated by a question that he posed to me.
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All the proofs in this paper are based on previous results in [13] and [14].
These papers, which were joint work with M. Tarallo, were inspired by some of
the constructions by Opial [12], Fink and Frederickson [6], Zhikov and Levitan [15]
and Johnson [7].

Before ending this introduction it is worth mentioning that there are several
theories of weak almost periodic functions, leading to reinterpretations of the no-
tion of trigonometric solution. It is conceivable that the change of AP and AP(Q)
by larger functional spaces could allow the use of degree theory.

2. Equations of the second order

For a fixed number ¢ > 0 we consider the Newtonian equation with friction
i+ cu= f(t,u). (2.1)

We shall restrict to the scalar case and assume that f : R x R — R is continuous.
When f has the appropriate time dependence, the periodic and almost periodic
problems are well defined and can be transformed in fixed point equations.

2.1. The periodic problem
Fix the period T' > 0 and assume that f is periodic in time, that is
f+T,u) = f(t,u) foreach (¢t u).
We work with the Banach space
Cr={u:R—R/u is continuous and T-periodic},
endowed with the L*-norm

[|ulloo = sup [u(t)] .
R

Given k > 0, the linear equation
i+ci=ku+pt), peCr

has a unique solution in Cr. This solution can be expressed in terms of the Green
function as

T
u(t) = —/ G(t,s)p(s)ds.
0
We do not need the explicit form of G and just recall that G = G(t,s,k) is
continuous and positive. After fixing k (2.1) can be rewritten as
i+ cu = ku+ g(t,u)
with g(t,u) = f(t,u) — ku. The search of T-periodic solutions of (2.1) or (2.2)

becomes equivalent to
u=Ku, ueCr

where .
K:Cr—Cr, Ku(t)= —/ G(t,s)g(s, u(s))ds.
0
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It is well known that the operator K is compact on bounded sets and the Leray—
Schauder degree is applicable to id — K. Since G and g depend upon k, we have
a family of operators K = K(u, k). This is irrelevant from the point of view of
degree theory since the degree is independent of k. Indeed, all operators K (-, k)
have the same fixed points and the formula K = K (u, k) defines a homotopy on
any bounded and open set U C Cp without fixed points on the boundary. This
implies that
deg(z'd - K(, kl),Z/I) = deg(id - K(, kg),L{)

for all k1, ko > 0.

2.2. The almost periodic problem

We start with the Banach spaces
BC ={u:R —R/u is continuous and bounded}
AP ={u:R — R/u is almost periodic}
endowed with the L>°-norm. For each T' > 0, Cr is contained in AP and this space
can be characterized as the smallest closed linear subspace of BC' which contains
Urso Or- Alternatively AP can be characterized as the closure in BC' of the space
of trigonometric polynomials
N
u(t) = ap + Z{an cos wpt + sinw,t}
n=1
where the frequencies w,, are arbitrary. We refer to [4] for more information on the
definition of almost periodic function.
The dependence of f with respect to t will be almost periodic. This means
that
(1) f(,u) e AP for each wu€R.
In order to apply the methodology of Functional Analysis we need the composition
property
uwe AP = f(-u()) € AP.
However it is well known that the almost periodicity in ¢ is not sufficient to guar-
antee this property (see [5], page 16). We say that f is in the class UAP if it
satisfies (7) and the additional condition
(73) For each r > 0 the family of functions {f(¢, -) }+er is equicontinuous on [—r, r].
The composition property holds if f € UAP (see [5], Chapter 2).
Our task will be to adapt the discussion on the periodic problem to this new
setting. Again we fix £ > 0 and observe that the linear equation

i+cu=ku+p(t), pecAP

has a unique solution in AP. It can be expressed in terms of a Green function, but
this time the integral is extended over the whole real line. Namely,

u(t) = — /_OO G(t,s)p(s)ds
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with

G(t,s) =

- { — L er-(t=s) ift>g

_ —ctVcPHak
and ry = =GR i
We observe that G is continuous and positive. It is interesting to observe that
the periodic Green function G can be obtained from G. Indeed,
o0

G(t,z)= Y Glt,s+nT).

n=—oo

More information about linear almost periodic equations can be found in [3].
With the help of the Green function the search of almost periodic solutions
of (2.1) or (2.2) is equivalent to

u=Ku, ué€AP
with
K:AP — AP, Ku(t) = —/ G’(t,s)g(s,u(s))ds.

2.3. Non-applicability of Schauder’s Principle

Typically the operator K is not compact on bounded sets. We show this in the
particular case g(t,u) = u. Now K is linear and an easy computation leads to

1
—(w?+k)+ icw©

K (eiwt) _ iwt

for each w € R. In this way we have obtained an uncountable set of eigenvalues
and so K cannot be compact. This observation explains why the theory of Leray
and Schauder is not applicable to id — K. Next we shall prove that a tentative
version of Schauder Fixed Point Theorem cannot hold for K. This excludes the
possibility of defining a degree of id — K.

Theorem 2.1. For each ¢ > 0 there exists f € UAP and k > 0 such that the
associated operator IC has no fixed points and

K(B)C B

where
B={uc AP/ ||ju|| < 1}.

The proof will be inspired by well known results for the periodic problem. In
the periodic case, the region of C'r lying between a lower and an upper solution is
invariant under K and contains a fixed point. Here we are assuming that & is large
enough. We refer to [2] for more details. However it was proved in [13] that the
method of upper and lower solutions fails in the almost periodic case. This will be
the starting point for the proof.
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Proof of Theorem 2.1. Given u,v € BC we introduce the notations

u<wv if w(t)—wu(t) >0 foreach teR,
u<<v if infiep (v(t) —u(t)) > 0.
In the spaces C both notions are equivalent but not in AP. Notice that the strong

inequality does not hold for the functions u(t) = sint + sin /2t and v(t) = 2. We
observe that the unit ball in AP can be expressed as

B={ue AP/ —1<u<1}.

According to Theorem 10 in [13] it is possible to find ¢ > 0, f € UAP and o < 3
such that (2.1) has no almost periodic solutions and

fla) <O (-, 0). (2.3)

This inequality means that the numbers a and (3 are strict lower and upper solu-
tions.

We must prove the Theorem for arbitrary ¢ positive but it is enough to do
it for a concrete value c. This is sufficient because we can change the friction
coefficient by a re-scaling of time ¢ — At with A > 0. Also, after translation and
dilation of u we can assume that « = —1 and 3 = 1. We do this but for convenience
we keep the notation o and 3, which now represent the numbers —1 and 1.

According to [13] the function f is smooth and the derivative % is also in
UAP. This implies that |%(t,u)| is uniformly bounded in regions of the type
t € R, |ul < M. We select k > 0 large enough so that the function u € [a, ] —
g(t,u) = f(t,u) — ku is decreasing for each ¢ € R. The definition of K and the

positivity of G imply that K is monotone on B; that is
a<u<v<f=Ku<Kv.

Now we are going to use the condition (2.3). Given § > 0 with f(t,a) < —§
everywhere,

Ka(t) = _/_00 @(t,s)[f(s,a) — kalds > (6 + ka) /_00 G(t,s)ds = % +a.

This implies that Ko > «. In the same way one obtains K3 < 3. We are ready
to prove that K(B) C B. Indeed, given u € B,
—l=a< Ka<Ku<Kg<Ks=1.

We know that (2.1) has no almost periodic solutions and so K has no fixed points.
This remark completes the proof. O

2.4. The continuation method

A crucial property of the degree is the invariance under homotopies. The ap-
plication of this property to the periodic problem leads to general continuation
principles. As an example we consider the unit ball in Cp,

Br ={u e Cr/ ||Jullec <1},



Degree and Almost Periodicity 351

and the family of equations
4 co=Af(t,u)+ (1 —Nu, Ae]0,1]. (2.4)

Our initial equation (2.1) appears for A = 1 while the equation is linear and has the
unique T-periodic solution u = 0 for A\ = 0. Assume that f is continuous and T-
periodic in ¢ and there are no T-periodic solutions of (2.4) in By. The invariance
under homotopies implis that (2.1) has a T-periodic solution lying in Br.

As the reader probably expects, the analogous principle does not hold for
almost periodic problems. Going back to the proof of Theorem 2.1 we take the
same function f € UAP with o = —1, # = 1 and observe that the functions

It u) = Af(tu) + (1= Mu
are also in UAP and satisfy
Iala) O Sl 8)-

Moreover these strong inequalities are uniform in A. This allows us to repeat the
strategy of the proof of Theorem 2.1 for each A and conclude that

KAx(B)c B foreach X¢€l0,1].

The operator Ky, defined on AP, refers to (2.4) for fixed X. The choice of the
constant k is made independently of A, this means that u € [«, 8] — fa(t,u) — ku
is decreasing for all ¢ and A\. We sum up the above discussions.

Corollary 2.2. There exist f € UAP and k > 0 such that the operator ICy associ-
ated to (2.4) satisfies
— K1 has no fized points

— Ko is linear and has a unique fized point at u =0
— Kx(B) C B for each A € [0,1].

In the theory of almost periodic equations it is customary to impose the
assumptions not only on the original equation but on all the equations lying in the
hull. We will prove that this makes no difference, but first we recall the notion of
hull. Given f € UAP we say that f*: R x R — R is in the hull of f, denoted by
f* € H(f), if there exists a sequence of real numbers {h,,} such that

&+ hp,u) — f*(t,u) as n— oo,

and the convergence is uniform in (¢,u) € R x [-M, M] for each M > 0. It is
easy to prove that H(f) is contained in UAP but the hull of a smooth function f
can contain non-smooth functions.! By a passage to the limit we observe that the
following two properties are inherited by each f* € H(f),

[ a) <0< (-, 8)

u € [a, ] — f*(t,u) — ku  is monotone non-increasing.

IThe function f(t) = /2 — sint — sin v/2t is smooth but f* (t) = V/2 = cost — cos v/2t is not.
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This allows to improve the conclusion of Corollary 2.2 with
Ky (B) C B

for each A € [0,1] and f* € H(f). At this point one must observe that Ky s+ has
fixed points in and only if Ky ¢ does.

3. First order equations: prescribing the module of frequencies

3.1. The space AP(Q)

Given {2, an additive subgroup of R, the space AP () is defined as the closure in
AP of the class of trigonometric polynomials having frequencies in 2. These are
polynomials of the type
N
ag + Z{an cos wpt + by, sinwy,t}
n=1
with wy,...,wy € Q.

The space AP becomes a commutative Banach algebra with the standard
product of functions and each space AP(f2) is a subalgebra. This can be deduced
from the additive formulas for trigonometric functions.

Given an almost periodic function u(t), the module mod(u) is the smallest
additive subgroup of R containing all the non vanishing Fourier coefficients of u.
With the help of Fourier analysis one can prove that

AP(Q) = {u e AP : mod(u) C Q}.
Next we identify the space AP(2) for some groups.

— The trivial group £y = {0}, AP(£2) = {constant functions}

— Cyclic groups Q0 =TZ, T > 0, AP(1) = Crp

— A free group with two generators Qy = {n + mv/2/n,m € Z}, AP() =
quasi-periodic functions with frequencies 1 and /2

— The rational numbers Q3 = Q, AP(23) = uniform limits of periodic functions
having periods commensurable with 2.

3.2. The Q-almost periodic problem
We will study the equation

i = f(t,u) (3.1)
where f is in UAP and satisfies the additional condition
f(,u) € AP(Q2) foreach weR. (3.2)

In this setting we discuss the existence of solutions in AP(£2). We shall transform
this problem into a fixed point equation in AP(€2) but first we go back to the
examples. For g the condition (3.2) says that f is independent of ¢ and solutions
in AP(€Q) are equilibria. For £ we go back to the T-periodic problem. For 9
and 3 we have genuine almost periodic problems.
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3.3. The fixed point equation

We start with the composition property, which is important to make the problem
treatable with the methods of Functional Analysis.

Lemma 3.1. Assume that f € UAP and the condition (3.2) holds. Then,
ue AP(Q) = f(-,u(-)) € AP(Q).

This property depends essentially on the algebraic structure of Q2. In principle
one could define AP(Q) for any non-empty subset of the real numbers and it would
be a Banach space. The difference is that when (2 is not a group the space AP ()
is not an algebra and the composition property does not hold.

There is a proof of this Lemma using Fourier Analysis and we refer to [5].
We present a more direct approach.

Proof of Lemma 3.1. The space AP(£) is an algebra and so the composition prop-
erty holds if f is a polynomial in u which is independent of t. Assume next that
f = f(u) is any continuous function, again independent of t. Given u € AP(Q)
we approximate f by polynomials f,, converging uniformly to f in the range of w.
Then f,, ou converges in BC to fowu and so fou € AP(Q). It remains to prove
that the composition property also holds when f depends on t.

Given € > 0 we shall find p. € AP(Q) such that

£ (- u() = pelloo < €.

Fix R > ||ul|oo- As {f(t,) }1er is equicontinuous in [—R, R], we find § > 0 such
that
[f(t,u) — f(t,v)|<e if teR, |Ju—v|<dlul,|v]<R.

Next we find a partition ug = —R < uy < - -+ < u,, = R such that u; 1 —u; < ¢ for
each i. We can construct a partition of unity on [ug, u,] as follows. The functions
X0, X1, - - - Xn are continuous on [—R, R] and satisfy

in(u) =1, x(u)>0 foreach we[-R,R],
i=1

supp Xi C [ui—1,u;1+1], with the convention wu_1 = ug, Upt1 = Uy, -

Finally we define
pe(t) = D f(tui)xi (u(b)) -
i=0

From the above discussions we know that y; o u belongs to AP(Q). The structure
of algebra and the condition (3.2) imply that p. € AP(Q). The proof is complete,
for it is clear that || f(-,u(:)) — pel|oo is less than e. O

As in the case of second order equations we use an auxiliary linear equation.
Given k > 0 we consider

o= —ku+p(t), peAP(Q).
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This equation has a unique bounded solution given by

u(t) = /_OO G(t,s)p(s)ds

where
0 it t<s
Gg(t,s) = { Rt if s <t

Now it is easy to prove that u € AP(Q)). First we observe that if py, ps are two
functions in AP(2) then

1
lur — u2lloe < 7llp1 — P2llos -

By direct computation we observe that if p(t) is a trigonometric polynomial with
frequencies in  then w(¢) is in the same class.
The equation (3.1) is rewritten as

u=—ku+g(t,u), g(t,u):= f(t,u)+ ku,
and the Q-problem becomes equivalent to
u=Fu,
with
F:AP(Q)) — AP(Q), Fu(t) = /00 G(t,s)g(s,u(s))ds.

We know that degree theory can be applied to this operator when  is a cyclic
group. Next we show that this is the only possible case.

Theorem 3.2. Assume that Q is not cyclic. Then there exist f € UAP satisfy-
ing (3.2) and k > 0 such that the associated operator F has no fized points and

F(B)cB
where
B={ueAP(Q)/||ulls < 1}.
We will find a function f and numbers a < 3 such that

[ a)> 0> f(-, B)

and (3.1) has no solutions in AP. From there the rest of the proof follows along the
lines of Theorem 2.1. Yet we need to do some work to construct such an equation.

3.4. Primitives of functions in AP(Q)

Given a function a € Cr the primitive can be expressed as A(t) = at + A(t),
where @ is the average and A is T-periodic. The next result implies that such a
result cannot be extended to any group 2 which is not cyclic.

Lemma 3.3. Assume that ) is not cyclic. Then there exists a € AP()) such that
its primitives satisfy
A(t) —» —oc0  as |t| — 0.
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Proof. Tt follows along the lines of Bohr’s example (see [15], page 157). As Q is
not cyclic it must be dense in R. In particular, for each integer n > 1 it is possible
to find w,, € Q with

n=2/3 <w, < om =23

Define
o0
a(t) = sz sinwyt .

n=1

The function is in AP(2) and the primitive with A(0) = 0 is given by

oo 50 o
At) = an(l —coswpt) = Qan sin2 (‘*12) .
n=1 n=1

The inequality |sinz| > |z if |z[ < 1 imply that

where I(t) = {n € N/n > 1, w,|t| < 2}. The numbers satisfying n > [¢t|*/? are in
the set I(t) and so

t2 1t [~ d
A >~ Y > 2 . O
8 n>|t[3/2 8 Jitfarz4r 8

3.5. Linear equations, homoclinic solutions, and proof of Theorem 3.2

The function a constructed in the previous lemma is such that all the solutions of
= a(t)u

are homoclinic to zero. This allows us to apply Theorem 2 in [14] and obtain the
following result.

Proposition 3.4. Assume that Q is not cyclic. Then there exist functions a,b €
AP(Q) such that for the linear equation

= a(t)u+ b(t)
all the solutions are bounded but none of them is almost periodic.

We can now apply the ideas of Section 5 in [13] and construct an equation of
the type

i = a(t)u + b(t) + D(u)

without almost periodic solutions. In this construction the function D is C'°*° and
such that —D(u) dominates the linear part at infinity. This implies that h(t,u) :=
a(t)u + b(t) + D(u) satisfies

h(-,—R)> 0> h(-,R)
for large R. Since h also satisfies (3.2) the proof of Theorem 3.2 follows.
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Abstract. A new method called “L°°-Energy Method” is introduced. Several
basic tools for this method are prepared and a couple of typical ways of usage
of this method are exemplified for quasilinear parabolic equations.
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1. Introduction

It would be generally recognized that in the study of the nonlinear partial differen-
tial equations, the choice of the function spaces where one works is crucial for
its high achievement. Normally such suitable function spaces should be carefully
chosen according to the various nature of the equations to be considered and clearly
there is no almighty function space good for all equations.

As for the energy method for the nonlinear parabolic equations, L2-space or
LP-space (1 < p < 00) is frequently used. On the other hand, L*-space is not so
often direcly used and it would be widely believed that it possesses no advantage
over LP-spaces because of its non-reflexivity and non-separability. So L°°-estimates
are usually derived from W""P-estimates via Sobolev’s embedding theorem.

However, the main purpose of this paper is to point out that as far as the
uniqueness and local existence of solutions (in time) are concerned, L*-space could
be the most suitable space for a rather large class of nonlinear parabolic equations
and systems, if we are equipped with “L°°-Energy Method”.
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Culture, Sports, Science and Technology, Japan.
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This 7 L*°-Energy Method” is a device which makes it possible to derive
energy estimates directly in L°°-spaces even when any energy methods could not
work in L"-spaces with 1 < r < 4o00.

The main objective of this paper is twofold. One is to fix some basic tools
needed in carrying out L>°-Energy Method concerning the fundamental property
of the L*°-norm and some implements to enable us to derive a priori bound or
a lower bound for the blowing-up rate of the L°°-norm for solutions. The other
one is to expose its basic idea and to exemplify its typical way of usage by using
simple examples, i.e., the perturbation problems for the porous medium equations
and the parabolic equations generated by the so-called p-Lapalacian.

Our L*°-Energy Method is quite useful not only for the case where the nonlin-
earity obstructing the energy estimates in L"-spaces depends only on the solution
u itself but also for the case where the nonlinearity is composed of up to the
first derivatives with respect to space variables such as parabolic systems with the
nonlinearity similar to that of Navier-Stokes equations.

This method also provides us a very powerful tool in analyzing very complex
systems of nonlinear parabolic equations such as quasilinear system of Chemotaxis
and some doubly nonlinear parabolic equations.

These significant features will be discussed in our forthcoming paper [14].
(See also [13] and [9].)

In this paper we do not touch upon the technical aspects related with the
derivation of a priori bounds in L®°-spaces for the space derivatives of solutions.
However, such examples can be found in [12,15] and [16].

2. Basic tools for L°°-Energy Method

In this section, we collect some basic tools needed in the procedure of the per-
forming L*°-Energy Method.

