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Preface

A partial differential relation R is any condition imposed on the partial
derivatives of an unknown function. A solution of R is any function which
satisfies this relation.

The classical partial differential relations, mostly rooted in Physics, are usu-
ally described by (systems of ) equations. Moreover, the corresponding sys-
tems of equations are mostly determined: the number of unknown functions
is equal to the number of equations. Given appropriate boundary condi-
tions, such a differential relation usually has a unique solution. In some
cases this solution can be found using certain analytical methods (potential
theory, Fourier method and so on).

In differential geometry and topology one often deals with systems of partial
differential equations, as well as partial differential inequalities, which have
infinitely many solutions whatever boundary conditions are imposed. More-
over, sometimes solutions of these differential relations are C'°-dense in the
corresponding space of functions or mappings. The systems of differential
equations in question are usually (but not necessarily) underdetermined. We
discuss in this book homotopical methods for solving this kind of differen-
tial relations. Any differential relation has an underlying algebraic relation
which one gets by substituting derivatives by new independent variables. A
solution of the corresponding algebraic relation is called a formal solution of
the original differential relation R. Its existence is a necessary condition for
the solvability of R, and it is a natural starting point for exploring R. Then
one can try to deform the formal solution into a genuine solution. We say
that the h-principle holds for a differential relation R, if any formal solution
of R can be deformed into a genuine solution.



XII Preface

The notion of h-principle (under the name “w.h.e.-principle”) first appeared
in [Gr71] and [GET71]. The term “h-principle” was introduced and pop-
ularized by M. Gromov in his book [Gr86]. The h-principle for solutions
of partial differential relations exposed the soft/hard (or flexible/rigid) di-
chotomy for the problems formulated in terms of derivatives: a particular
analytical problem is “soft” or “abides by the h-principle” if its solvability
is determined by some underlying algebraic or geometric data. The softness
phenomena was first discovered in the fifties by J. Nash [Na54] for isometric
C'-immersions, and by S. Smale [Sm58, Sm59] for differential immersions.
However, instances of soft problems appeared earlier (e.g. H. Whitney’s pa-
per [Wh37]). In the sixties several new geometrically interesting examples
of soft problems were discovered by M. Hirsch, V. Poénaru, A. Phillips, S.
Feit and other authors (see [Hi59], [P0o66], [Ph67], [Fe69]). In his dis-
sertation [Gr69], the paper [Gr73] and later in his book [Gr86] Gromov
transformed Smale’s and Nash’s ideas into two powerful general methods
for solving partial differential relations: continuous sheaves (or the covering
homotopy) method and the convex integration method. The third method,
called removal of singularities, was first introduced and explored in [GE71].

There is an opinion that “the h-principle is the hardest part of Gromov’s
work to popularize” (see [Be00]). We wrote our book in order to improve
the situation. We consider here two geometrical methods: holonomic ap-
proximation, which is a version of the method of continuous sheaves, and
convex integration. We do not pretend to cover here the content of Gro-
mov’s book [Gr86], but rather want to prepare and motivate the reader to
look for hidden treasures there. On the other hand, the reader interested
in applications will find that with a few notable exceptions (e.g. Lohkamp’s
theory [Lo95] of negative Ricci curvature and Donaldson’s theory [Do96]
of approximately holomorphic sections) most instances of the h-principle
which are known today can be treated by the methods considered in the
present book.

The first three parts of the book are devoted to a quite general theorem
about holonomic approximation of sections of jet-bundles and its applica-
tions. Given an arbitrary submanifold Vo C V of positive codimension, the
Holonomic Approximation Theorem allows us to solve any open differen-
tial relations R near a slightly perturbed submanifold ‘N/o = h(V) where
h:V — Vis a C%small diffeomorphism. Gromov’s h-principle for open
Diff V-invariant differential relations on open manifolds, his directed embed-
ding theorem, as well as some other results in the spirit of the hA-principle
are immediate corollaries of the Holonomic Approximation Theorem.