In establishing the a priori bounds in L®°-spaces, our method provides the
scheme which enables us to obtain a priori bounds directly in L>°-spaces without
relying on any W P-estimates nor Sobolev’s embedding theorems. To realize this
program, we utilize the following fact, which is well known for the case where the
total measure m(2) of the domain Q is finite and the function u is known to be
in L*(9), (see Theorem 1, §3, Capt.1 of [17]).

Lemma 2.1. Let Q be any domain in RN and assume that there exist a number
ro > 1 and a constant C' independent of r € [rg,00) such that

|u|L’”(Q) <C Vr € [T07 OO)? (2’1)
then u belongs to L>°(Q) and the following property holds.
i Julpr @) = [ulpe (o) - (2.2)

Conversely, assume that w € L™ () N L (Q) for some ro € [1,00), then u
satisfies (2.2).



L*>°-Energy Method 359

Proof. ~ We are going to show below that (2.1) assures (2.2).

Case 1: m(Q) < +oo, u e L®(Q).

For the completeness of the presentation, we here repeat the proof due to [17].
By the definition of |u|p~, for any € > 0, there exists a null set e € A/ such that
lu(z)| < |u|p~ 4+ € Va € Q\e. Then we get

(/Q |u(x)|"da:>1/r < (/Q\e (Ju(z)|z~ +€)" dx) "

< (Julge + &) m()V".

Hence we obtain
limsup |u|rr < |u|pe . (2.3)

Put Q. = {x € Q;|u(z)| > |u|p~ — €}, then by definition m(Q.) > 0 for any
e € (0,|u|p=). Therefore

(o) (fwora)”

> (Julz — )m(Q)1"

Hence

liminf ju|pr > |u|ge . (2.5)

Thus (2.3) and (2.5) yield (2.2).

Case 2:  m(Q) < +oo.

For the case that there is no knowing if u € L*>°(Q), we fix n so that C' < n and

put
u(z) if |u(z)] <n,

[uln(x) = gn(u) =< n it w(z)>n, (2.6)

—n if  u(z) < -n.

Since [u], € L>=(R) and |[u],|rr < |ulrr < C, the argument above assures that

<0 <n,

Hu]n‘mo = lim Hu]n

T—00 L

which implies that [u],(z) = u(x) for a.e. € Q, whence follows u € L™ ().
Case 3: m(Q) = +oo.

Let Q, = Qn{z € RY;||z|| < n}. Noting that |u|;~q,) < |u|rr@) < C and
applying the above result, we find that u € L*>(2,,) and |u|z~(q,) < C. Hence,
for any € > 0 and n € N, there exists e,, € A such that

lu(z)] < C+e Vo € Q,\en .

Consequently, we get

lu(z)| < C +e VwEQ\e:U(Qn\en), e:Uen€N7

n=1 n=1
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which implies u € L (). Hence

|u

1/r
Lr(@) = </\ u(x)lr‘r"Iu(x)Vodx) < (Jul g + )T 00T
O\e

Now letting r — 0o, we again obtain (2.3).

Here, for any sufficiently small € > 0, we put Q. = {& € Q;|u(x)| > |u|p~ —
e > 0}. Then the fact that u € L™ (§2) together with the definition of the L>-norm
assures that 0 < m(€Q.) < 4+00. Hence, by the same argument as in (2.4), we again
obtain (2.5). Thus combining (2.3) and (2.5), we conclude (2.2).
Conversely, assume that u € L™ () N L>°(Q) for some 7 € [1,00), then we easily
get |u|pr < |u\TL°r{)T|u|g;TO)/’" < C = max(|ulpro, [ulp=) Yr € [rg,o0], which
implies (2.1). Then the above arguments assure that (2.2) holds true. O

As will be exemplified in the next section, with the help of the above result,
it is often possible to see that y(t) = |u(t)|L~ satisfies a certain type of integral
inequalities, which control the growth of y(¢). The following result is the implement
which enables us to derive a priori bound for y(t) from such a type of integral
inequalities.

Lemma 2.2. Let y(t) be a bounded measurable non-negative function on [0,T] and
suppose that there exist yo > 0 and a monotone non-decreasing function m(-) :
[0,4+00) — [0, +00) such that

t
y(t) < wyo —l—/ m(y(s))ds a.e. t € (0,7). (2.7)
0
Then there exists a number Ty = To(yo, m(-)) € (0,T] such that
y(t) <yo+1  ae te€[0,Tpl. (2.8)

P(r(;of, Put z(t) = yo + f(f m(y(s))ds, then z(t) € C([0,T]);R') and y(t) < 2(¢). So
z(t) satisfies

t
z(t) < wyo +/ m(z(s))ds for all t € [0,T]. (2.9)
0
We here claim that
1
t) < 1 fi 11t e 0,1 Ty = mi _— T 2.10
z2(t) <yo+ orallt €[0,To], To mln(Qm(y0+1)’ ) ( )

In fact, suppose that (2.10) does not hold, i.e., there exists to € (0,7Tp] such that
2(tg) > yo + 1, then since z(t) is continuous on [0,7] and z(0) < yo + 1, there
exists t; € (0,%9) such that z(t;) = yo + 1 and 2(t) < yo +1 V¢ € [0,%1). Then,
by (2.9), we get

yo+1=2(t1) <o +/O 1 m(z(s))ds

1
§y0+m(yo+1)T0§yO+§,



L*>°-Energy Method 361

which leads to a contradiction. Thus (2.10) is verified and hence (2.8) is derived
from the fact that y(t) < z(¢) for all ¢ € [0,T]. O

If the function m(y) given in the above lemma turns out to have at most
linear growth order as y — +o00, we easily obtain time global a priori bound for
y(t) = |u(t)| L, which would lead us to the global existence of solutions. On the
other hand, if it is not the case, the blowing-up of solution may occur at some finite
time T,,. Even for such a case, it is also posssible to obtain some information on
the blow up rate of solutions in terms of the L*°-norm within the framework of
our method by the following results.

Lemma 2.3. Let y(t) be a bounded measurable positive function on [0,T] for any
T € (0,T,,) and let lim;_,7, y(t) = +oo. Suppose that there exists a monotone
non-decreasing locally Lipschitz function g : [0, +00) — [0,400) such that

+o0 1
——dr = 400, 2.11
L -
+o0 1
/ ——dr < 400 Va>0. (2.12)
o 9(7)
Furthermore we assume
y(s) < yl(t) +/ g(y(r))dr a.e. t,s €10,T,,) witht < s. (2.13)
t
Then the following estimate holds.
y(t) > Gt —T,)  forae te[0,T,), (2.14)
+oo 1
where G=1(-) is the inverse function of G(w) = —/ de
w T

Proof. Put z(t,s) = y(t) + [, g(
Then by (2.13), we get y(s ) § z(t s) Vs € [t,T),) and

z(t,s) <y(t) + /: g(z(t,7))dr.

For any t € [0,T},), let to =t and let t,, be the first time in (¢,—1,7T,,) such that
y(tn) = 2y(t,—1) for n € N. Then it is clear that ¢, T T,, as n — oco. Here we
define another function w, (s) by the unique solution of the following problem.

dwn(s)/ds = g(wn(s)) s¢€ (tn,T )y wu(tn) = y(tn) . (2.15)

Since wy, (s) satisfies w, (s) = y(t )+ft ))dT, by comparison theorem,
it is easy to see that y(s) < z(t,,s) < wy, (s) Vs 6 [tn, Tm). Denote by s, the
first time in (¢,,7y,) such that wn(sn) = y(tnt1) = 2y(tn), then we find that

tn < 8p < tpy1. Here we put
+oo 1
— —dT. (2.16)
/w 9(7)
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Then G is a strictly monotone increasing continuous function from [0, +oc] onto
[—00, 0] such that G(0) = —oo0, G(+o0) = 0 and G'(w) = 1/g(w).
Therefore, we can integrate (2.15) in terms of G on [t,, s, ] and get

tngt —tn > $n —tn = G(wn(sn)) = G(wn(tn)) = G(y(tns1)) — G(y(tn)) . (2.17)
Summing up (2.17) from n = 0 up to n = oo, we obtain T, —t > —G(y(t)), since
Gy(tn+1)) — G(o0) = 0 as n — +oo. Hence we get G(y(t)) > (t — Tpn), which
implies (2.14). O

The dual version of Lemma 2.3 is stated as follows.

Lemma 2.4. Let y(t) be a bounded measurable positive function on [0,T] for any
T € (0,T),) and let lim;_,7, y(t) = +oo. Suppose that there exists a monotone
non-decreasing locally Lipschitz function g : [0,+00) — [0,+00) satisfying (2.11)
and (2.12). Furthermore we assume

y(s) > y(t) + / g(y(r))dr a.e. t,s€[0,T,,) witht <s. (2.18)
t
Then the following estimate holds.
y(t) <Gt —Tp) for a.e. t €10,T,,), (2.19)
where G=1(-) is the inverse function of G(w) = — f:)_oo ﬁdr.

Proof. Define z(t, s) and G(w) as in the proof of Lemma 2.3, and define w(¢, s) by
the unique solution of the problem :

dw(t,s)/ds = g(w(t,s)) st Tn), wtt)=y). (2.20)

Then (2.18) assures w(t, s) < z(t,s) < y(s) Vs € [t,T,,). Hence, in stead of (2.17),
by integrating (2.20) on (¢, s), we now have

s—t=G(w(t,s) —G(wt,t) <G(y(s)) —G(y(t)) Vse (t,Ty). (221

Then, by letting s — T,,, in (2.21), we obtain (2.19). O

If we put g(r) = Alr|7"2?r with ¢ € (2,+00), then clearly ¢ is a monotone

increasing locally Lipschitz continuous function and it is easy to see that g satisfies
the required conditions (2.11) and (2.12) in Lemma 2.3. Furthermore, by a simple

calculation, we easily get G(w) = ﬁuﬂ_q and G71(1) = (\(2 — q)T)‘;fl"‘. Thus

we have the following two corollaries of Lemma 2.3 and Lemma 2.4.

Corollary 2.5. Let y(t) be a bounded measurable positive function on [0,T] for any
T € (0,T,,) and let tlir%l y(t) = +oo. Suppose that y(-) satisfies

t
y(t) < y(s) + )x/ y(r)tdr a.e. s,t €[0,T,,) with s <t. (2.22)
Then the following estimate holds.
—1 —
y(t) > (Mg —2)) 72 (T — )72 forae. t €[0,Tp). (2.23)
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Corollary 2.6. Let y(t) be a bounded measurable positive function on [0,T] for any
T € (0,T,,) and let tlir%l y(t) = +oo. Suppose that y(-) satisfies

t
y(t) > y(s) + )\/ y(r)? tdr a.e. s,t €[0,T,,) with s <t. (2.24)
Then the following estimate holds.
—1 —
y(t) < Mg —=2)) 72 (T — )72 for ae. t €[0,Ty). (2.25)

Remark 2.7. Above results give informations not only on the asymptotic behavior
of y(t) near t = T, but also on the a priori bounds for the blowing up time
Tn. In fact, by putting ¢ = 0 in (2.14), (2.19), (2.23) and (2.25), we can derive
the estimates T}, > —G(y(0)), T,,, < —G(y(0)), T, > 1/ (Mg — 2)y(0)972)) and
T <1/ ((M(g — 2)y(0)72)) respectively.

3. What is L°°-Energy Method

In this section, in order to describe the basic idea of L°°-Energy Method, we
consider the following simple but typical quasilinear parabolic equations.

uy = div (|[VulP~2Vu) + [u[??u (z,t) € 2 x (0,00),
(P)

ulan =0 t e (0,00), u(z,0) =up(z) z€Q,

uy = div ([u[72Vu) + [u|f %0 (z,t) € Q x (0,00),
(E

ulan =0 te (0,00), u(z,0) =up(z) z €,

where 1 < p < 00,2 < g <00, 1 < ¥ < oo and € is a general domain in RV .

Then our method can provide the following results.

Theorem 3.1. Suppose that ug € L*(Q2) N L>°(Q). Then there exists a positive
number Ty depending only on |ug|pe such that (P) admits a unique solution u
satisfying

u € C([0,Tp]; L*(€2)) N L (0, To; L>=(2))
N LP (0, To; Wy P () N W2 ((0, Tol; L*(9) . (3.1)

loc

Furthermore, the mazimal existence time T,, = sup{Ty € (0,400); (P) admits a
solution u on [0,To] satisfying (3.1)} is finite if and only if lim; 7, [u(t)|r ) =
400, more precisely,

w(t) ey = (q—=2)72 (T —t)72  for a.e. t € [0,Ty). (3.2)
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Theorem 3.2. Suppose that ug € L?(2) N LY(Q) N L>(Y). Then there exists a
positive number Ty depending only on |ug|p~ such that (E) admits a solution u
satisfying

we L=(0,To; L*(Q) N LY(Q) N L=(2)) N WH2([0, To]; H(Q))

3.3
and  |u|"""P/2|Vu| € L2(0,Ty; L*(Q)), 3:3)
where H=(Q) denotes the dual space of H ().
Here if ug € L'(Q) N L*(Q), then u satisfies
u € L>(0,To; L' () N L>(Q)) N Wh2([0, Tp) : H1()) (3.0

and  |u|'“"P/2|Vu| € L2(0,Ty; L*(Q)) -
Furthermore, the maximal existence time T,, = sup {T € (0,+00) ; (E) admits a
solution w on [0,Ty] satisfying (3.3) } is finite if and only iftlirqr} |u(t)|pe = 400,

more precisely,
()| g > (¢ —2)72 (T — )72 for ace. t € [0,Th,). (3.5)
As for the uniqueness of solutions of (E), the following result holds.
Theorem 3.3. Let ug € L'(Q), then the solution of (E) satisfying (3.4) is unique.

3.1. Proof of Theorem 3.1
In carrying out L>°-Energy Method for degenerate or singular quasilinear parabolic
systems, we always need the approximate procedure, for which the following “cut-
off technic” is quite often found to be very useful.

By using the same notation [u], = g,(u) as in (2.6), we introduce the follow-
ing approximate problem (P),, for (P).

®) { up = div (|[Vul[P~2Vu) + |[u], |9 (z,t) € Q x (0,00),
" ulpgo =0 t € (0,00), u(z,0) =up(z) = €.

Let

X, 1= {ue L@ vue (@)}

with
p p 1/p
lulx, = {|u|L2(Q) + |vu|Lp<Q)}

for all u € X,,. Moreover let V, := Cgo(€2) " with | - |y, := |- |x,. Then we find
that V), is a uniformly convex Banach space, since V), is a closed subspace of X,
which is a uniformly convex Banach space (see [1, 1.21, 22]). Moreover from the
definition of V,,, it is easily seen that V), is embedded in L?(Q2) with continuous
injection. Furthermore we can verify that V), is dense in L?().
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We now define a function ¢, on L?(2) by setting
%fg \Vu(z)|Pdz + & [, [u(z)|?de if weV,,
Pp(u) =
p 400 if w¢ L2(Q)\Vp.

Then ¢, is obviously convex and the reflexivity of V,, assures that ¢, is lower
semicontinuous from L?(£2) into [0, +o0].

2 2

Furthermore, it follows that D(¢p)L = W)L = L*(Q) and 9¢,(u) = —Apu+
u = —div(|Vu[P=2Vu) + u (see [2, p.53, Example 1]).

Since the map B(u) : u + |[u],|? ?u becomes Lipschitz continuous from
L?(Q) into L2(2), (P), can be regarded as the evolution equation in L?(Q)
governed by the subdifferential operator d¢,(u) with the Lipschitz perturbation
B(u) — u. Then, by the standard argument from the maximal monotone operator
theory, it is easy to see that for any ug € L?(Q), (P), admits the unique global
solution u satisfying (3.1) with Tj replaced by any T € (0, +00) (see [2] and [11]).

We here put v™(t) = e=™" "tu(t), then v™ satisfies

vy = e(pfz)"‘rztApv” + (|gn(@)|92 =270, v™(0) = ug.
Multiplying this equation by [v™(¢) — n]T = max(v"(t) — n,0), we easily see that
[[v™(t) — n]*|L2 < |[ug —n]T |2 for a.e. t € [0,00), since |gn(u)]9~2 < n9~2. Hence
if ug € L>®(Q), fixing n so that |ug|r~ < n — 1, we find that [v"(t)| < n, e,
u(t) < ne™ "t In particular, we observe that u(t) € L™ for a.e. t € [0, 00).

Noticing that |u|""2u € L?(2) and ||[u],, |9 %u| < |u|?™!, we multiply (P),
by |u|"~2u to obtain

1d
L+ (- 1)/ VulP|u|"2dz < / e, (3.6)
rdt Q Q

By factoring out \u|qL;2 from the right-hand side of (3.6), we get

ld
rdt

Divide both sides by |u(t)|7-" and integrate with respect to ¢ on [0, 7], then we
get

()|} < ()2 ult)]] .

t
u(t)|zr < fuolr +/ Ju(s)|7 |u(s)|-ds
0

Letting r tend to oo, we deduce by Lemma 2.1,

t
()| < ol + / fu(s)|1=2ds (3.7)
0

Here it should be noted that it is impossible to derive the estimate such as (3.7)
in LP-spaces(1 < p < oco) from (3.6).

Thus applying Lemma 2.2, we find that there exist a positive number Tj
depending only on |ug|r~ such that

[w(®)|pee < |uglpe +1<mn forae. tel0,Tp.
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Hence, by the definition of [u],, u gives a solution of (P) on [0, Tp].

As for the uniqueness of solutions, we multiply the difference of two equations
for two solutions u; and ug by w = uj —us, then by the monotonicity of u — —Aju
and a priori bound for |u|p~, we easily deduce that d|w(t)|3./dt < Clw(t)|3.,
whence follows the uniqueness at once.

Suppose here that lim;_ 7 |u(t)|p~ = 400 does not hold, then there exist
Co > 0 and {t,} such that t, T T}, and |u(t,)|r= < Cp. Since the dependence of
Ty given in Theorem 3.2 on the initial value yo = |ug|p~ is monotone decreasing
(see (2.10)), there exists a Ty > 0 depending only on Cj and ¢ but not on n such
that taking u(¢,) as initial data, we can solve (E) in the interval [t,, t,, + Tp]. Note
that ¢,, T T}, implies that there exists a sufficient large n such that ¢, + Ty > T}y,
i.e., we can extend the solution to the right of T},,, which leads to the contradiction
to the definition of T,,.

In order to derive estimate (3.2), it suffices to apply Corollary 2.5 with y(t) =
|u(t)| L= to (3.7). O

3.2. Proof of Theorem 3.2

As for the application of L°°-Energy Method to (E), it requires a more compli-
cated approximation procedure than for (P). In fact, we prepare the approximate
sequences (2, and ug such that €2, is bounded and approximating €2, 9€2,, and u(
are sufficiently smooth, ul — ug in L?(Q) and limsup,,_, . [uf | Lo () < |uo|pe(0)-
We consider the following approximate equations.

=4 (711 + ‘Pn(U)> “) +[ual*?u (2,1) € Qn x (0,00),

uloa, =0 t€(0,00),  u(x,0) =ug(z) z€n,

(E),

£—2
where ¢, (u) = A5 (v + 1) 7.

Then the standard theory for quasilinear parabolic equations assures the ex-
istence of unique classical solutions w,, of (E),, denoted by u (see, e.g., [7, Theorem
12.14] or [6, Chapt. VI, §4]). In parallel with (3.6), multiplication of (E),, by |u|"~?u
gives

1d r 1 r—2 2
Lo+ 0= 1) [ (G4 ot)) 219
{—2 1 ¢-a
_1 - - 2 I s 2 .
cen [ e DT 6

< / lu|" 1 2dg .
Q

Then as in the previous subsection, taking n so that |ug|p~ < n — 1, we can
conclude that there exist a positive number Ty depending only on |ug|z (£2) such
that

[u(t)| Lo,y < |uolpe@) +1<n forae. tcl0,Tp. (3.9)
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Hence, u gives a solution of (E),, with |[u],]|97%[u], replaced by |u|?~%u and (3.8)
with » = 2 implies

To
sup |u(t |L2(Qn)+/ / ( + on(u >|Vu|2dxdt<C’0, (3.10)
0<t<To
and (3.8) with r = ¢ € (1, 2) yields
Ty -2
sup |u(t)|pe, )—i-/ / (u + ) |Vul|?dzdt < Cy, (3.11)
0<t<T,

where Cj is a constant depending only on |ug|pe (), [to|reo) and [ug|z2(q) but
not on n.
Thus, in view of (3.9), (3.10) and (3.11), we find that

|U‘Loo(07To;L7'(Qn)) <Cy Vre [E*, OO] , b= min(ﬁ, 2) s (3 1
IV (en(w)u) |L20,10:2(2.)) < Co, (3.13
|A (pn(w)u) [L2(0,10;5-1(2,)) < Cos (3.1
(

1 1
|5AU|L2(0,TO;H—1(QH)) < C’o% )
[ue| 20,1051 (020)) < Co - (3.16

In order to discuss the convergence of approximate solutions of (E),, denoted
by w,, we here need the following lemma due to Dubinskii [4] (for a proof, see [8,
Theorem 12.1, Chapt. 1]).

Lemma 3.4. Let B and B be Banach spaces such that B is continuously embedded
in By. Suppose that there exist a subset S of B and a function M(-) from S into
[0,400) such that M (Av) = [\|M(v) VA € R Vv € S and the set

{v;ve S, M(v) <1} (3.17)
is relatively compact in B.
Put
T
Fo = {U HCHS Llloc((O7T);Bl)a / M(U(t))podt < C? |’Ut‘LP1(O,T;Bl) < C} y
0
(3.18)

where po,p1 € (1,00) and C € (0,00). Then Fo C LP(0,T; B) and F¢ is relatively
compact in LP°(0,T; B) and in C([0,T]; By1).

We apply this lemma with B = LP(Q,,)(p > £* = max(2,/)), By = H (),
S = {v; |v|['%zv € HE (), v € L=®(Q2,)}, po=p,p1 =2 and T = Ty.
Furthermore we put

L 1/p
M(U) = </Q ’V(|v|p2@)‘2) + ‘UlLoo(Qn). (319)

Then, to apply Lemma 3.4, it suffices to check (3.17).
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In fact, let M(v,) < 1, then \vn|p%2vn forms a bounded set in H{(£,), so
there exists a subsequence of v,, denoted again by v, such that v, — v weakly
in L2(2,) and |v,|"= v, — |v]"= v strongly in L2(€,). Hence there exists a
subsequence of v, denoted again by v, such that v,(z) — v(x) for a.e. x € Q,.
Then, since |v,|P < 1 for a.e. x € Q,, the dominant convergence theorem of
Lebesgue assueres that v, — v strongly in LP(,,), whence follows (3.17).

Thus there exists a subsequence {uy, } of {u,} such that u,, (z) converges
for a.e. z € Q. In view of (3.12) and (3.13), by the diagonal argument, we can
extract a subsequence of u,, denoted by wuj such that

Vn, Jko(n) s.t. Gr =wur in Q, x[0,Tp] VEk > ko(n), (3.20)
Gy — u weakly star in - L>(0,Tp; L"()) Vr € [ly, 00], (3.21)
Uy, — u strongly in  L” (O,TO; LP(Qn)) Vp € [ly,00) Vn €N, (3.22)
iy —u ae in Qx|[0,7Tp], (3.23)

g |" "2y, — |u|""?u  weakly in L? (O,TO;L%(Q)) Vre(l,00), (3.24)

2

1
On, (U )ug, = (ﬂ% + > g — |u|*"2u  weakly in L? (0,Top; L*(Q2)) , (3.25)
n

£4—2
2

v((a%i) ak>—>v(|uf—2u) weakly in - L*(0,Tp; L*(Q)),  (3.26)

where 7, = [ug]" denotes the zero extension of uy into Q x [0, Tp].

Moreover, in view of (3.15), (3.20), (3.21) and (3.24), it is easy to see that
[(ur)e) = we, [ A(up)) — 0 and [A(pn, (ur)ur]® — Alul?u) in D'(2x[0, Tp)).

Hence, by (3.24), we find that u satisfies (E) in the sense of distribution. Here,
since (3.26) assures that |u|*=2Vu € L2(0, Tp; L?(Q)), we find that V(|jul[*2Vu) €
L2(0,To; H~1(€2)), whence follows that u; € L2(0,Tp; H~1(£2)), in particular u €
W2(0, Tos H- () © C(10, Tols H-(©),

As for the case where ug € L(Q), by virtue of (3.8), we easily see that there
exists a constant Cy depending only on |ug|z~ (o) and |ug|z1(q) such that

sup |u(t)|zr(,) < Co Vr e (1,00]. (3.27)
0<t<T,

Here noting the relation
u(t)| L1 (0 < Jul?) <G| forae. t €[0,Ty),

and letting » — 1, we can derive the estimate (3.12) for all r € [1, o0]. O

r—1
Lr (@) |Qnl 7

3.3. Proof of Theorem 3.3

There are so many works already done for the uniqueness of weak solutions for
equations related with (E). However most of them treated the case where the
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perturbation term |u|?2u is absent. As a matter of course, if the solutions are
assumed to be in W1°°(Q), the standard arguments in L*(Q)-space such as in [10]
and [16] assures the uniqueness. Here we do not need such a strong regularity for
solutions u but assume the weaker regularity |u|bT2Vu € L%(). The crucial part
of our argument consists of Theorems 3.5 and 3.6 stated below, which would have
independent interest concerning the following equation.

up = div ([ul*72Vu) + f(z,t) (2,t) € Qr =Qx (0,T),
(E (3.28)
uloo =0 t € (0,00), u(z,0) =up(x) z€Q,
where 1 < ¢ < oo, T € (0,00) and (2 is a general domain in RV,
Theorem 3.5. Let f € L}, .(Qr) and let u be a solution of (E )y satisfying
ue L*(Qr) N LYQr) nWh2([0,T] : H(Q))
and (3.29)

[ul =272Vl € L2(Qr).-
Then the solution u is uniquely determined by its initial data ug € L*(92).

Theorem 3.6. Let f; € L'(0,T;L*(Q) N LY (), uo,; € LX) N L (Q) (i = 1,2)
with ¢* = max(2,¢) and u; be solutions of (E )s, with u;(0) = wg, satisfying
wi € LNQr) 0 I (Qr) N WR2([0, To)s H-1(®) and [us] ¢2/2|Vis| € T2(Qr),
then u; satisfy the following estimate for a.e. t € (0,T).

L1(Q) + /0 |f1(7') — f2(7)|L1(Q)dT. (3.30)

[ui(t) —ua(t)| 110y < |uo — uo2
Once these theorems are proved, Theorem 3.3 follows easily.

Proof of Theorem 3.3. Let u;(i = 1,2) be solutions of (E) satisfying u; € L>(0, Tp;
LY (Q)NL>(Q))nWH2((0, To); H(9)) and |u;]“~2?|Vu;| € L*(Qr). Put fi(w,1)
= |u;|?%u;(z, t), then f; € L>(0,Tp; L*(2) N L*°(£)) and so Theorem 3.5 assures
that u; give the unique solutions for (E)y,. Hence, by Theorem 3.6, we find that
w = u; — uy satisfies

t
0@l < 0Oz + [l 2un(r) = fuel™ua(r)pyoydr
0
t
< wOlzso + [ (0= Dllur +6(uz = w)[*2(0) ooy 072 oy
0

t
< |w(0)|p1 o) + C’/ |w(T)| 1 (dT ae. t € (0,T),
0
which together with Gronwall’s inequality concludes the uniqueness. O

Thus it suffices to prove Theorems 3.5 and 3.6.
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Proof of Theorem 3.5. In order to derive the uniqueness of the solution, we are
going to work in the space H () as in [3], where the case where Q = RY is
considered. Here we are concerned with general domains with Dirichlet boundary
condition, so we need some modifications. It should be noted that the method to
be introduced here works also for the other type of boundary conditions such as
Neumann boundary condition.

For each € € (0, 1), consider the following problem.

o cw, — Aw, =w e,

c w, =0 r € 0N.
It is easy to see that for any w € H~1(Q), (L). has a unique solution w. € H} ().
Put B. : w — w. = B.w, then B. gives a homeomorphism from H~1(Q)
onto Hg(£2). Hence mp < Beu,v >p-1 can give the inner product of H=(Q) for

any € > 0.
Let u;(i = 1,2) be two solutions of (E)f, then w = u; — uy satisfies
1 _
wy = Ah, b= (p(ur) = p(ug)), @(u)= 7—1 ul P
Here, since w € WH2([0,T]; H=1(£2)), we note that g.(t) =< Bew(t),w(t) >

is well defined and that < wy, Bow(t) >= %dg;—t(t). Then, multiplying the equation

above by B.w(t), with the aid of integration by parts, we obtain

igs(t) = 2(Ah(t), B-w(t)) = 2(h(t), AB.w(t))

dt
=2(h(t),eB-w(t) —w(t)) < 2(h(t),eB:h(t)) ae. te0,T],
where we used the fact that h(t) € H (). Hence, we get

g:(t) < 2/0 (h(s),eBew(s))ds = I.(t). (3.31)

Then in order to prove the uniqueness, it suffices to show that lim._o I.(t) = 0.
Indeed, (3.31) implies that g.(t) — 0 as e — 0, so plugging the relation eB.w —
AB.w = w into g, we have

g:(t) = (Bsw(t),sBEw(t) — ABEw(t)) = €|B€w(t)|2L2 + |V(B,5w)|%2 ,

whence follows eB.w(t) — 0 and V(B.w(t)) — 0 strongly in L?(Q2) as ¢ — 0.
Therefore e B.w—AB.w = w — 0 in D’ (Q), which yields w(t) = 0 for a.e. t € [0,T].
In order to prove lim._q I.(t) = 0, we need the following lemma.

Lemma 3.7. Assume that w € L*(Q7) N L*(Qr) (1 < s < 00), then
eBow=cew. — 0  weakly in L*(Qr) and L*(Qr) . (3.32)

Indeed, the fact lim._.o I (t) = 0 follows directly from Lemma 3.7 with s = ¢
and the fact that h € L7 (Qr). O

Thus we can complete the proof of Theorem 3.3 by verifying Lemma 3.7.
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Proof of Lemma 3.7

We first prepare the following estimates.
Lemma 3.8. Assume that w € L?(2), then w. = B.w satisfies
lewe ) < [wlpr@) Yw € L"(Q)NL*Q) Vre[l,00]. (3.33)
Proof. Case 1 : 1 > 2. Since [w.], = gn(we) € L>=(Q) N L*(Q) (see (2.6)), we can
multiply (L) by [[we],|"?[we]n to get
elfwelalf + (= 1) / el 210 g, () < ol el

whence follows e|[we]y |- < Jw|pr. Since |[we]n(x)] T |w(z)| for a.e. z € , letting
n — oo, we obtain (3.33) for 2 < r < oo. As for the case where r = 0o, noting

r—2 2

|w|pr < |w| % |w|f. and letting r — oo in (3.33), by Lemma 2.1, we get (3.33)
with r = oo. .

Case 2 : 1 <r < 2. Multiplying (L). by (w?+ )= w. € H}(Q), we get

2 1 B 2 2 1 = 2
5/ w5—|—ﬁ wgdx—k/ wa—i—ﬁ [Vw,|“dz
r—4
1\ T
+(r2)/<w§+> w? | Vw.|*dz
n
r—2
1\ =
g/(w§+> wew dr .
n

Then

r—2
2
( w? + w? da:) < |wl|gr .

Thus, since (w? + 1) 22w 7 |wE|T as n | oo, we get (3.33) for r € [1,2). O
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Proof of Lemma 3.7(continued):

Since w € L?(Q7), we have

|w|%2(QT) = lewe — AwE‘QLQ(QT)

, ) ) (3.34)
= lewe L2 + |AwelL2 ) + 26[Viteliz(gr)
whence follows
€

|5Vw5|L2(QT) § \/g|’w|L2(QT) . (335)

Here we recall the following embedding (see [1] or [5]):
|u|%x(m < 2|U|L2(Q)|VU|L2(Q) for N=1, (3.36)
|U‘%4(Q) § 2|U|%2(Q)|VU|%2(Q) for N = 2, (337)

. 2N

|U|L2* (Q) < C ‘VU|L2(Q) 2% = m for N > 3. (338)

Hence, by (3.33) and (3.35), there exists some r € (2,00] such that ew. — 0
strongly in L2(0,T; L"(9)). On the other hand, the fact that w € L*(Qr)NL*(Q7r)
together with Lemma 3.8 assures that cw. is bounded in L?(Qr )N L*(Qr). There-
fore there exists a subsequence {w, } of {w.} such that epw., — x weakly in
L?(Qr) N L*(Qr) as k — oo, and hence x = 0. Since this argument does not
depend on the choice of subsequences, (3.32) is verified. 0

Proof of Theorem 3.6

We first introduce the following approximate equations for (E)y, (i = 1,2).

(ui)y = A((}l + cpn(ui)) u1> + fin(z,t) (x,t) € Qnr =y x (0,00),

uiloq, =0 t € (0,00), ui(z,0) = ufo(z) =€ Qy,

(E)i,n

=2
where ¢, (u) = ﬁ (u2 + %) * and uy, fin are sufficiently smooth such that

@y — ui strongly in L1(Q) N L (Q) and f;,, — f strongly in L'(0,7; L1(Q) N
L () as n — oo. (Here o and fi.n denote the zero extensions of uig and fip
into Q and Qr.)

Then the standard theory for quasilinear parabolic equations assures the
existence of unique classical solutions (u;), (i = 1,2) of (E);,, dented by u; (see,
e.g., [6]). Now repeating the same arguments as in the proof of Theorem 3.2, we
easily find that there exists a constant Co depending on [u;0lL1 ()Lt () and
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| fil 1 (0,131 ()L () Put not on n such that

[ti| Loe (0,150 (20)) < Co Vr e [1,4%], (3.39)

IV (on(ui)ui) [20,1:02(0,)) < Co., (3.40)

|A (on(wi)u) [L20,7:5-1(02,)) < Co, (3.41)
1 1

|EAUZ'|L2(07T;H—1(Q")) < CO% ) (3.42)

|(wi)elL20,m:5-1(2,)) < Co- (3.43)

Then again by Lemma 3.4, we can extract a subsequence {(u;)n, } denoted by {u¥}
such that

Vn, Jko(n) st. af =uf in Qur Yk >ko(n), (3.44)
af —w; weakly star in L (0,73 L" (%)) Vr e (1,07, (3.45)
af — w; strongly in - LP(0,T; LP(Q,)) Vp € [1,07] VneN, (3.46)
ﬁf —u; ae in Qur, (3.47)
1\ 7
Ony (uf)uf = ((df)Q + n) af — |ui|272ui weakly in LE%(QT)7 (3.48)
k
1\ 7%
V( <(ﬂf)2 + ) ﬁf) — V(|U¢\Z72ui) weakly in  L?(0,T;L*(2)) ,
ng
(3.49)

where ¥ denotes the zero extension of u¥ into Q7. Then as in the proof of The-
orem 3.2, we find that u; gives a solution of (E);, with «;(0) = w; satisfying
u; € LYQr) N LY (Qr) N Wh2(0,T; H-1(Q)) and |us|“~2/2|Vu;| € L*(Qr).
Hence, by Theorem 3.5, u; constructed above turn out to be the solutions given
in Theorem 3.6.

Let u; = (u;)n be solutions of (E); », with (u;)n(0) = ufg, then w = (u1)n — (u2)n
satisfies

wy = A(hn(ul) — hn(uz)) + fin— fon, B (u) = (:L + son(u)> u. (3.50)
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Put v (u) = g-(u) /e (see (2.6)), i.e. , y-(u) = u/e, for |u| < e and 7. (u) = 1(-1),
for u > e(u < —e). Multiplying (3.50) by ~-(w(t)), we get

/G Vo + To() + Io(t) < / [ Frn(®) = fon(t)]da,

/Qn < ( + ¢n u1)> Vuy — (i + wn(uz)) Vu2> Vuw v (w)dz, (3.51)

/ n(un)ur Vuy — @, (ug)us Vg ) Vo yL (w)de

n

2

where G.(u) = [, 7=(v)dv. Here

B =5 [ [Veliwlde + 5(0)+ Rah).

() = / on () Vo[ (w)de (3.52)

n

R (t) = /Q (on(u1) = n(uz)) Vue Vo v (w)dz
I(t) = Jo(t) + Ro(t),

Ja(t) = / () | Vol (w)dr, (3.53)

n

Ry(t) = / ((p;(ul)ul — QO;,L(UQ)U/Q)VU/QVIU Y (w)dz .

n

Let Zj*(e) = {x € Q,, x [0,#];0 < |w(z)| < e}, then |Z}'(¢)| — 0 as ¢ — 0, since
w € L%(€,). Hence, by letting ¢ — 0, we find

t

/ |Ry(7)|dT < / |g0'n (u1 + 0(ug — ul))HVuQHVw\dxdT — 0,
° Zrie) (3.54)

/ |Ro(7)|dT < / |(ga'n(u)u)/(u1 + 0(ug — ul))‘|Vu2\|Vw|dxdT — 0.
0 72 (o)

Since ¢}, (u)u < ¢, (u) and Ge(u) — |u| as € — 0, by integrating (3.51) over [0,t]
and letting ¢ — 0, we obtain

¢
|1 (t) = u2(t) (@) < 461 — @52l (@) + / |fin(T) = fon(T)|Lr@)dT . (3.55)
0
By virtue of the fact (3.47) and Fatou’s Lemma, letting n — oo in (3.55), we
deduce (3.30). O
Remark 3.9.

(1) Theorem 3.5 and the proof of Theorem 3.6 also assuere that for any ug €
LYQ) N LY (Q) and f € LY(0,T;L(Q) N LY (), (E); admits a unique
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solution u satisfying u € L>°(0,T; L (Q) N LY (Q))nWh2(0,T; H~1(Q)) and
|u| =272Vl € L*(Qr).

(2) With more carefull applications of L°>°-Energy Method, we can extend The-
orems 3.1, 3.2 and 3.3 to more general equations.

(3) In Theorems 3.2 and 3.3, as for the regularity of {2, we only assume that
there exists a sequence of monotone increasing bounded domains €2, with
smooth boundaries 0f2,, such that Q,, — Q as n — oo. This approximation
procedure is needed not only for unbounded domains but also for bounded
domains with non-smooth boundaries.
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On the Singular Set of Certain Potential
Operators in Hilbert Spaces

Biagio Ricceri

To Professors Arrigo Cellina and James A. Yorke

1. Introduction and statement of the main results

Here and in the sequel, (X, (-,-)) is a real Hilbert space and J : X — R is a C!
functional. For each A > 0, set

D)\ (z) =2+ \J ()

for all x € X. For brevity, we will also write ® instead of ®; when A = 1.

As usual, for a generic operator T': X — X, we say that T is a local homeo-
morphism at a point xyp € X if there are a neighbourhood U of zy and a neigh-
bourhood V' of T'(xy) such that the restriction of T to U is a homeomorphism
between U and V. If T' is not a local homeomorphism at zy, we say that z( is a
singular point of T.

The set of all singular points of T" is called the singular set of 7" and we denote
it by St. Clearly, the set St is closed.

When the restriction of 7' to some open set A C X is of class O, we also
denote by S’TlA the set of all zzp € A such that the operator T"(z) is not surjective.
Since the set of all surjective operators is open in £(X, X), by the continuity of
T’, the set S’T‘A is closed too.