Preface XIII

The method for proving the h-principle based on the Holonomic Approxima-
tion Theorem works well for open manifolds. Applications to closed manifold
require an additional trick, called microextension. It was first used by M.
Hirsch in [Hi59]. The holonomic approximation method also works well
for differential relations which are not open, but microflexible. The most
interesting applications of this type come from Symplectic geometry. These
applications are discussed in the third part of the book. For convenience
of the reader the basic notions of Symplectic geometry are also reviewed in
that part of the book.

The fourth part of the book is devoted to convex integration theory. Gro-
mov’s convex integration theory was treated in great detail by D. Spring
in [Sp98]. In our exposition of convex integration we pursue a different
goal. Rather than considering the sophisticated advanced version of convex
integration presented in [Gr86], we explore only its simple version for first
order differential relations, similar to the first exposition of the theory by
Gromov in [Gr73]. Nevertheless, we prove here practically all the most
interesting corollaries of the theory, including the Nash-Kuiper theorem on
C'-isometric embeddings.

Let us list here some available books and survey papers about the h-principle.
Besides Gromov’s book [Gr86], these are: Spring’s book [Sp98], Adachi’s
book [Ad84], Haefliger’s paper [Ha71], Poénaru’s paper [Po71] and most
recently Geiges’ notes [GeO1].

Acknowledgements. The book was partially written while the second
author visited the Department of Mathematics of Stanford University, and
the first author visited the Mathematical Institute of Leiden University and
the Institute for Advanced Study at Princeton. The authors thank the host
institutions for the hospitality. While writing this book the authors were
partially supported by the National Science Foundation. The first author
also acknowledges the support of The Veblen Fund during his stay at the
TAS.

We are indebted to Hansjorg Geiges and Ana Cannas da Silva who read the
preliminary version of this book and corrected numerous misprints and mis-
takes. We are very thankful to all the mathematicians who communicated
to us their critical remarks and suggestions.






Intrigue

<« Examples

A. Immersions. A smooth map f:V — W of an n-dimensional manifold
V into a ¢-dimensional W, n < ¢, is called an immersion if its differential
has the maximal rank n at every point. Two immersions are called reqularly
homotopic if one can be deformed to the other through a smooth family of
immersions.

Al. For an immersion f : S' — R? we denote by G(f) its tangential
degree, i.e. the degree of the corresponding Gaussian map S' — S'. Then
two immersions f,g: S — R? are regularly homotopic if and only if G(f) =
G(g), see [Wh37] and Section 6.1 below.

A2. On the other hand, any two immersions S* — R® are regularly ho-
motopic, see [Sm58] and Section 4.2 below. In particular, the standard
2-sphere in R? can be inverted outside in through a family of immersions.

A3. Consider now pairs of immersions (fo, f1) : D?> — R? which coincides
near the boundary circle 9D?. What is the classification of such pairs up
to the regular homotopy in this class? The answer turns out to be quite
unexpected: there are precisely two reqular homotopy classes of such pairs.
One is represented by the pair (j,j) where j is the inclusion D? — R2, the
second one is represented by the pair (f,g), where the immersions f and g
are shown on Fig.0.2.. See [E172].

B. Isometric C''-immersions. Is there a regular homotopy f; : S? — R3
which begins with the inclusion fy of the unit sphere and ends with an
isometric immersion fi into the ball of radius % ? Here the word isometric
means preserving length of all curves. The answer is, of course, negative if
f1 is required to be C?-smooth. Indeed, in this case the Gaussian curvature

of the metric on S? should be > 4 at least somewhere. However, surprisingly
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2 Intrigue

Figure 0.2. The immersions f and g.

the answer is “yes” in the case of C'-immersions (when the curvature is not
defined but the curve length is), see [Na54, Kub55] and Chapter 21 below.

C. Mappings with a prescribed Jacobian. Let ) be a n-form on a
closed oriented stably parallelizable n-dimensional manifold M such that
JQ=0, and

M

n=dxy N\ Ndzxy,

be the standard volume form on R™. Then there exists a map f: M — R"
such that f*n = Q. See [GE73]. »

All the above statements are examples of the homotopy principle, or the
h-principle. Despite the fact that all these problems are asking for the
solution of certain differential equations or inequalities, they can be reduced
to problems of a pure homotopy-theoretic nature which then can be dealt
with the methods of Algebraic topology. For instance, the regular homotopy
classification of immersions S? — R3 can be reduced to the computation of
the homotopy group m2(RP?), which is trivial.