When T is Ct in X, T is said to be a Fredholm operator if T’(z) is a Fredholm
linear operator for each x € X. The function x — index(7”(z)) is then constant
and its value is called the index of T

In this paper, we are interested in the size of Sg, of S¢ and of S‘@A for
suitable A.

To introduce our results, we first recall two canonical situations where Sg = (.
They are when J’ is a contraction and when J is convex. Actually, in both cases,
due to classical results, the operator ® turns out to be a global homeomorphism
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between X and itself. In particular, note that if J’ is Lipschitzian, then it cannot
be positively homogeneous of degree different from 1.
Our first result reads as follows:

Theorem 1.1. Let X be infinite-dimensional. Assume that J is sequentially weakly
lower semicontinuous, mot quasi-convex, and positively homogeneous of degree
a # 2. If a > 2 assume also that J is non-negative. Finally, suppose that ®
is closed. Then, both the sets S and ®(Se) are not o-compact.

As usual, a set in X is said to be o-compact if it is the union of an at most
countable family of compact sets, while a functional on X is said to be quasi-convex
if its sub-level sets are convex.

As far as we know, Theorem 1.1 is the first result providing a general class of
not (necessarily) differentiable potential operators in Hilbert spaces whose singular
set is not o-compact.

Here is a remarkable consequence of Theorem 1.1.

Theorem 1.2. Let X be infinite-dimensional. Assume that J' is compact and that

lim [|®(z)]| = 4o0. (1)

[zl —o0
Assume that J is positively homogeneous of degree aw # 2 and that it is not quasi-
convez. If o > 2 suppose, in addition, that J is non-negative. Finally, assume that
there exists a closed, o-compact set B C X such that the restriction of J to X \ B

is of class C%. Then, both the sets S@(X\B) and <I>(S’<1>KX\B>) are not o-compact.

Note that there is already a known result with the same conclusion as that
of Theorem 1.2, when B = (). We allude to Theorem 4 of [1]. But the profound
difference between the two results is that this latter deals with C'!' Fredholm oper-
ators of positive index, while, in Theorem 1.2, ® is a Fredholm operator of index
0. Just because ® is so, again if B = ), the set @(g@) has also an empty interior,
by the classical Sard-Smale theorem ([7]). To get this information for a Fredholm
operator of positive index p, we should assume in addition that the operator is of
class CP*1,

Both infinite dimensionality of X and positive homogeneity of J are essential
assumptions in Theorems 1.1 and 1.2. Out of those assumptions, we have the
following result:

Theorem 1.3. Let dim(X) > 3. Assume that J is of class C? and not quasi-convex,
that J' is compact and that

Jim inf 2 () >0.

|zl —o0 [|2]|?

Finally, suppose that
lim  ||®y(2)| = 400
llzll—+oc
for all X\ > 0. Then, there exists \* > 0 such that the set S'q>)\* contains at least
one accumulation point.
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2. Proofs

The proof of Theorem 1.1 is based on combining some ideas from [5] with the fol-
lowing general result by R. S. Sadyrkhanov ([6]) which extends to non-differentiable
operators a previous one by R. A. Plastock ([3]):

Theorem 2.1 ([6], Theorem 2.1). If X is infinite-dimensional, if T : X — X 1is
a closed continuous operator and if St is o-compact, then the restriction of T to
X\ St is a homeomorphism between X \ St and X \ T'(St).

As in [5], we will also use two other major tools: a recent, very precise best
approximation result by I. G. Tsar’kov [8] and a mini-max theorem that we have
established in [4].

Theorem 2.2 ([8], Corollary 2). Let A C X be a sequentially weakly closed and non-
convex set. Then, for each convex set V- C X dense in X, there exists g € V '\ A
such that the set

{z € A: |z — x| = dist(zo, 4) }

has at least two points.

Theorem 2.3 ([4], Theorem 1). Let I be a real interval, and f : X xI — R a

function satisfying the following conditions:

(a1) for every x € X, the function f(x,-) is quasi-concave and continuous;

(ag) for every \ € I, the function f(-,\) is sequentially weakly lower semicontin-
wous and each of its local minima is a global minimum;

(a3) there exist p > sup,cinfyex f(x,N) and Ao € I such that the set

{$€X:f(x7)\0) Sp}
is bounded. Then

inf A) = inf A).
10 SN = kg o)

The successful link between [5] and [6] is essentially provided by the following
proposition:

Proposition 2.4. If X is infinite-dimensional and if U C X is a o-compact set,
then there exists a convex cone C C X, dense in X, such UNC = ().

Proof. We distinguish two cases. First, assume that X is separable. Fix a countable
base {4,,} of open sets. We claim that there exists a sequence {z,, } in X such that,
for each n € N,
T, € A,
and
Uun C($17~~-7wn) =0

C(-'L'la--«JJn) = {i NiTi 2 Ny > O’i/\l > 0} .
1=1 1=1

where
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We proceed by induction on n. Clearly, the set UxsgAU is o-compact and so,
since X is infinite-dimensional, it does not contain A;. Thus, if we take z; €
A1 \Ux>0AU, we have UNC(,,) = (). Now, assume that x1, ..., z,,, with the desired
properties, have been constructed. Consider the set U,~ou(U — Cy, ... 2,)). One
readily sees that it is o-compact, and so it does not contain A, ;. Choose x,, 11 €
Ang1 \Upsop(U = Clay,....z,))- Then, one has

Uun C(rl,...,fc,,,+1) = (Z) .

Indeed, if there was & € U N C(y, ... 4,.,), We would have & = Z?jll Aixi, with

A; > 0 and Z?:ll Ai > 0. In particular, A1 > 0, since U N Cry,, 0y = 0.
Consequently, we would have

Tn+1 = L (i‘ — i )\13?1)
i=1

>\n+1

and 80 Tpy1 € Upsop(U — Cay,..2,)), against our choice. Thus, the claimed
sequence {z,} does exist. Now, put

C=J Clron -

n=1
It is clear that C' is a convex cone which does not meet U. Moreover, C' is dense
in X since it meets each set A,,. Now, assume that X is not separable. Denote by
V the orthogonal complement of span(U). Since this latter subspace is separable,
V' is not separable. Let {e,},er be an orthonormal basis of V. Introduce in I" a
total order < with no greatest element and set

D={zeV:3Bel: (z,e3) >0and (z,e,) =0Vy > 3}.

Clearly, D is a convex cone. Let « € span({e, : v € I'}). So, z = > (7, e,)e,
for some finite I C I'. Let § € T be such that § > ~ for all v € I. Then, for each
n € N, the point y,, = = + %eﬁ belongs to D, and the sequence {y,} tends to x.
This clearly implies that D is dense in V. Finally, set

C =span(U)+ D.
So, C'is a convex cone, dense in X, which does not meet U. ]

We now are in a position to prove Theorem 1.1.

Proof of Theorem 1.1. Arguing by contradiction, assume that Sg is o-compact.
Then, since ® is continuous, the set ®(Sg) is o-compact too, and, by Theorem 2.1,
for each y € X \ ®(Ss), the equation

P(z) =y

has a unique solution. By Proposition 2.4, there is a convex cone C' C X, dense in
X, such that

CN®(Se)=10. (2)
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By assumption, there is r > infx J such that J~1(] — oo, r]) is sequentially weakly
closed and not convex. Consequently, by Theorem 2.2, there exist yg € C' and two
distinet points yi,y2 in J~1(] — 0o,7]) in such a way that

lvo = 1l = llyo — vell = dist (yo, 77 (| = o<, 71) ) 3)
Now, define the function f : X x [0,4+o00[— R by setting

£l ) = gl = ol + A () ~7)

for all (z,A) € X x [0,4o00]. Let us check that f satisfies the hypotheses of Theo-
rem 2.3. It is clear that (a1) and (ag) (with Ao = 0) are satisfied. So, fix A €]0, +o0].
Clearly, the functional f(-,\) is sequentially weakly lower semicontinuous. Fix
€ > 0 so that % — €A > 0. We claim that there is 6 > 0 such that

J@) (4)

in
lzll>s |||
This is clear when « > 2 since, by assumption, J is non-negative. Suppose a < 2.
Note that a > 1 since J is C1. If (4) was not true, we could find a sequence {x,}
in X, with lim,_, [|z,|| = +00, such that
J(xp)

[l ]2

< —
for all n € N. Choosing 7 €]0,2 — o[ and multiplying by ||z, ||?, we would have
=2 —
7 (2l 2 2) = a2 @) <~

This would contradict the continuity of .J, since the sequence {\\xn\|%mn} con-
verges to 0. Hence, (4) holds and from it we get

1 1
Fan) = (5= ) lelP = lllel + 3ol = Ar

for all x € X, with ||z]| > . Consequently
lim  f(z,\) = +oc0.

llz[—-+o0

From this, we infer that f(-, A) has has a global minimum. On the other hand, the
critical points of f(-, \) are exactly the solutions of the equation

x+ A (2) =yo. (5)
If u is one of such solutions, since J’ is positively homogeneous of degre oo — 1 and

1
« # 2, the point Aa=2u is a solution of the equation
1
O(x) = Ae—2yp. (6)

But, since C is a cone, we have /\ﬁyo € C and so, by (2), )\ﬁyo Z O(Sqp).
As we remarked at the beginning of the proof, this implies that the equation (6)
has a unique solution, and hence also (5) has a unique solution. Therefore, this
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argument shows that f(-;A) has a unique global minimum and no other local
minimum. Hence, condition (ag) is satisfied. Therefore, Theorem 2.3 ensures that

sup inf f(x,A) = inf sup f(z, \). 7
sup inf (. ) = inf sup f(. ) 7)

Clearly, one has

1
inf sup f(z,\) = = inf z—unll?. 8
reX )\Zpof( ) 2 zeJ-1(]—c0,r]) ” yOH ( )

Now, observe that the function inf,cx f(x,-) is upper semicontinuous in [0, +00]

and that limy_ 1 inf,ex f(x,\) = —o0, since r > inf x J. Hence, there is \* > 0
such that
inf ) = inf A). 9
LS = S )

Furthermore, observe that if y € J~1(] — oo, 7]) is such that

lyo —yll = dist(yo, J M- 0077"]))
then
J(y) =r.

Indeed, if J(y) < r, since J is continuous and J(yo) > 7, there would exist a point
z in the line segment joining yo and y such that J(z) = r. So, we would have

llyo — 2| < dist(yo, J_l(] - oo,r])) ,

an absurd. Hence, recalling (3), (7), (8) and (9), we have

s 1 2 * — : 1 2 *
it (Glle=wlP 4 40@) =t Sl wl 4 A

1 . 1 “
= §||y1 —yol® + A J(y1) = 5”92 —yoll® + AT (y2) -

This contradicts the fact (seen above) that the functional z — %||$ —yol® +
A*J(z) has a unique global minimum. Therefore, the set S¢ is not o-compact.
To complete the proof, observe that, by Theorem 1.1 of [6], the operator ® is
proper, that is ®~1(K) is compact for each compact set K C X. Consequently, if
®(Ss) was o-compact, 71 (®(Ss)) would be so, and hence, since Sg is closed and
Sp C & 1(®(Sp)), Se would be o-compact too, which is impossible. The proof is
complete. O

Proof of Theorem 1.2. The fact that J’ is compact implies that .J is sequentially
weakly continuous and, jointly with (1), that ® is closed. Therefore, J satisfies
the hypotheses of Theorem 1.1. Consequently, the set S¢ is not o-compact. The
compactness of J' again implies that, for each z € X \ B, the linear operator
J"(x) is compact. Consequently, y — y + J”(x)(y) is a Fredholm operator of
index 0, and so it is invertible if and only if it is surjective. Now, observe that
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itz e X\ (S@uX\B) U B), then, by the inverse function theorem, ® is a local
homeomorphism at x, and so « € Sg. Hence, we have

Sa C S(I)\(X\B) UB.

We then infer that S(p‘(X\B) is not o-compact since, otherwise, §¢|(X\B) U B would
be so, and hence also S¢ would be o-compact being closed. Finally, the fact that
®(S9,x\ ) is not o-compact follows as in the final part of the proof of Theo-

rem 1.1, taking into account that S’q;l(X\B) is closed. O

The proof of Theorem 1.3 comes directly out from a joint application of the
two following results:

Theorem 2.5 ([5], Theorem 2). Let J satisfy the assumptions of Theorem 1.3.
Then, there exist \* > 0 and y* € X such that the equation

Dy () =y°
has at least three solutions.
See also [2] for an extension of Theorem 2.5.

Theorem 2.6 ([3], Theorem 5). If dim(X) > 3, if T : X — X is a C proper
Fredholm operator of index 0, and if St is discrete, then T' is a homeomorphism.

Proof of Theorem 1.3. By Theorem 2.5, there exists A* > 0 such that the operator
®,« is not a homeomorphism. Since @y~ is a compact perturbation of the identity
and lim,||—oo [|®x-(u)|| = 400, it is a proper Fredholm operator of index 0, and

so, by Theorem 2.6, the set Sﬂpv contains an accumulation point, as claimed. [

3. Remarks and applications
First, note the following consequence of Theorem 2.6:

Theorem 3.1. Let dim(X) > 3 and let T : X — X be a C' proper Fredholm
operator of index 0 which is not a homeomorphism. Also, assume that the set T(ST)
is discrete. Then, there exists y* € T(St) such that the set T~ (y*) contains an
accumulation point.

Proof. By Theorem 2.6, the set Sr contains an accumulation point, say z*. Choose
y* = T(z*). Since T(S'T) is discrete, there is a neighbourhood V' of y* such that
V NT(Sr) = {y*}. By continuity, T-(V) is a neighbourhood of z* and so, for
every neighbourhood U of z*, there exists & € T-H(V)NU N Sy with & # z*.
Thus, we necessarily have T'(z) = T'(z*) and so z* is an accumulation point of
T (y*). O

Remark 3.2. On the basis of Theorem 3.1, it would be interesting to know classes
of functionals J satisfying the assumptions of Theorem 1.3 and such that, for each
A > 0, the set @) (54, ) is discrete.
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It is also worth noticing the following consequence of Theorem 1.3:

Theorem 3.3. Let dim(X) > 3. Assume that J is of class C? and not quasi-convex,
that J' is compact and that

im 9G] = +oo.
Assume also that J is positively homogeneous of degree av # 2. If a > 2 sup-

pose, in addition, that J is non-negative. Then, the set 5’(1) contains at least one
accumulation point.

Proof. In the proof of Theorem 1.1, we have already observed that from the present
assumptions we get

lim inf J(xg >0.
lzl| oo [|2]
Clearly, for each A > 0,z € X, we have
ATE D, (z) = cp(Aﬁm) , (10)
and so
o, (z) = @’(Aﬁx) . (11)

From (10), we infer
lim || (2)| = 40
llzll—+o0
for all A > 0. Therefore, all the assumptions of Theorem 1.3 are satisfied. Conse-
quently, for some A* > 0, the set S'%* contains an accumulation point. But, due
to (11), we have

Sp = )\*ﬁgq)“

and hence the set Sp contains an accumulation point, as claimed. O

Remark 3.4. It is obvious, but meaningful, to note that, when @, is a Fredholm
operator of index 0, we have z € Sg, if and only if —% is an eigenvalue of the
linear operator J”(x).

Remark 3.5. It is interesting to apply the previous remark to Theorem 1.3 jointly
with a classical characterization of C? convex functions. Namely, assume that .J is
C? and not convex. Then, by the above quoted result ([9], Theorem 2.1.11), there
exist some z,y € X such that (J”(z)(y),y) < 0. Assuming that J’ is compact,
this, in turn, implies that the operator J”(z) has a negative eigenvalue (in general,
depending on z). For not quasi-convex functionals J, Theorem 1.3 is able to ensure
a much stronger conclusion: that is, there exists some negative number p such that
the set of all z € X for which  is an eigenvalue of J”(x) contains an accumulation
point.
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We now present some applications of Theorems 1.1 and 1.3 to the Dirichlet
problem
—Au = f(z,u) in Q

(Pr)
u =0 on 0N.

So, in the sequel Q2 C R™ is a bounded domain, with smooth boundary, and Hg ()
is the usual Sobolev space, with the scalar product

(u,v) :/QVU(:E)VU(:E)CIJS

and the norm

ol = ([ 1vuteas)

1
() [2dz < 7/ Vu(z)2ds
Q A Jo
for all u € HJ (), A1 being the first eigenvalue of the problem
—Au = Au in Q

Recall that

uw =0 on 0f).
Asusual, if f: QxR — R is a Carathéodory function, a weak solution of problem

(Pf) is any u € Hj(Q) such that

/QVu(x)Vv(x)dx:/f(z,u(m))v(x)dx

Q

for all v € H}(Q).
We denote by A the class of all Carathéodory functions f: Q x R — R such

that
sup |f(x,8)]
(ze)eaxr 1+ [¢]

For each f € A and u € H{ (), we put

I = | < / " f(x,s)d§> dr.

So, by classical results, the functional Iy is (well defined and) continuously
Gateaux differentiable on H} (), its derivative is compact, and one has

I}(u)(v):/Qf(:r,u(:r))v(m)dx

< 400.

for all u,v € H}(Q).
The following propositions will be useful in the sequel.
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Proposition 3.6. Let § € L (), with ess supof > 0, and let g : R — R be a
continuous not quasi-convez function, with g(0) = 0, such that B(-)g(u(-)) € L*(Q)

for all w € H} (). Set
u) = /Qﬁ(x)g(u(x))dx

for all uw € HY(Q). Then, the functional I is not quasi-convexr.

Proof. Since g is not quasi-convex, there are &y,&1,&* € R, with £ < & < &,
such that

max {g(&), 9(&1) } < g(¢
Since ess supg 8 > 0, there is a compact set C' C €2 such that

r::/cﬁ(x)>0

rmax {g(&),g(&1)} <y <rg(&")
and then choose an open set A C ), with C' C A, in such a way that

Now, fix v satisfying

meas(A\C') < min { y—r max , ,rg(E%)—v .
8110 max - Jg(€)lmeas(A\C) < min {y—rmax {g(&), o(61)}, ro(E") 7}
(12)
Also, for i = 0,1, fix a function u; € H () such that
ui(@) =&
for all x € C,
u;(z) =0
for all z € @\ A and
jui(z)] < \&I
for all z € Q. Since g(0) = 0, in view of (12), we clearly have
I(u;) = B(x)g (ui(x))dz +/ Bz
A\C
<rg(&) + o meas(A\ C) <
3(6) + 19l |£|%M&H ©lmeas(4 ) C) <

On the other hand, if A €]0, 1] is such that A + (1 — A& = £F, by (12) again, we
have
I()\uo +(1- )\)ul) = ﬂ(a:)g()\uo(x) +(1- )\)ul(:c))dz +rg(€)
A\C

> Bl e [g(€)Imeas(4 ), C) +rg(€) > .

This shows that the sublevel set I=1(] — 00,7]) is not convex, and the proof is
complete. 0
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Proposition 3.7. Let f € A satisfy

=0.

) f(x,f)'
g Sup |

Then, for each A € R, one has

H Hhm |u+ X (u)|| = +oo.
ul|——+oo

Proof. First, note that

lim SUP(z,6)eQx[—r,r] |f($,f)‘ —0. (13)

r——400 r

Indeed, arguing by contradiction, assume that

Su i lf(,
lim sup P(z.e)eax] 7]|f( 3l

r——4o00 r

>0.

Then, there exist v > 0, a sequence {7}, with limy_,~, rp = +00, and a sequence
{(zk, &)}, such that

(T, §k) € Q X [=1k, k]

and
|f(zk, Ek)| > Y7k (14)
for all k£ € N. But, by assumption, there is § > 0 such that
f(z,
NI
€N f

provided |£] > §. Consequently, we have |£;| < 0 for all kK € N. Then, since f € A,
we have

sup | f(@r, &)| < 400
keN

which contradicts (14). Since

I (u
o ALy 2 ful (1= 75 )') 7

[
to prove the thesis it is enough to show that

I (u
im M:O. (15)
lull—=+oo  [ull

Since

115 (w)ll = sup [ |f(z,u(@))|[v(@)|dz,
loli=1 /o

we clearly have
1

gl <t ([ £ ate)ar) (16)
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for all u € H(9). Now, fix € > 0 and, thanks to (13), choose 7 > 0 so that

2

€
(2,6)e2x [~r.7] S 2(meas(§2) + 1)
for all » > n. Set

M, = sup / ‘f(x,u(x))ﬁdm

Ja lu(@)[2dz<n? JQ

Clearly, M, < +oo Fix u € H}(Q), with |jul|? > @ We distinguish two cases. If
Jo lu(x |2dac < n?, we clearly have

[ 1) s < 2t < eul?, (17)

Now, suppose that [, [u(z)[*dz > n?. Set
D:{xEQ z)|? < /|u dy}

He @) < g [l

for all x € D, as well as

So, we have

2 €
7w u(@)|* < Slu(a)P
for all z € Q\ D. Consequently

/Q |f(a:,u(a:))| da:z/ ’f(m,u(x))|2dx—|—/g\D|f($,u(x))de

€ Jo lu(z)*dz € / 2 / 2
" 2meas(Q) D) +3 dr < do .
2meas((2) meas(D) + 2 Joun lu(z)["dz < € A |u(x)|*dx

(18)
Putting (16), (17) and (18) together, we then have
2 1o
17 ()| < mae {AH A el
So, (15) holds, and the proof is complete. O

As an application of Theorem 1.1, we now prove the following

Theorem 3.8. Let f € L*™(Q)), with ess supa > 0, and let q¢ €]0,1[. For each
© € H}(Q), denote by A, the set of all weak solutions of the problem

{ —Au=f(z)lu+ o) (ut p(x)) in Q
uw= 0 ondQ.

Then, there exist two closed, not o-compact sets A, B C H}(Q) with the
following properties:
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(i) for each ¢ € B there exist w € A and three sequences {uy}, {vi} and {pr}
in H} () such that

lim up = lim vy =w—¢, lim @ =¢
k—o0 k—o0 k—o0

and, for each k € N,
ug # v and  ug, v € Ay, ;

(ii) ];(1)7" each o € H}(Q) \ B, the set A, is non-empty, finite and disjoint from
— .

Proof. Set
fla,€) = Bl)lg|" ¢

for all (z,£) € QxR. Clearly, f € A. Let us apply Theorem 1.1, taking X = H{ (2)
and J = —I. So, the functional J is positively homogeneous of degree ¢ +1 < 2,
is not quasi-convex (by Proposition 3.6), has compact derivative, and satisfies (1)
(by Proposition 3.7). Thus, Theorem 1.1 applies. Choose

A=5p

and

B=3®(5g).
By Theorem 1.1, the closed sets A, B are not o-compact. Observe that if u, p € X,
then ®(u) = ¢ if and only if

/ V(u(z) — w(x))Vv(z)da: — / B(x)|u(z)| " u(z)v(z)de =0
Q Q

for all v € X. This is equivalent to the fact that v — ¢ € A,. In other words, we
have

N p)=p+ Ay (19)
Fix ¢ € B and let w € Sg be such that ®(w) = ¢. Let U be any open neigh-
bourhood of w. Since ® is not a local homeomorphism at w, it follows that @
is not injective. Indeed, assume that ®|; is injective. Then, since ® is a compact
perturbation of the identity, in view of the invariance of domain theorem ([10],
Theorem 16.C), it would follow that, for each open set E C U, the set ®(F) would
be open in X. This, in turn, would imply that ®;; is a homeomorphism between
U and the neighbourhood ®(U) of ¢, which is impossible. Consequently, we can
clearly construct two sequences {iy}, {0r} in X, both converging to w, such that
Gy, # O and ®(uy) = P(0y) for all k € N. Hence, if we choose

o =®(Uy), up=1Ux—Yr, V=70 — ¢k,

the sequences {pr}, {ur} and {v;} satisfy (i), by (19). Now, let ¢ € X \ B.
Clearly, the functional u — 3|lu — w||> + J(u) is coercive (since ¢ < 1) besides
being sequentially weakly lower semicontinuous. So, it has a global minimum 4 in
X. Therefore, (i) = . By the already invoked Theorem 1.1 of [6], the operator
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® is proper, and so ®!(p) is compact. But, since ¢ ¢ ®(Ss), ®1(y) is also
discrete, and so it is finite. Now, (ii) follows directly from (19). O

Here is the final result.

Theorem 3.9. Let 3 € L°°(Q), with ess supg3 > 0, and let ¢ : R — R be a C!
function such that & — fog Y(t)dt is not quasi-concave and

LI
e e T (20)
Moreover, if n > 2, assume that
el

sup

cer 1+ [EP
where p > 0 and p < ﬁ if n > 3. Then, there exists \* > 0 such that the set of
all w € HY(Q) for which the problem

—Av = XNB(2)Y’ (u(z))v in Q
v=20 on 0.

has a non-zero weak solution contains an accumulation point.

Proof. Set
f(@,&) = Blx)p(E)

for all (z,£) € QxR. Clearly, f € A. Let us apply Theorem 1.3, taking X = H{ (2)
and J = —I;. Our assumptions imply that J is of class C?, with

(I w) == | 8@ (u(e)ola)u(a)ds
for all u,v,w € X. Thanks to (20), from the proof of Proposition 3.7, we know

that
I;(w)

lull—too [lul]

(21)

We claim that
Iy (u)

llull—+oo ||ul[

=0.

Arguing by contradiction, assume that there exist v > 0 and a sequence {uy},
with limg o |Juk|| = 400, such that

Iy (ug) > lugl?

for all k € N. By the mean value theorem, for each k € N, there is t; €]0,1[ so
that Ir(uy) = (I}(tkur), ug). So, we clearly have

177 () || > vl - (22)
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Since I } is bounded on each bounded subset of X, we then infer that, up to a
subsequence, limy_, o |[tgur || = +00. Consequently, if k is large enough, in view of
(21), we would have

115 (trwa) | < vlltwull
which contradicts (22). So, in view of Propositions 3.6 and 3.7, all the assump-
tions of Theorem 1.3 are satisfied. The conclusion then follows directly from The-
orem 1.3, taking Remark 3.4 into account. O
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Shape and Conley Index of Attractors
and Isolated Invariant Sets

José M. R. Sanjurjo

Dedicated to A. Cellina and J. Yorke

Abstract. This article is an exposition of several results concerning the the-
ory of continuous dynamical systems, in which Topology plays a key role.
We study homological and homotopical properties of attractors and isolated
invariant compacta as well as properties of their unstable manifolds endowed
with the intrinsic topology. We also provide a dynamical framework to ex-
press properties which are studied in Topology under the name of Hopf du-
ality. Finally we see how the use of the intrinsic topology makes it possible
to calculate the Conley—Zehnder equations of a Morse decomposition of an
isolated invariant compactum, provided we have enough information about
its unstable manifold.

1. Introduction

The aim of this paper is to survey several results in which Topology plays an im-
portant role in the study of the properties of flows, attractors and isolated invariant
sets. The properties studied are mainly of a homological and homotopical nature.
Some of the results are stated in terms of Cech cohomology and also we make use
of the notion of shape, which was introduced by K. Borsuk in 1968 ([8]) as a gen-
eralized homotopy type, which agrees with the usual one when applied to spaces
with good topological properties, but which gives deeper geometric insight in the
case of spaces with more complicated topological structure, like many attractors.
We give here an example of a situation in which shape theory appears in a natural
way: Suppose K is a compactum contained in the interior of a manifold M such
that there exists a neighborhood basis {U,, | m = 0,1,2,...} of K in M with
Uy = M and each inclusion U,,+; — U,, a homotopy equivalence, that is, U,, can
be deformed into U,,1. This situation appears very often in dynamical systems
and exemplifies a particular instance in which the inclusion i : K — M is a shape
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equivalence (and, hence K and M have the same shape). There are more general
situations and there is even a general notion of shape of a space (see Kapitanski
and Rodnianski [21] or Robbin and Salamon [26] for an exposition suitable for
nonspecialists with application to dynamical systems). The reader of this article
should think of shape as a notion similar to homotopy type, but a little more
general. In many cases the two notions agree: for instance two manifolds have the
same shape if and only if they have the same homotopy type. In general, two spaces
which have the same homotopy type have also the same shape but the converse
statement is not always true. Another topological notion we shall use is the one of
Absolute Neighborhood Retract (ANR), also introduced by Borsuk. Manifolds are
the most important examples of this notion but Absolute Neighborhood Retracts
are spaces more general than manifolds (they can be infinite dimensional) although
they share many of their good properties. Some good references are Borsuk [7] and
Hu [20].

Another aim of this paper is to provide a dynamical framework to express
duality properties of flows that correspond to those that are studied in Topology
under the name of Hopf duality. This kind of duality refers to (n—1)-manifolds, W,
embedded in the n-sphere S™ and establishes homological relations between the
two n-manifolds with boundary in which S™ is decomposed by W (see Steenrod and
Epstein [35]). We consider here the situation of flows defined in a locally compact
metric space X possessing an attractor, M, which is an n-manifold satisfying
some specific conditions. The attractor is endowed with a Morse decomposition
{My, My, M5} where My is an (n — 1)-submanifold of M decomposing M into two
manifolds with common boundary M. We discuss in the paper some Hopf duality
properties of the homology and cohomology Conley indices of the Morse sets. We
also study the more general situation in which M is required only to be an isolated
invariant set (not necessarily an attractor) and we get some homological properties
of the Morse sets. The most general result in this direction, stated in Corollary 3.8,
is presented in terms of the unstable manifold with its intrinsic topology, as defined
by Robbin and Salamon, and formulated in the language of Cech homology.

We also survey in this paper some results on the Morse theory of flows.
Kapitanski and Rodnianski developed in [21] an approach to the Morse theory of
attractors based on shape theory and we studied in [32] the more general case of
isolated invariant compacta. This approach presents several advantages over the
classical one. First of all, it shows how to calculate, in many cases, the Conley—
Zehnder equations for a Morse decomposition of an isolated invariant compactum
without making use of index pairs. The evaluation of the coefficients is made in
terms of the unstable manifolds of the Morse sets. To be more precise, we use
a truncation of the unstable manifolds, i.e., the part of the flow wich evolves
before reaching a section of the unstable manifold. This greatly simplifies the
whole process of calculation. In addition to the simplicity, this approach allows to
handle more general metric spaces and evolutions. Finally, the use of shape theory
makes unnecessary, in the most important cases, the usual hypotheses of finiteness
of the Betti numbers of the cohomological Conley index, since in this situation
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finiteness is an automatic consequence of shape theory for many of the spaces that
we consider here. We see that there is a filtration of truncated unstable manifolds
associated to the Morse decomposition of an isolated invariant set from which
it is possible to obtain the Conley—Zehnder equations. The unstable manifolds
are endowed here with their intrinsic topology. We study in detail the intrinsic
topology of the unstable manifolds and find necessary and sufficient conditions for
the intrinsic and the extrinsic topologies to agree with each other. These conditions
are expressed in terms of internal properties of the unstable manifolds.

The reader is supposed to be familiar with the most elementary notions of
Dynamical Systems and Topology. Good references are the books [4] and [34].

2. The shape of isolated invariant compacta

In 1979 H. M. Hastings developed in [18] and [19] an analogue of the Poincaré—
Bendixson theorem in Euclidean n-space, and gave several examples. According
to him, the usual proof breaks down in higher dimensions because the main tool,
the Jordan curve theorem, cannot be extended. He circumvented this problem by
studying the motion of the whole manifold M through time (and not just the
orbits of separate points), and replacing a geometric description of the invariant
set K by a description of its shape (given by means of a neighborhood base in R™)

Theorem 2.1. Let M be a compact n-dimensional submanifold of R™ with boundary.
Let ¢ : R™ x [0,00) — R™ be a semi-dynamical system such that the orbits through
the boundary of M enter M for increasing t. Then there is an asymptotically stable
attractor K contained in the interior of M such that the inclusion i : K — M is
a shape equivalence.

As a consequence of this result the attractor K and the manifold M have
the same shape, which implies that they share many global topological properties,
in particular they have the same Cech homology and cohomology. The attractor
might be topologically complicated even in the 2-dimensional case, for instance
Hastings gave an example where M is a planar ring and K is the Warsaw cir-
cle. The later is, however, shape equivalent to the standard circle (although not
homotopically equivalent).

Motivated by Hasting’s result several authors used shape theory to study
the properties of attractors. The following result has been established by various
authors at different levels of generality.

Theorem 2.2. Let ¢ : M x R — M be a flow defined on a manifold, M, or,
more generally, on a locally compact AN R. Suppose K is an asymptotically stable
attractor of M, then K has polyhedral shape (i.e., K has the shape of a compact
polyhedron).

As a consequence of Theorem 2.2 and Borsuk’s theorem on the shape classi-
fication of plane continua ([9], see also [12] and [22]) according which two of them
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have the same shape if and only if they decompose the plane in the same number
of connected components, we have the following result.

Corollary 2.3. If a compact connected subset K of R? is an attractor of a flow
¢ :R?2 x R — R? then K has the shape of a point or of a finite bouquet of circles.

A consequence of Corollary 2.3 is that 1-dimensional Cech homology and
cohomology groups of planar connected attractors are free and finitely generated.

Theorem 2.2 was first proved by Bogatyi and Gutsu [6] for differentiable
flows and later by Giinther and Segal [17] for continuous flows in manifolds and by
J.M.R. Sanjurjo ([30] and [31]) for (nonnecessarily finite-dimensional) ANR's. As
a consequence of this result attractors of flows in manifolds have finitely generated
Cech homology and cohomology which vanishes in higher dimensions. This means
that Algebraic Topology can be used as an efficient tool for the study of attractors.

Several forms of this result were proved later in a more general context.

Theorem 2.4. Assume that a continuous semi-dynamical system ¢ : M x R —
M, where M 1is a complete metric space, possesses a compact global attractor K.
Assume that the system has an equilibrium z € K. Then the inclusion i : (K, z) —
(M, z) induces a shape equivalence of pointed spaces.

Theorem 2.4 was proved by Kapitanski and Rodnianski in [21]. A more gen-
eral result was given by Giraldo, Morén, Ruiz del Portal and Sanjurjo in [15] when
M is a topological Hausdorff space. Another result, eliminating the requirement
of existence of an equilibrium of the system in Theorem 2.4, is presented in [16].
The result is the following.

Theorem 2.5. Let M be a metric ANR and assume that ¢ : M X R — M is a
continuous semi-dynamical system which possesses a compact global attractor K.
Then for every z € K the inclusion i : (K, z) — (M, z) induces a strong shape
equivalence of pointed spaces.

Two corollaries can be deduced from Theorem 2.5:

Corollary 2.6. Let M be a metric ANR and assume that ¢ : M x R — M is a
continuous semi-dynamical system which possesses a compact global attractor K.
Then the shape groups and the homotopy pro-groups of M and K are isomorphic.

and

Corollary 2.7. Let M be a metric ANR and assume that ¢ : M x R — M is a
continuous semi-dynamical system which possesses a local attractor K which is
also an ANR. Then K and its basin of attraction A(K) have the same homotopy
type and, as a consequence, their Euler characteristics x(K) and x(A(K)) agree.

The existence of global attractors has some implications on the topological
properties of the positively invariant regions of the phase space. In the following
result [16] we present an example.
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Theorem 2.8. Let M be a metric ANR and assume that ¢ : M xR — M is a
continuous semi-dynamical system which possesses a compact global attractor K.
If dim(K) = n then every positively invariant closed set has the shape of a
m — dimensional compactum (m< n). As a consequence its Cech homology and
cohomology groups vanish for dimensions higher than n.

In the same paper [16] some results are presented which study the properties
of the connected components of attractors and their relations with the components
of the phase space. We have in particular

Theorem 2.9. Let M be a metric space and let ¢ : M x R — M be a continuous
semi-dynamical system with a compact global attractor K. Then for every connected
component M, of M there is exactly one component K, of K contained in M,
such that K., is a global attractor of the semifiow restricted to M. In particular
if M is connected then K is connected.

Another result studying the same kind of properties when local connectedness
is assumed is the following.

Theorem 2.10. Let M be a metric space and let p : M x R — M be a continuous
semi-dynamical system with a compact global attractor K. Suppose that either M
or K is locally connected. Then M and K have a finite number of components

Attractors and repellers are the main examples of isolated invariant compacta,
which are the class of sets studied in the Conley index theory [10]. A natural ques-
tion, in view of the previous results, is whether all isolated invariant compacta have
polyhedral shape. This is not always true as the following result shows (see [14]):

Theorem 2.11. Any finite-dimensional compactum K can be embedded in R™, for
suitable n, in such a way that there is a flow in R™ having K as an isolated
mnovariant set.

This result is proved by embedding K as a subset of the diagonal of some R?"
and defining a translation flow ¢ without fixed points in this space. We then use a
theorem of Beck [3] to modify ¢ to a new flow ¢’ in such a way that all the orbits
of ¢ not containing a point of K are preserved in ¢’ while the orbits containing a
point of K are decomposed into two orbits together with that point of K. Then K
is an isolated invariant set for the flow ¢’. As a consequence of this result we see
that the shape of isolated invariant sets might be quite general. In order to get
some control over their shapes we need to impose an additional condition on the
invariant set, namely that of being non-saddle.

Let ¢ : M x R — M be a flow. A compact set K C M is said to be a saddle
set if there is a neighborhood U of K in M such that every neighborhood V C U
of K contains a point z € V with v (z) € U and v~ (z) € U (where v*(z) and
~~ (x) are the positive and negative semitrajectories respectively). We say that K
is non-saddle if it is not a saddle set, i.e., if for every neighborhood U of K there
exists a neighborhood V' C U such that for every z € V, y"(x) C U or v~ (z) C U.
The following result generalizes the previous theorems to a wider context.
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Theorem 2.12. Let K be an isolated non-saddle set of the flow ¢ : M x R — M,
where M is a locally compact AVNR. Then K has the shape of a polyhedron and,
hence, it has finitely generated Cech homology and cohomology.

The following result shows that if we limit ourselves to flows in manifolds then
the topological condition of shape triviality has strong dynamical consequences
when imposed onto non-saddle sets.

Theorem 2.13. Let K be an isolated non-saddle set of the flow ¢ : M x R — M,
where M is an n-manifold with n > 1. If K has trivial shape then K is an attractor
or a repeller.

The property of robustness of attractors for discrete dynamical systems was
studied by J. Milnor in [25]. The idea is to study the behaviour of the attractor
when the map f which originates the system is perturbed. In [31] we study several
properties of attractors of flows related to robustness. We show that, in certain
circumstances, small perturbations of the flow ¢ produce attractors whose global
topological properties are comparable to those of the attractors of ¢. This means
that attractors are not only dynamically robust but also topologically so. We have
in particular:

Theorem 2.14. Let vy : M x R — M be a parametrized family of flows where A €
[0,1] and M is a manifold. Let K be a stable attractor of the flow o : M xR — M.
Then for every neighborhood V' of K in M there exists an € > 0 such that for every
X € [0, €| there exists an attractor Ky C'V of o with Sh(Ky) = Sh(Ky).

When M is a 2-manifold we obtain the following consequence of Theo-
rem 2.14:

Corollary 2.15. Suppose that in Theorem 2.14 M is a 2-manifold and K Cint
D, where D is a topological disk in M. Then we can conclude the existence of
attractors Ky such that every Ky has a finite number of components and every
component has the shape of a finite bouquet of circles.

In our following result we show that the global topological properties of min-
imal sets are basically determined by the closure of positive semiorbits in their
region of attraction.

Theorem 2.16. Let K be a compact minimal set of the flow ¢ : M x R — M,
where M is a manifold. Then for every x belonging to the region of attraction of
K we have that Sh(y*(x)) = Sh(K).

In [13] some results are presented about the global structure of (positively)
invariant regions of flows with asymptotically stable attractors. We are interested
in understanding to what extent the topological structure of the invariant regions
is conditioned by the existence of the attractors. This structure is rather simple
in several important cases. In particular, when the invariant regions contain an
asymptotically stable global attractor, they have trivial shape provided that the
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ambient space is a Banach space or a contractible manifold. More generally, we
have the following result valid for Absolute Retracts (AR-spaces).

Theorem 2.17. Consider a dynamical system defined on M € AR (in particular
on a Banach space or a contractible manifold). Suppose that the system has an
asymptotically stable global attractor, K. Then

1) Ewvery positively invariant compactum containing the attractor has trivial
shape.

2) If K is unidimensional, then every positively invariant continuum has trivial
shape.

3) If K is n-dimensional (with n > 2) then the cohomotopy set ©™ (L) (or the
cohomotopy group when it is defined) is trivial for every positively invariant
continuum L and every m > n.

3. Morse decompositions, Conley—Zehnder equations
and Hopf duality

We consider now another situation in which there is an interplay between Shape
Theory and other aspects of the theory of flows, mainly those related to the Morse
decompositions of isolated invariant compacta. We assume as known the elemen-
tary notions of the Conley index theory of isolated invariant sets, in particular
the notions of isolating neighborhood and index pair. Good references are Con-
ley’s monograph [10], the book [27] by Rybakowski and Salamon’s article [28]. Let
¢ : X xR — X be a flow defined on a locally compact metric space X. If K is an
isolated invariant set of X, we shall say that an index pair (N, L) for K is proper
if every point z in the exit set L immediately leaves the neighborhood N (i.e., if
z[0,t] ¢ N for every t > 0). By a result of McCord [23] proper index pairs always
exist and they can be chosen with the additional property that there is a compact
set L' ¢ N such that (N, L') is a proper index set for K in the reverse flow. In
the sequel we shall limit ourselves to considering almost exclusively proper index
pairs. If we take the quotient N/L then the point corresponding to the equivalence
class of L will be denoted by * (note that N/ is obtained from N by adjoining the
isolated point *, i.e., N/ = N U {x}). We denote by h(K) the pointed homotopy
class of (N/L,x) (i.e., the Conley index of K) and by s(K) the (pointed) shape of
(N/L, ), which is known under the name of shape index of K. The shape index
has been defined by Robbin and Salamon in [26]. The cohomology Conley index
is the (Cech) cohomology group H*(N/L,*) = H*(N,L) and similarly for the
homology Conley index. Both indexes can be determined from the homotopical
index as well as from the shape index.

The notation N~ stands for the negative asymptotic set i.e., the set of all
x € N such that x[0, —cc) C N and similarly for the positive asymptotic set N*.
On the other hand, we also use the following notation: n* = N+t N L' and n= =
N—NL.
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In the following result we provide a characterization of attractors and some
duality properties relating the cohomology indexes of the forward flow and the
reverse flow (see also [24]) for other duality properties.

Theorem 3.1. a) s(K) = Sh(N~/n—,{x}),

b) K is an attractor if and only if the inclusion i : K U {x} — N/L is a shape
equivalence,

¢) If N~ and N7 are (topological) orientable manifolds of dimension di and da
and with boundaries n~ and n* respectively, then the k-dimensional cohomol-
ogy Conley index of K agrees with the (dy — dy + k)-dimensional cohomology
index for the reverse flow (i.e., there is a duality between cohomology indices
for the forward flow and the reverse flow).

Robbin and Salamon defined in [26] a topology for the unstable manifold of
the isolated invariant set W*(K) which they called intrinsic to distinguish it from
the extrinsic topology that W*(K) inherits from the state space. The intrinsic
topology is difficult to grasp intuitively because it is defined in terms of the limit
of an inverse system whose bonding maps are the elements of a certain semigroup
induced by the flow. More concretely, if (N, L) is a proper index pair for K, they
considered the inverse system ((N/L),,pst), where (N/L), = N/L for every s €
R4 and if s <t then py : (N/L), — (N/L), is defined by

_f x(t—s) ifz[0,t—s]CN—-L
Pst(z) = { * otherwise .

If we take the inverse limit Z = lim ((N/L), ,ps:) and denote by * the point
in Z all of whose coordinates are the base point * € N/L then there is a natural
map h: Z — {x} — W"(K) defined in the following way:

If x = (x5) € Z — {*} take t € R such that 2y € N — L. Then h(x) =
x¢t. Robbin and Salamon proved that h does not depend on the choice of ¢ and
that h is a continuous bijection. They considered the topology on W*(K') which
makes h a homeomorphism and they called it the intrinsic topology. They finally
proved that this topology does not depend on the particular index pair (N, L).
As Robbin and Salamon pointed out, a nice feature of the intrinsic topology is
that it provides an alternative procedure to determine the shape index, namely
the shape index of an isolated invariant compactum agrees with the shape of the
Alexandroff compactification of its unstable manifold endowed with the intrinsic
topology. The results that we present below (see [32] for complete proofs) provide
additional justification for the introduction of the intrinsic topology.

In the sequel we denote by W(K) the unstable manifold of K endowed with
its intrinsic topology. If we restrict the flow to W*(K) we obtain a flow again. The
following theorem presents some useful properties that are formulated in terms
of the unstable manifold with its intrinsic topology. The first of them expresses
the fact that every isolated invariant set K is a global repeller of W¢(K). Some
characterizations of the shape index in terms of the unstable manifold are also
presented here.
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Theorem 3.2. 1) K is a global repeller in Wi (K).

2) Let S be a compact section of W (K) — K (for instance S = n~ ) and denote
by W# the truncated unstable manifold (with boundary S) consisting of all
points © € WH(K) such that x € K or there is t > 0 with xt € S. Then
s(K) = Sh(W# JOW?# %), where we use the notation OW# to denote the
section S and * is the base point [OW7].

3) If the shape of K is trivial then s(K) = Sh(>_(OW#), %), where > (OW#)
denotes the suspension of OW# and * one of its vertices.

Remark 3.3. The use of the intrinsic topology is essential in Theorem 3.2; an
isolated invariant set is not, in general, a global repeller for the flow in its unstable
manifold endowed with the extrinsic topology.

A nice characterization of the cohomology Conley index in terms of the un-
stable manifold W*(K) and a section of the flow restricted to W*(K) is obtained
as a consequence of Theorem 3.2.

Corollary 3.4. The cohomology Conley index of K is HI(W#,0W#).

It is important to identify situations in which the intrinsic and the extrin-
sic topology of isolated invariant sets agree. The property of K being a repeller
turns out to be characteristic for this to happen. The following result provides an
interesting correspondence between dynamical and topological properties.

Theorem 3.5. A necessary and sufficient condition for the extrinsic and the intrin-
sic topologies to agree is that W*(K) is locally compact and K is a global repeller
in W"(K).

Now we present a general discussion of the Conley—Zehnder theory of Morse
decompositions. If we have a filtration Ny C N7 C --- C N, of compact topological
spaces then there is a standard method of obtaining an associated Morse equation.
This method, which uses the axioms of elementary cohomology theory, is explained,
for instance, in [11]. We summarize here how the Morse equation is established.
First we define the formal power series

p(taNjaNj—l) = ZTk(Nj,Nj_l)tk

k>0
and
q(t,Nj, Nj_1,No) = > d*(N;, Nj_1, No)t*,
k>0
where

r*(N;j, N;_1) = rank of H"(N;, N;_;)(Cech cohomology) and
d* (N;, Nj_1, Ny) = rank of the image of the coboundary operator
5k N Hk(Nj_l,NQ) — Hk+1(Nj,Nj_1)

in the long cohomology sequence of the triple (N;, Nj_1, Ny). All the cohomology
groups are assumed to be of finite rank in the former expressions.
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Under these conditions, Conley and Zehnder [11] proved that the following
equation holds

n
Zp(t’ Nj7 Nj—l) = p(t, Nm NO) + (1 + t)Q(t) 5
j=1
where Q(t) = Z?:z q(t,N;, N;_1,Np). This is the Morse equation associated to
the filtration Ng C Ny C --- C N,,.
If (M1, Ms,...,M,) is a Morse decomposition of K and M; = A1 C Ay C
-+ C A, = K is the corresponding sequence of attractors (i.e. A; = {z € K |
Fi < j with w*(z) C M;}, where w*(z) is the alpha-limit set of ), Conley and
Zehnder proved that there is a filtration No C Ny C --- C N,, of compact spaces
in X such that (N;, N;_1) is an index pair for M; and (N;, Np) is an index pair
for A;. Hence, in this particular case, the coeflicients of the Morse equation are

r*(Nj,N;_1) = rank H*(N;, N;_;)
= rank H*(h(Mj;)) (cohomology Conley index of M;)
and
d"(N;,Nj_1,Ng) = rank of the image of 6 : H*(h(A;_1)) — H*T'(h(M;))

and it makes sense to adopt the notation p(t,h(M;)) instead of p(t, Nj, Nj_1)
(which reflects the fact that p(¢, N;, N,;_1) depends only on the homotopical Conley
index h(M;) and not on the particular index pair that we have used).

With this notation the Morse equation of the decomposition (My, Ma, ..., M,)
takes the form

St M) = it h(K)) + (14 DQ0).

where Q(t) has been defined before (observe that the coefficients of @ are non-
negative integers). We shall refer to this equation as the Conley—Zehnder—Morse
equation in the statement of Theorem 3.6. This equation relates the cohomology
Conley index of K to the cohomology Conley indices of a Morse decomposition
of K. It can be viewed as a generalization of Morse theory for flows other than
gradient flows on spaces other than manifolds.

We shall now summarize our results from [32] where we develop an alternative
method of calculation of the Morse equations. Let S be a compact section of W (K)
and let us consider the corresponding truncated manifold W# with OW# = S. We
can assume, without loss of generality, that (W# dW#) = (N~n~). We mean by
WJ# the subspace of W# consisting of all points * € W# with w*(z) € A;. Wj# is
a compact set and it should be noted that it can be interpreted as the truncated
unstable manifold of A; with GW]# = OW# N Wi(A;). With this notation the
following result is proved in [32].

Theorem 3.6. Let K be an isolated invariant set and let My, ..., M, be a Morse
decomposition of K with associated sequence of attractors Ay C --- C A, = K.
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Consider the filtration of truncated unstable manifolds
OW* cWFuow# c...c W¥  uaw# c Wi = w#

and assume the groups Hq(Wi# UOW#, 0W#) and HQ(W]# UOW#, Wﬁl Uow#)
to be of finite rank for g >0, 1 <i<n and 2 < j <n. Then the Morse equation
associated to this filtration agrees with the Conley—Zehnder—Morse equation of the
decomposition. The condition of rank finiteness is automatically fulfilled in the
following two cases: 1) ¢ is a C-flow on a manifold and 2) ¢ is a continuous flow
on a locally compact ANR and K is a global attractor.

J. J. Sanchez-Gabites has shown in [29] how to determine the intrinsic topol-
ogy of the unstable manifold of an isolated invariant set without using index pairs.
As a consequence Theorem 3.6 provides a way of obtaining the Conley—Zehnder—
Morse equations when we have sufficient knowledge about the unstable manifold
of K. In [32] it is also proved that a large part of the theory previously exposed is
also valid for semi-dynamical systems. This aspect of the theory can be used for the
determination of the critical groups of isolated critical points, which are important
in connection with the Morse inequalities under the Palais—Smale condition.

Some applications of the ideas presented before have been given by K. Atha-
nassopoulos in [2], where he studied the complexity of the flow in the region of
attraction of isolated invariant sets using the intrinsic topology of the stable man-
ifold. All results concerning the unstable manifold can be dualized for the stable
manifold. In particular, Theorem 3.5 has been used by Athanasssopoulos to define
the instability depth, which is an ordinal and measures how far an isolated invari-
ant set is from being asymptotically stable within its region of attraction. He has
provided lower and upper bounds of the instability depth in certain cases.

A consequence of Theorem 3.5 and a result of Athanassopoulos in [1] is that
if K is an isolated 1-dimensional compact minimal set and its region of attraction
is an ANR with respect to the intrinsic topology then K must be a periodic
orbit. Partially motivated by this he remarks that an interesting problem is to
find conditions under which the region of attraction of a general isolated set is an
AN R with the intrinsic topology, since this could lead to Poincaré-Bendixon type
theorems for flows on higher-dimensional phase spaces.

We study now some properties of flows that are related to the topological
situation of Hopf duality. This situation arises when (n — 1)-manifolds, W, embed-
ded in the n-sphere S™, induce homological relations between the two n-manifolds
with boundary in which S™ is decomposed by W (see Steenrod and Epstein [35]).
We present, here a much more general situation, applicable to a Morse decompo-
sition {Mo, My, Ms} of a manifold M which is an isolated invariant set of a flow
¢: X xR — X, where My is an (n — 1)-submanifold of M decomposing M into
two manifolds with common boundary My, and M; and M are general Morse sets
(not necessarily manifolds). We recall that connected Morse decomposition means
a decomposition where all the Morse sets are connected.
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Theorem 3.7. Let ¢ : X x R — X be a flow defined on a locally compact metric
space X. Let M C X be an orientable, compact, connected n-dimensional man-
ifold which is an attractor of ¢. Suppose that H*(M) = HFTY(M) = {0} for
a given index k. Let {My, My, Ma} be a connected Morse decomposition of M,
where My is an (n — 1)-submanifold of M, decomposing M into two manifolds
with common boundary My. We then have the following relations involving the
homological and cohomological Conley indices: 1) CH**1(My) = CH,,_1(My) and
2) CH,_j_1(My) = CH* (M) ® CHF1(M,).

If we only assume that M is an isolated invariant set of ¢ (not necessarily
an attractor) then, with the same hypotheses as above, we have the following re-
lations involving Cech homology and cohomology of the Morse sets: 1) H*(M;) =
Hn_k_l(MQ) and 2) Hk(Mo) = gk(Ml) S5 Hk(MQ)

Theorem 3.7 has been proved in [33]. The second part of this theorem admits
a different, more general, version, in which the homological hypothesis is placed
on the unstable manifold of M with its intrinsic topology. This can be obtained
as the following consequence of the theorem:

Corollary 3.8. Let ¢ : X x R — X be a flow defined on a locally compact met-
ric space X. Let M C X be an orientable, compact, connected n-dimensional
manifold which is an isolated invariant set of ¢. Suppose that H*(W(M)) =
HFYWE(M)) = {0} for a given index k. Let {My, My, My} be a connected
Morse decomposition of M, where My is an (n — 1)-submanifold of M, decom-
posing M into two manifolds with common boundary My. Then, we have the
following relations involving Cech homology and cohomology of the Morse sets:

].) Hk(Ml) = Hn,kfl(Mg) and 2) Hk(M()) = I:Ik(Ml) D Hk(Mg)

The isolated invariant set M can be represented as the intersection of a
nested sequence of isolating neighborhoods N; such that every N; has an exit
set L; with (N;,L; ) a proper index pair. It can be proved that the unstable
manifold W* with its intrinsic topology is homotopically equivalent to N, for
every 7. Since M is also the intersection of the nested sequence of the N~ we have,
by the continuity property of Cech cohomology, that H*(M) = H*(W*(M)) = {0}
and H*1'(M) = H**(W*(M)) = {0}. Hence the corollary is a consequence of
Theorem 3.7.
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Abstract. The search for appropriate conditions under which we have regu-
larity of solutions is an important area of study in the calculus of variations.
In this note we describe some recent regularity conditions for the autonomous
problems of the calculus of variations with second-order derivatives. We prove
that autonomous integral functionals of the calculus of variations with a La-
grangian having superlinearity partial derivatives with respect to the higher-
order derivatives admit only minimizers with essentially bounded derivatives.
This imply non-occurrence of the Lavrentiev phenomenon and validity of the
classical necessary optimality conditions.
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1. Introduction and motivation

Let £(z°,...,2™) be a given C'(R(™+1) ") real valued function. The autonomous
problem of the calculus of variations with high-order derivatives consists in mini-
mizing an integral functional

T [z()] = /:c (;v(t)g'r(t), . ,x(m)(t)) dt (P.n)

over a certain class X' of functions « : [a,b] — R satisfying the boundary condi-
tions

z(a) =20, x(b) =) ,... 2™ V(a) =27 2D (p) = 2 (1.1)
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Often it is convenient to write (V) = 2/, () = 2", and sometimes we revert
to the standard notation used in mechanics: 2’ = %, 2" = #. Such problems
arise, for instance, in connection with the theory of beams and rods [20]. Further,
many problems in the calculus of variations with higher-order derivatives describe
important optimal control problems with linear dynamics [18].

Regularity theory for optimal control problems is a fertile field of research and
a source of many challenging mathematical issues and interesting applications [4,
23,24]. The essential points in the theory are: (i) existence of minimizers and (ii)
necessary optimality conditions to identify those minimizers.

The first systematic approach to existence theory was introduced by Tonelli
in 1915 [21], who showed that existence of minimizers is guaranteed in the Sobolev
space W' of the class of functions which are absolutely continuous with their
derivatives up to order m — 1 and have mth derivative belonging to L™. The
direct method of Tonelli proceeds in three steps: (i) smoothness and convexity
with respect to the highest-derivative of the Lagrangian £ guarantees lower semi-
continuity, (ii) the coercivity condition (the Lagrangian £ must grow faster than
a linear function) insure compactness, (iii) by the compactness principle, one gets
the existence of minimizers for the problem (P,,). Typically, Tonelli’s existence
theorem for (P,,) is formulated as follows [4, 8]: under hypotheses (H1)-(H3) on
the Lagrangian L,

H1) (2°...,2™) — L(2°,...,2™) is a C! function;
(H1) (2%,...,2™) = L(a%,..., ;
(H2) L(zY...,2™) is convex as a function of the last argument =™
H3) L(2°,...,2™) is coercive in 2™, i.e., 3 © : [0,00) — R such that
( ) ( ? ? ’ I )

lim % = +o00,

T—00 '

L0 ...,2™)>06(z™|) forall (2°,...,2™),

there exists a minimizer to problem (P,,) in the class W/.

The main necessary condition in optimal control is the famous Pontryagin
maximum principle, which includes all the classical necessary optimality conditions
of the calculus of variations [14]. For (P,,), the Pontryagin maximum principle [14]
is established assuming x € W2 C W™ so, a priori, the hypotheses (H1)-(H3) do
not assure the applicability of the necessary optimality conditions, being required
more regularity on the class of admissible functions.

In the case m = 1, extra information about the minimizers was proved, for
the first time, by Tonelli himself [21].

Theorem 1.1 (Tonelli-Morrey). Under the hypotheses (H1)—(H3) of smoothness,
convexity and coercivity, if x is a minimizer of (Py) then & is locally essentially
bounded on an open subset Q C [a,b] of full measure. Moreover, if

' <c|lL]+7r, (1.2)
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for some constants ¢ and r, ¢ > 0, then 2 = [a,b] (©(t) is essentially bounded in
all points t of [a,b], i.e., x € W°), and the Pontryagin maximum principle, or
the necessary condition of Euler—Lagrange, hold.

Condition (1.2) is now known in the literature as the Tonelli-Morrey regularity
condition [5,7,18]. Since Tonelli and Morrey, several Lipschitzian regularity condi-
tions were obtained for the problem (Py) —see [1,2,6,12,13,15,17,24] and references
therein. It turns out that condition (1.2) is not necessary in Theorem 1.1:

Theorem 1.2 ( [6]). Under the hypotheses (H1)—(H3) of Tonelli’s existence theorem,
all the minimizing trajectories x of the autonomous fundamental problem of the
calculus of variations (Py) are Lipschitzian: x € W C Wi.

We refer the reader to the works [1-3] of Arrigo Cellina for several extensions
of Theorem 1.2.

Results of Lipschitzian regularity for m > 1 are scarcer: we are aware of the
results in [8,10,17,22]. In 1997 A.V. Sarychev [16] proved that the second-order
problems of the calculus of variations may show new phenomena non-present in
the first-order case: under the hypotheses (H1)—(H3) of Tonelli’s existence theory,
problems (P,) may exhibit the Lavrentiev phenomenon [11]. This is not a possi-
bility for (Py), as follows immediately from Theorem 1.2. Sarychev’s result was
recently extended by A. Ferriero [9] for the case m > 2 (different extensions of
Sarychev’s result are found in [25]). It is also shown in [9] that, under some stan-
dard hypotheses, the problems of the calculus of variations (P,,) with Lagrangians
only depending on two consecutive derivatives () and z(**1), 4 > 0, do not ex-
hibit the Lavrentiev phenomenon for any boundary conditions (1.1) (for m = 1
this is trivially true from Theorem 1.2). In the case in which the Lagrangian only
depends on the higher-order derivative (™) it is possible to prove more [17, Corol-
lary 2]: when £ = £ (z(™)), all the minimizers predicted by the existence theory
belong to the space W>° C W and satisfy the Pontryagin maximum principle
(regularity). As to whether this is the case or not for Ferriero’s problem with La-
grangians only depending on consecutive derivatives z(*) and z("*1 seems to be
an open question.

The results of Sarychev [16] and Ferriero [9] on the Lavrentiev phenomenon
show that the problems of the calculus of variations with higher-order derivatives
are richer than the problems with m = 1, but also show, in our opinion, that the
regularity theory for higher-order problems is underdeveloped. Here we present a
new regularity condition for (Py). We show that for the autonomous second-order
problems of the calculus of variations reg%larity follows by imposing a superlin-

c

earity condition to the partial derivatives gz of the Lagrangian.
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2. Generalized integral form of duBois—Reymond condition

We shall limit ourselves here to (P.), i.e., to the problem of minimizing

b
/ £ (a(t), (), £(1)) dt (Py)

for some given Lagrangian L(-,, ), assumed to be a C! function with respect to
all arguments. In this case it is appropriate to choose the admissible functions z to
be twice continuously differentiable with derivatives # and # in L?, i.e. X = W3.
In this section we formulate a generalized duBois-Reymond necessary condition
in integral form, valid for X = W3 (the optimal solutions z may have unbounded
derivatives @, ). Then, in Section 3, we obtain a regularity condition under which
all the minimizers of (P,) are in W5° C W3 and thus satisfy the classical necessary
conditions. We assume the following hypotheses (S;), it =1,...,n
(Si) There exists a nonnegative continuous function G(-,-,-), and some § > 0,
such that the function t — G(x(t), 2’ (t), 2" (t)) is L%-integrable on [a, b], and

o5 )| < Gt "),

oL
ot;
oL
‘811
for all z, 2/, 2 € R", x = (21,...,2,) € R", y = (Y1,-..,yn) € R",
Yj (k)() for 7 # i, yi—xgk)(t)‘ <4 i=1,...,nand k = 0,1,2,

where 2" (1) is the i*" component of the k' derivative with the convention
0
2 (t) = @:(t)

Let s be the arc length parameter on the curve Cy : ¢ = a?(t) a<t<b,so

that the Jordan length of Cy is s(t) = \/1 + |2/ (7)|?dr with s(a) =0, s(b) =1
and s(t) is absolutely continuous Wlth s ( ) > 1 a.e. Thus s(t) and 1ts inverse t(s),
0 < s <, are absolutely continuous with #'(s) > 0 a.e. in [0,{]. If X (s) = x(t(s)),
0 < s </, then t(s) and X (s) are Lipschitzian of constant one in [0,[]. By change
of variable,

b
x]:/ £ (@(t), @(t), 5 () dt

N

Setting F(z,t' o', t", 2") = L (x, %7 t,%(m” — f—:t”)) t', we have:

(x y7 /) S G(J;’ xl? xl/) 9

( x y) S G(x’ LL'/’:L‘//) )

~
=)
Il
=~
Q
I
~
s
Il

l
/0 F(X(s),4/(5), X'(s), " (5), X" (s)) ds .
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The following necessary condition is useful to prove our regularity theorem.

Theorem 2.1. Under hypotheses (Si)1<i<n, if z(-) € W3 is a minimizer of prob-
lem (P2), then the following integral form of duBois—Reymond necessary condition
holds: .
oo(s) = 8—F(Q(s)) - a—F(@(U))da =c¢y, 0<7<s<I, (2.1)
ot 0 Ot

where OF /Ot" and OF /Ot are evaluated at 0(s) = (X (s),t'(s), X'(s),t"(s), X" (s))
and ¢y 18 a constant.

Theorem 2.1 is a direct corollary of a more general result proved in [19] for
non-autonomous problems. The proof is done by contradiction, using conditions
(S;) to justify the usual rule of differentiation under the sign of the integral.

3. Main result

We give now a regularity result for (P;) under an additional requirement on the
Lagrangian L.
Theorem 3.1. In addition to the hypotheses (S;)1<i<n, if OL/O%F is superlinear, i.e.
there exist constants a > 0 and b > 0 such that
oL
alw| +b < ‘y(s,v,w)‘ for all (s,v,w) € R" x R" x R", (3.1)
%

then every minimizer x € W3 of the problem is on Wg°.

Example 3.2. A trivial example of a Lagrangian satisfying all the conditions
(Si)i<i<n and (3.1) is L(z,#,3) = L(i) = ai? + bi with a and b strictly pos-
itive constants (one can choose G(z,#, %) = 2al#|+b € L? in (S;)). It follows from
Theorem 3.1 that all minimizers of the problem

Iz()] = /75 1 [ai(t)® + bi(t)] dt — min

x()eWZ, a,b>0
z(to) =a, z(t1)=p

are W3° functions.

Proof. Since F(x,t',2',t" 2") = L <x7 %7 t%(w” - ‘f—,/t”)) t', we have
ot ort  t?0% \ ¢ t/ ’
oF 1 0L .

or 2o
and using (2.1) we get

i%'_F/S ﬁ_l%+i% _2j_~_3i//' —
2or’ ", vor Tar\ v v )T




412 M.R. Sidi Ammi and D.F. M. Torres

Therefore,

Ltoc. _/S s loc +18£ —2j+3i”,
2 opt @ t 8x 2 93 \ T

o[ [ e [ p e [0,
- i o 1P 0i o 13 i

Applying the Holder’s inequality, we obtain

7| <leol+ 12+ |52 el + ke | 55| it [ 5| | 55
¢ & @ —| ===,
29z =10 P o N PR ? v | |2 0@
where k1, ko are positive constants. Then, using the fact that £ € C*, L, gﬁ, gﬁ €
2 and x € W3 (in other terms, x,d,# € L?), it follows that t,12 g""‘x satisfies a

condition of the form
t//
t/

1 BE 1 6£
t2 93 2 83:

for a certain positive constant k3. Now, Gronwall’s Lemma leads to the following
uniform bound:

< ks+

1 0L
205"
with a positive constant k4. Since t’ < 1, we deduce that 8’5 55 4 is uniformly bounded.
Besides, since ’%| verifies (3.1), we have

< ky

oL
%] (al] +b) < ‘axw <ks (b>0).
Therefore we get for a positive constant ks
ky
{ < ks.
o] < ali[+b ="

Then g—L is uniformly bounded. Since %(s,v,w) goes to oo with |w| (by su-
perlinearity), this implies a uniform bound on || which leads to the intended
conclusion that @ is essentially bounded. 0

As an immediate corollary to our Theorem 3.1, we obtain conditions of non-
occurrence of the Lavrentiev phenomenon for the autonomous second-order vari-
ational problems.

Corollary 3.3. Under the hypotheses of Theorem 3.1, problems (Py) do not admit
the Lavrentiev gap W3 — W$°:

b b
inf /E(x(t),jc(t),éc'(t))dt: inf /L(x(t),:k(t),jé(t))dt.

Theorem 3.1 admit a generalization for problems of an order higher than two.
This is under study and will be addressed in a forthcoming paper.
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Multi-modal Periodic Trajectories
in Fermi—Pasta—Ulam Chains

Susanna Terracini

Dedicated to Arrigo Cellina and James Yorke

Abstract. This paper deals with the problem of bifurcation of periodic tra-
jectories in the Fermi—Pasta—Ulam chains of nonlinear oscillator.

1. The Fermi-Pasta-Ulam model

The aim of this paper is to summarize some recent results concerning the problem
of bifurcation of periodic trajectories in the Fermi-Pasta—Ulam chains of nonlinear
oscillator, obtained in the joint papers [2] and [13]. The Fermi—Pasta-Ulam model
consists in N coupled nonlinear oscillators, interacting only with their nearest
neighbours:

miG; = @' (gi+1 — @) — (¢ — ¢i—1), 1=1,...,N,

where ®(x) = ””2—2 + oz“"—; + ﬁ%. This will be called the a—f model.
The linearization at ¢; =0, =1,..., N, of ® gives the system

miGi = ¢iv1 —2¢; + ¢—1.  i=1,...,N.

of second order finite differences. Now we add spatial boundary conditiond (pe-
riodic, zero, symmetric) and we define A the matrix associated with the second
order finite differences operator and the boundary conditions, u? its eigenvalues:

p? = 4sin? (‘Z)

This research was supported by MIUR, project “Variational Methods and Nonlinear Differential
Equations”.
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and e; the corresponding eigenvectors; it is convenient to change coordinate system
(sometimes referred in the literature as phononic coordinates)

N
2ijmJ .
xj:E e N g, j=1,...,N.
i=1

We assume, for simplicity, that
m; =1, Vi=1,...,N.

Then the system writes

ow
7‘%:#%4»7(1'1,,‘%]\7), ]:1,,N
J 73 61‘]

2. Energy partition

Fermi, Pasta and Ulam studied numerically the model in [7] with the aim of
computing the time needed for the relaxation to equipartition of the distribution
of energy among modes. The harmonic energy of the kth mode is

1
E, = §|i‘k‘2 + %|$k‘2.

Let us start with an initial datum concentrating all the energy only on one mode.
For small values of the total energy, the contribution of the potential W can be
neglected and the sum of the Fy-s can be thought to be constant. If the system is
ergodic then the energy should be diffused (at least in the average, in time) over
all the phase space and therefore should eventually spread among all modes.

Surprisingly, their numerical experiment yielded the opposite result. Fermi,
Pasta and Ulam observed on the contrary that the energy of the system remained
confined among the first modes, instead of spreading towards all modes. In addi-
tion, it seemed to show a regular recurrence in time. This result started a large
number of additional numerical and analytical investigations.

3. KAM theory and Toda lattices

When ®(s) = e® — 1 then the system belongs to the class of Toda lattices and it is
integrable ([17]). Hence all the motions take place on invariant tori and they are
regular (quasi—periodic) in time. This fact can explain the peculiar behaviour of
the solutions examined by Fermi Pasta ad Ulam. As the a = § = 1 model is the
Taylor expansion of the exponential, it belongs to the class of systems wich are
perturbations of an integrable system, for small values of the energy. A natural
question is whether KAM theory is applicable. Unfortunately, it does not apply
directly, because of the many symmetries and resonances. On the other hand,
the very same presence of symmetries allows suitable reductions, and after all
the application of KAM theory has been succesfully done by Rink [15,16]. Hence
for a close-to—one measure set of small values of the total energy, which can be
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FIGURE 1. Energy partition for a genuinely multi-modal periodic
trajectory (with large energy)

chosen as parameter, the motions are regular. Of course the energy threshold E(N)
depends on the number of degrees of freedom. A natural question concerns the the
asymptotics of E(N), when N — +00? It appears that E(N) vanishes as N — 400
and its order of vanishing has been estimated (see [4] and references therein).

4. Lyapunov solutions

After the time scaling

27

? )

the search for T—periodic solutions to the problem is equivalent to the boundary
value problem

z(t) = u(wt), with w=

—w?ii = Au+ W' (u) u 21 — periodic
the frequency w being now a free (bifurcation) parameter. We denote by
p <o < pN and €1,...,EN

respectively the square roots of the eigenvalues of A and their corresponding nor-
malized eigenvectors. Consider the characteristic frequencies

wjkz%, j=1,....,N, keN*.

Corresponding to 2m—periodic solutions of the linearized system of the form

ujk(t) = e;sin(kt) .
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These solutions are called the normal modes of oscillation of the linearized FPU
model and they correspond to periodic solutions of period 27 of the equation

—wki = Ax.

By Lyapunov Center Theorem these solutions can be continued into the nonlinear
problem, as an analytic branch, provided no resonances occur
Yoagg — wh#j.
Hh
We shall refer to such solutions as trivial solutions, for they do not mix the modes.
Our problems are the following:
— Are there nontrivial periodic solutions?
— Are there secondary bifurcations from the Lyapunov branches?
— What is their variational characterization?

5. The f/—model: A dual action principle

By homogeneity, if @ = 0, then the value of the parameter § is irrelevant, since
it can always be rescaled to 1. As w decreases, the lagrangian action functional
becomes negative definite on subspaces having a large dimension.

Aolu) = /i (hasf ~ Ll ) - wia.

We proceed as follows:

— introduce a dual functional which is suitable both for the minimization and
for the numerical study the minimizers of the systems

— study the minimum of the dual functional

— numerically investigate some branches of Lyapunov solutions

— numerically investigate other branches of solution, bifurcating from the Lya-
punov branches, and provide a bifurcation graph

— state a criterion based on the dual functional concerning the distribution of
energy among modes and to provide a rigorous proof of the existence of many
periodic solutions at some given frequency satisfying such criterion.

6. Comments

Since the N positive eigenvalues M? of A are explicitly known and satisfy the
fundamental property (Q)

Hi ¢ Q for all i £ 7,

Hj
it is a standard fact from bifurcation theory that every frequency wjr = p;/k,
j=1,...,N, k € NT, is a bifurcation point for the system from the trivial line

(w,0). (Crandall-Rabinowitz) The local primary branches that depart from these
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points are small deformations of the normal modes of oscillation of the linearization

at zero, and carry solutions with bounded minimal periods. Such is the case, in
Figure 1, for the branches labelled by F', H, J and K.
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— The appearance of secondary bifurcation branches is related to anomalies
in the distribution of the frequencies wj;, on the real line. In the picture, for
example, the bifurcation frequencies of the primary branches F', H, J and K
appear as a tight cluster among all other frequencies, and those of H and J
as an even tighter subcluster.

— A further analysis of the harmonic energy along the secondary branches shows
that these, in contrast to the primary ones, carry solutions that “mix modes”;
in this context, another role of the frequencies involved in the cluster is that
they seem to decide which modes are mixed along a given secondary branch.
The mixing however turns out to be quite asymmetric and prevalently a
primary branch in a cluster interacts and mix modes with other branches
located close to it and at its left.

— These considerations are the result of mainly numerical computations and
call for a theoretical understanding. The main questions we address are the
mechanism of formation of secondary bifurcations, the reasons for the asym-
metry in the interactions, and the discussion of the notions we will introduce
to prove the main results.

7. Assumptions
The N x N matrix A and the potential W : RNV — R satisfy the assumptions

— A is symmetric, positive definite and has only simple eigenvalues whose square
roots are pairwise independent over Q;
— W is an homogeneous polynomial of degree four and W > 0 except at zero.

We denote by
<o < uUN and €1,...,EN

respectively the square roots of the eigenvalues of A and their corresponding nor-
malized eigenvectors. Moreover, we call characteristic values the numbers (frequen-
cies)

My
=
The same arguments as for the FPU problem show that from every (wj,0) there
departs a primary branch I'j;, of even solutions to the problem.

j=1,...,N, keNt.

wjk

8. Secondary bifurcations

The next theorems are our main results. We denote by w® and w’” the nearest
characteristic values respectively to the right and to the left of w.



Multi-modal Periodic Trajectories 421

Bifurcation from the right branch. Under the assumptions (A) and (W), suppose
moreover that

6uW (ej) — piW" (e;) - ef <0

for some for some i # j. Then there exists o > 0 such that, if for some h,k € NT
there results

Wik — Wip
Win < Wik and LR U
J R )

wjk — Wjk

then the primary branch I'j, supports a secondary bifurcation in the interval
(wj;g,wJRk).

Bifurcation from the left branch. Under the assumptions (A) and (W), suppose
moreover that

615W (e;) — piW" (e;) - €3 > 0

for some for some i # j. Then there exists o > 0 such that, if for some h,k € N*
there results
Wik — Wik

L

win < Wik and
Wih = Wip,

< 0,
then the primary branch T, supports a secondary bifurcation in the interval
(Wik, 2win — wh).

9. Asymptotic resonances and Morse indices

The proofs will make clear that secondary bifurcations appear on I'j; and I';, at
a distance from the respective feet wj, and w;, which is: much bigger than their
mutual distance w;;, — w;p, but much smaller than their “directional” distance to
the remaining part of €2, namely

R L
Wik — Wik and Wip — Wi,

respectively. We say that p; is right asymptotically resonant with p;, if there exist
diverging sequences hy, k, € N such that
Wik, — Wi
Wih, < Wjk, Yn and lim 2k i
noeo Wik = Wik,

The presence of secondary bifurcations will be detected via a result by Kiel-
hofer, implying that along an analytic branch of solutions, every point of discon-
tinuity for the Morse index of the solutions (seen as critical points of the usual
action functional) is either a bifurcation or a turning point; the last possibility will
be ruled out by trivial local arguments.
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10. A Birkoff-Lewis theorem

Corollary 10.1. Under the assumptions (A) and (W), suppose moreover that
Wij = 6uW (e:) — piW" (e:) - €7 # 0

for some for some i # j. If, according to W;; < 0 or Wi; > 0, either p; is
right asymptotically resonant with i, or p; is left asymptotically resonant with
L, then there exists a sequence of periodic solutions, whose C? norms tend to zero
and whose minimal periods tend to infinity.

The same conclusion could be obtained as a byproduct of the result by Rink, by
showing that the fourth order Birkhoff normal form is nonresonant and nonde-
generate (in the sense of Kolmogorov). We point out that this approach may fail
in the more general framework identified by assumptions (A) and (W) because of
two reasons:

— there might be fourth order resonances among the ji;’s, preventing the nor-
mal form to be nonresonant; this fact seems to be unrelated to the notion of
asymptotic resonance;

— even in the absence of resonances, the Kolmogorov nondegeneracy condition
needs not be fulfilled; although this condition holds generically, it is very
hard to check, for one should know the explicit expression of the normal
form, which rarely happens. This has to be compared with the simple and
computable form of our nonlinear coupling conditions.

11. Asymptotic resonance and nonlinear coupling
in the FPU model

Now we turn to the analysis of conditions used in the main theorems and to
the application of this analysis to the FPU problem. Here we use some number
theoretical arguments which may by unfamiliar to the analyst. This study involves:

— a complete study of the notion of asymptotic resonance shows that it is
equivalent to a set of Diophantine equations depending on the coefficients
of the ternary relations among the characteristic frequencies (null linear
combinations with integer coefficients involving exactly three p;’s) that may
be present.

— as a conclusion, p; is proved to be asymptotically resonant with any other u;,
whenever the ternary relations involving them, if any exist, are of a special
type.

— the complete solution of the abstract Diophantine equations, and the com-
plete list of asymptotic resonances for every value of N is obtained. As a
particular case we obtain that p; is asymptotically resonant with any other
p; as soon as N + 1 is not a multiple of 3.
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— the analysis of the validity of the nonlinear coupling conditions for the FPU
model. We obtain, for every N, that

Wi <0 if i+j#N+1 and W;; >0 if i+j=N+1.

The relative preponderance of negative terms explains, we believe, the nu-
merical results in Arioli, Koch and T.
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Control of Transient Chaos Using Safe Sets in
Simple Dynamical Systems

Samuel Zambrano and Miguel A. F. Sanjuan

Dedicated to Arrigo Cellina and James Yorke

Abstract. Transient chaos is nearly as ubiquitous as chaos itself, and it is a
manifestation of the existence of a nonattractive chaotic set: a chaotic saddle.
In some situations it might be desirable to keep the trajectories of a dynamical
system with transient chaos far from the attractor and close to this set but its
nonattractive nature, the complex dynamics associated with it and eventually
the presence of noise may difficult this task. Assume, as an extra difficulty,
that our action on the system is bounded and smaller than the action of noise.
In such a situation this might seem impossible. However, we will show that in
a variety of one dimensional maps this is possible indeed. The control strategy
is based on the existence of a set, the safe set, with interesting properties that
are due to the same conditions that imply the existence of a chaotic saddle
in the system. An example of application of our control technique with the
logistic map and some numerical simulations confirming our results are also
presented in this work.

Mathematics Subject Classification (2000). Primary 37E05; Secondary 34C28.

Keywords. Control, transient chaos, maps.

1. Introduction

Some dynamical systems are not chaotic but they present a nonattractive invariant
set where the dynamics is chaotic. A manifestation of the existence of that set,
usually referred to as chaotic saddle, is the observation of chaotic transients: short
periods of time in which the dynamics of a trajectory is chaotic, before it settles
to an attractor [2]. Transient chaos is nearly as ubiquitous as chaos itself, and in
different contexts [3] it might be desirable to keep the system close to the chaotic
saddle in order to avoid the attractor.
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Different techniques have been proposed in recent years to achieve this goal.
A method inspired in the OGY chaos control scheme [5], based on stabilization of
the system around one of the unstable periodic orbits that lie in the chaotic saddle,
has shown its effectiveness [8]. Other authors have proposed a method based on
applying small perturbations to the return map [3] of continuous-time dynamical
systems.

The nonattracting nature of the chaotic saddle, and the erratic behavior of
the trajectories that pass nearby, is the main difficulty for the control task. If
the system is also affected by noise, staying close to the chaotic saddle might
be even more difficult. Imagine, as an extra difficulty, that our action on the
system is limited to be smaller than the action of noise. Then, it would seem that
it is impossible to remain close to the nonattracting chaotic set. However, in a
recent paper Aguirre et al. [1] showed that this is indeed possible for the simpler
dynamical system with a chaotic saddle and escapes to infinity: the slope three
tent map.

The aim of this work is to generalize the results obtained in [1] to a more
general class of one dimensional maps presenting a chaotic saddle. We are going to
show that, as in [1], paradoxically the same geometry giving rise to the existence
of a chaotic saddle will help us to design a strategy to keep the trajectory close to
the nonattracting chaotic set by using a control smaller than noise.

The structure of the paper is the following. In Section 2 we state the problem
in a precise way and we enounce the main result of this work as a theorem. In
Section 3 we present this particular set of points that will help us to design our
control strategy, the safe set, and we give as a proposition its main properties.
Once we have defined this set and its properties, in Section 4 we prove our main
result. Finally, in Section 5 we show an example of application of our technique
with the well known logistic map and in Section 6 we draw the main conclusions
of our work.

2. Problem statement and main result

First we will define in a precise way the class of dynamical systems that we deal
with. We consider one dimensional maps 2,11 = f(z,) where f : R — R is a map
that satisfies the following conditions.
(i) There is an interval I = [a,b] such that I C f(I). The interval I can be
divided in three subintervals A; = [a,z_], Ao = (z_,z4), and Ay = [x4,}]
such that f(A1) = f(As) =TI and f(Ao) & I.
(ii) The map f is continuous and differentiable in A;UA5 and for all g € AjUA,,
|/ ()] > 1.
(iii) For all o &€ I, | f™(x0)| — o0 as n — oc.

From conditions (i)—(iii) it can be proved (see [6]) that there is a nonattractive
Cantor-like set A C A; U Ay where the dynamics is topologically equivalent to a
shift on two symbols, that is, there is a chaotic saddle. We must point out that
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FIGURE 1. Four possible configurations of a map zp41 = f(2,)
satisfiying conditions (i)—(iii). Note that each point in I has just
one preimage in A; and other in Agy

condition (ii) is not a necessary condition for the existence of a chaotic saddle.
However it makes both the proof of the existence of A (see [6]) and the calculations
needed in this paper much easier. Note that the slope three tent map z,+1 =
3(1 — |zn]) — 1 studied in [1] satisfies these conditions. For this particular case,
A is like the classical middle-third Cantor set constructed using as the starting
segment the [—1, 1] interval.

On the other hand, condition (iii) does also imply that for all zp ¢ A
|f¥(20)] — oo for k — oo. If we would have established that all trajectories
starting out of I settle to any other type of attractor out of I the existence of a
chaotic saddle A in A; U A5 could be established in the same manner. However,
we have opted to fix condition (iii) both for simplicity and to make a certain anal-
ogy with some chaotic scattering problems, a context in which control of transient
chaos is important. For this kind of problems it is well-known [9] that all trajec-
tories except those starting either on a zero-measure invariant set or in its stable
manifold diverge from the scattering region to infinity. The same thing applies to
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the system that we are dealing with: in absence of control only the trajectories
starting in A will not diverge to infinity under iterations of f.

Once we have defined the type of dynamical system that we will deal with
in this letter, we can define in a more precise way the type of situation that
we want to control. When controlling a certain dynamical system, specially a
physical system, there are two main ingredients that must be considered: first,
the deterministic component of its dynamics, and second the eventual presence
of a random deviation from the expected deterministic dynamics (the noise). We
consider here systems where the deterministic part of the dynamics is modeled by
amap f: R — R that satisfies conditions (i)—(iii), so we are considering a system
that presents transient chaos. Thus, starting from a point z,, the dynamics of the
system takes it to

' = f(x,).

Now we introduce in our model an additive perturbation playing the role of

noise, u,, that deviates the trajectory from its deterministic path, taking it to
=2+ u, = fan) + uy .

We assume that w, is a random number such that |u,| < ug, where ug > 0.

As we said before, in the system considered nearly all the trajectories (except
those lying in A) will diverge to infinity in absence of noise. With noise, it is clear
that all the trajectories will diverge to infinity. Our objective here is to avoid
such divergence to infinity. To do this, we can apply a small perturbation r, each
iteration to control the system’s dynamics. Thus, the final state of the system is
the result of the action of the deterministic dynamics, modeled by f, of noise,
modeled by wu,, and of the small control applied to the system, modeled by 7,.
The control r,, is also bounded by a positive constant rg, so |r,| < rg for all n.
Thus, each time step, the evolution of the system is given by

Tpp1 =2 + 1y = f(xn) +up + 1. (2.1)

Our aim here is to show that, contrary to what intuition may say, there is a way to
keep the trajectories in A1 UAs (or “close” to the chaotic saddle A) even if 7o < ug.
Or, speaking in physical terms, if the control is smaller than noise. To do this, the
only thing that we need is to fix the initial condition zg accurately. After this,
by applying a wisely chosen perturbation r, each time step, with |r,| < ro < ug
trajectories can be kept bounded ad infinitum. This is the main result of this work
and it can be stated as follows:

Theorem 2.1 (Main result). For a dynamical system like the one given by eq. (2.1),
where f satisfies conditions (i)—(iil), for all ug > 0 there is a 0 < ro < ug such
that x,, € Ay U Ay for all n.

This theorem was proved in the particular case of f(x) being the slope three
tent map in [1]. Here we prove this theorem for a wider class of one-dimensional
maps. As in [1], the key element for this control strategy is the existence of a set
with very interesting properties: the safe set. In the next section we will define this
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set and we will show that its properties can be derived from the same conditions
(i)—(iii) that implied the existence of a chaotic saddle. Thus, the main idea of this
work is that, contrarily to what intuition might say, the existence of a chaotic
saddle does not add an extra degree of difficulty but, instead, it can be of great
help for the control task.

3. The safe set and its structure

In this section we define the safe set and explain and prove its main properties.
We first define the following maps:

Definition 3.1. Let f be a map satisfying conditions (1)—(iii). Then F; = f~1(x)NA;
fori=1,2.

These two maps have a first essential property that will allow us to define
the safe sets:

Proposition 3.2. The map F; : I — A; is a one-to-one map for i =1,2.

Proof. From conditions (i) and (ii) it is clear that f is invertible both in A; and
in Ag, so F; : I — A; is one to one. In other words, any point in I has just one
preimage in Ay and just one preimage in A,. This can be clearly observed in the
examples shown in Fig. 1. O

Thus, given a point z € I, its preimage in A; is Fy(z), and its preimage in
Ay is Fy(z). We can now define the safe sets of order k.

Definition 3.3. Let 20 be the middle point of Ao, that will be called the safe point

of order 0. Thus, we can define inductively the safe points of order k, {z¥ 12; as:
2k _ k-1 _

{xf}izl =fF (x(l)) NI=ux, U?Zl F; (mf 1) (3.1)

The set of safe points of order k is called the safe set of order k. The sub index

i€ {1..2F} of 2% is assigned in such a way that i < j < z¥ < x;“ .

From the definition given above, it might seem paradoxical to call these sets
the “safe sets” of order k, as long as it is clear from eq. (3.1) that all the elements
of this set fall out of I after k+1 iterations, after which they will diverge to infinity.
However, we will show now that the properties of this set justify this denomination.

A first main property of this set, that can be easily deduced from this defini-
tion, is the following: given a point z that belongs to the safe set of order k, then
f(2) will belong to a safe set of order k — 1. This simple property, together with
the two following ones, that will be presented as a proposition, are the properties
that make these sets of points play a key role for our control strategy.

Proposition 3.4. Consider the safe sets of order k of a map f satisfying conditions
(i)-(iii). Then, for all k >0 and for all i, 1 <1i < 2k:
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— The safe points of order k and the safe points of order k + 1 satisfy:

k+1 k k+1
Ty, q < T < g . (3.2)

— Consider the mazimum and minimum distance between a safe point of order
k and the two adjacent safe points of order k + 1:

k k
6fnaw = leaX{‘.I‘f - ‘1:2;;11‘7 ‘Jff - $2;_1|} (33)
k . k k+1 k k+1
Omin = miln{‘xi - 1’2;11‘7 |7 — 132? |} ) (3.4)
then
: k : k
kli)n;o 0o = kh_)rgo Opin =0. (3.5)

Proof. First we must remember that in the definition of f we assumed that the
interval Aj is to the left of the interval A,. Thus, for those :z:f*'1 with i =1,...,2F
and certain j that will depend on i, xf“ = Fz(xf) Analogously, for those xf“
with 7 = 2% 4 1,...,2%*1 and certain j’ that will depend on 4, zF*! = Fl(mf,) On
the other hand we proved that both F; and F5 are monotonous in I. The type of
monotonicity will depend on whether f is an increasing or a decreasing function
in A; and in As. In this proof we will assume that given two points z1, 29 € I such
that 21 < 2o, then Fy(21) < Fi(22) and Fy(z1) > Fa(z2). This is the case of a map
as the one shown in Fig. 1 (a). For the remaining configurations of the map shown
in Fig. 1, the proof of this proposition is analogous.

The key observation now is that the only relation between the safe points of
order k+ 1 and those of order k that holds with our assumptions is xf“ = Fi(z))
for i = 1,...,2% and xi”l = F2(x§k+1+17i) for i = 2F + 1,...,2FF1. Considering
these relations, the proof of this proposition is easy.

We first prove eq. (3.2) inductively. The k = 0 case is simple as long as A;
is to the left of Ay and Ag is between these intervals. Thus, x1 = Fy(2) < 2 <
Fy(29) = 3. Assuming that the eq. (3.2) is true for k, we will show that it is true
for k + 1. All we need is to apply F; and Fy to this equation. Equation 3.2 and
our assumption on Fy implies that Fy (z5") < Fy(2F) < Fy(abh) fori = 1,...,2F
so, considering the relation given between the safe points of order k£ and those of

order k + 1, this means that z5;% < zFT1 < 2572 for j = 1,..., 2%,

Analogously, to complete the proof of eq. (3.2) we apply Fs to eq. (3.2)
and we have that Fp(zh) > Fy(zF) > Fy(abf) for i = 1,...,2%. Considering

7

. . L . k42 k41 k42
our observation, this is equivalent to Toiia_gipg > Tontip1_; > Tortz g _o; and, by
making the change of index j = 2¥+1 41—, it is equivalent to x];jrfl < x?“ < xS;FQ

with j = 2% +1,...28*1. This completes the proof of eq. (3.2).
The proof of eq. (3.5) is also quite simple. We assumed that for all zy €
Ay U Ag, |f'(x)] > 1. Thus there are two positive constants Lz > 1, Liin > 1
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such that Lyin < |f'(20)| < Limaz. Then:
5k

mazx :m?X{h;f _‘,17]261'+—11|7|‘jS'€ _xg:rl}

:max{|Fn(sc?71) - Fn(:céj,lﬂ, |Fn($§71) - Fn(xgj”}

for certain j and for certain n = 1, 2. Thus, using the mean value theorem and the
bound of the derivative given above:

5fnux :max{\Fn(x;?—l) - Fn(xgj—lﬂa |F7z(x§_1) - Fn(xl;j”}
k=1 _ _k k=1 _ _k Sprar
< ——max {|2j " — a5y, 25" _132j|}§Lm7a_1,
k 6'971(13:
S0 & < M and eq. (3.5) follows. O

mar — (Lmzn)k

Remark 3.5. According to equation 3.2, a safe point of order k has two adjacent
safe points of order k+ 1 that are closer to it than any other safe point of order k.
Thus, a trajectory lying in a safe point of order k + 1 is mapped to a point that
has a safe point of order k+1 to its left and another one to its right. This property
is probably the most important one of the safe sets, and it will play a key role in
our control strategy.

Once that we have given the key properties of the safe sets, we can now
explain our control strategy, which completes the proof of Theorem 2.1.

4. Proof of the main result

Considering the properties given above, we can now give a demonstration of our
main result.

Proof of the main result. The only thing that we have to do to control the system
with 7o < ug is to put the initial condition on a safe point of an accurately chosen
order. To find it, we first have to chose k in such a way that ug > 6% which, by
eq. (3.5) is always possible if k is sufficiently big.

Considering this, we just have to put the initial condition on a safe point of
order k + 1. After this, f maps this point to a safe point of order k, say z¥. Then
noise acts, and there are two possibilities, according to eq. (3.2):

~ That =¥ 4 u, is to the left of 25" or to the right of zA . In this case,
considering that the minimum distance between a safe point of order k and
the two adjacent safe points of order k + 1 is §% . . a correction r,, such that
[7n| < up — 6K, will make 2% + u,, + r, lie on a safe point of order k + 1.

~ That z¥ + u,, is between 2% and 25", or between z¥ and 25, Tn this case,
considering that the maximum distance between a safe point of order k£ and
the two adjacent safe points of order k + 1 is 6% . a correction r,, such that

70| < 6F .. will make ¥ + u,, + 7, lie on a safe point of order k + 1.
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Thus, even if the perturbations r,, are bounded by ro = max{ug—d~,;, , % .} < uo,
trajectories starting on a safe point of order k£ + 1 can always be placed on a safe
point of order k£ + 1. This procedure can be repeated forever, which completes our
proof. O

Remark 4.1. This theorem does not say a word about which is the optimal %k that
allows to minimize the ratio ro/ug. It is a simple exercise to show that the optimal
ratios are bounded by the following quantities:

k
. To Uy — O . _
— The ratio w < Tmm if up € (0F 0 +0F . OF-L 4 5k 1.
. To 5fnaa: : k E4+1 ¢k k
— The ratio ;O S TO lf Uuo (S (6maz —+ 5min’ 5mam —+ 577””] .

Thus, we have shown that in a variety of dynamical systems the same geo-
metrical conditions giving rise to transient chaos have allowed us to define a set,
the safe set, with some very interesting properties which, on the other hand, al-
low to keep the trajectories in the vicinity of the chaotic saddle even if control is
smaller than noise. In next section we are going to give an example of application
of our control technique using the well-known logistic map.

5. An example of application:
Control of transient chaos for the logistic map

In this section we are going to explore our technique in a simple situation, using
the well known logistic map z,+1 = px,(1 — z,). Although it is well known
that for g > 4 this map presents a chaotic saddle [4], which is formed after a
boundary crisis, in [6] it is proved that this map satisfies conditions (i)—(iii) just
for p > 2+ V/5. In the numerical simulations carried out here we will focus on the

W =5 case.
1 2—4 1 24 1
For this map, z_ = 5*@ and 24 = §+@ and thus z{ = 3
I I

As an example, assume first that we perturb the system with a random
perturbation that is bounded by wug = 0.25. We must first find a k& such that
ug > 6% . We observe numerically that with k& = 1, this condition is fulfilled. The
safe points of order 2 and those of order 1 are shown in Fig. 2 (a), and we can
appreciate how they present the expected structure: each safe point of order 1 has
two adjacent safe points of order 2.

In Fig. 2 (b) we can observe a controlled trajectory. As we said, the idea is to
adjust r,, in such a way that the resulting x,,11 = f(zn) + u, + r,, lies always on
a safe point of order two. The trajectory is kept bounded in 75 iterations and it
could be bounded forever. Note that, in absence of perturbations (even of noise),
considering that the initial condition lies on a safe point of order two, after three
iterations the trajectory would lie out of [0,1], and then go to infinity. In Fig. 2
(c) we also show the value of the correction applied each iteration, showing that
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FIGURE 2. The safe points of order 2 (‘0’) and of order 1 (‘x’)
plotted in the x,, axis together with the curve of the logistic map
Tnt1 = Dxp(1l — x,). A trajectory controlled with ug = 0.25,
which is always kept in the safe points of order 2 (marked by ‘o’
in the z,, axis) (b). The correction applied each iteration, which
is always smaller than the maximum perturbation applied ug =
0.25, marked with a dashed line (c)
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0.5
0.05 0.1 0.15 0.2 0.25

FIGURE 3. The ratio r¢/ug obtained for different values of wug
numerically (‘--’) and from the analytical expressions (‘—’). Note
that this ratio is always smaller than 1

the main result obtained in this paper is observed in this example, as expected.

The correction applied in these iterations is always smaller than uy = 0.25. In

fact, we observe that max (|r,|)/ug = 0.15/0.25 = 0.6, so with a control that is
n

approximately 60 % of the noise the trajectories are kept bounded.

Finally, in Fig. 3 we have shown the bounds of the optimal ratios ro/ug that
allow to keep the trajectories bounded ad infinitum, obtained analytically from
the expressions given in Remark 4.1, and their numerical estimations, which were
obtained by computing the maximum |r,| necessary to control a trajectory of
10000 time steps. Note that these ratios are always smaller than one, but their
value depend on the value of uyg.

6. Conclusions

In this paper we have shown a way to control transient chaos in one dynamical
systems using a very particular set of points: the safe sets. A main advantage of
this type of control is that, by accurately choosing the initial condition, we can
stabilize the system applying perturbations even smaller than the perturbation on
the dynamics induced by the presence of noise.

This is due to the very interesting properties of these sets, which themselves
can be derived from the same mathematical conditions from which the existence
of the chaotic saddle in the dynamical system can be inferred. These conditions
are intimately related with the typical “stretching and folding” processes associ-
ated with chaotic dynamics and transient chaos. It is well known that this type
of process is also present in higher dimensional dynamical systems, like in the
paradigmatic Smale horseshoe map [6] and we have recently proved [7] that safe
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sets also arise in this kind of structures, which are themselves present in a vari-
ety of situations. All this makes us think that considering the global geometrical
properties of a dynamical system can be useful from a control point of view, not
only to control transient chaos but also to control other dynamical situations that
involve this type of “stretching and folding” of the phase space.
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