We are teaching in this book how to deal with these problems. In particular,
two general methods which we describe here will be sufficient to handle all
the above examples, except A3 and C. In our sequel book “The h-principle
and singularities” we will discuss other methods which prove, in particular,
the two remaining results.

Another, maybe even more important, goal of this book is to teach the
reader how to recognize the problems which may satisfy the h-principle. Of
course, in the most interesting cases this is a very difficult question. As
we will see below there are plenty of open problems where one neither can
establish the h-principle, nor find a single instance of rigidity. Nevertheless
we are confident that the reader should develop a pretty good intuition for
the problems which may satisfy the h-principle.
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Here are few more examples when the h-principle holds, fails or unknown.
< Examples

D. Totally real, Lagrangian and c-Lagrangian embeddings. Let
T? = (R/Z) x (R/Z) be the 2-torus with the cyclic coordinates 1,z € R/Z.
Given an embedding f : T2 — C? consider the vectors

v (z) = aa—gi(x) and wvy(x) = aa—g'j);(x), zeT?.
The embedding f is called real or totally real if these vectors are linearly
independent (over C) for each x € 1. It is called Lagrangian if the real
planes generated by the vectors vy (x), va(z) and vy (x), ive(x) are orthogonal
for each z € T?. For 0 < ¢ < 5 an embedding f is called e-Lagrangian if
the angle between these planes is greater than § — ¢ for each x € T' 2. Thus
Lagrangian are real, and real coincide with (7/2)-Lagrangian embeddings.
Let us denote by N4o the space of real 4 x 2 matrices of rank 2. Identifying
C? with R* we can view a 2 X 2 complex matrix as a 4 x 2 real matrix,
and thus consider GL(2,C) as a subspace of Ng. With any embedding

f:T? — C? we associate the map v I T? — Ny defined by the formula
vf(z) = (vi(),v2(x)) € Naz.-
If f is real then the image v;(7T?) is contained in GL(2,C ).
D1. Real and, moreover, e-Lagrangian embeddings satisfy the h-principle.
Namely, let f: T? — C? be any embedding. Suppose that the map
vy T2 = Nyo
is homotopic to a map
w:T?* — GL(2,C) C Nia.

Then for any € > 0 the embedding f is isotopic to an e-Lagrangian embed-
ding. Any two e-Lagrangian embeddings f,q : T? — C? such that the maps
f and g are isotopic and the maps

vp,vg 0 T? — GL(2,C)

are homotopic inside GL(2,C ) are isotopic via an e-Lagrangian isotopy. See
[Gr86] and Section 19.4 below.

D2. On the other hand, the h-principle is wrong for Lagrangian embed-
dings. As it follows from an unpublished work of H. Hofer and K. Luttinger,
any two Lagrangian embeddings 7% — C? are Lagrangian isotopic.

E. Free maps. A map 7% — R" is called free if 5 vectors
of of O f *f, . Pf n
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are linearly independent for all € T'2. Of course, the minimal dimension
n for which free embeddings may exist is equal to 5.

It is an open problem whether there exists a free map 72 — R®. In par-
ticular, we do not know whether the h-principle holds for free maps to R5.
On the other hand, free maps to RS satisfy the h-principle. We invite the
reader to guess what this statement really means, or look at [GE71].

F. Contact and Engel structures. A contact structure on a 3-manifold
M is a completely non-integrable tangent 2-plane field. A completely non-
integrable tangent 2-plane field on a 4-manifold N is called an Engel struc-
ture. The complete non-integrability means in the first case that the Lie
brackets (resp. two successive Lie brackets it the second case) of tangent to
the plane field vector fields generate T'M at each point of M.

F1. Some forms of the h-principle holds in the contact case even for closed
manifolds. For instance, any tangent to M plane field is homotopic to a
contact structure (see [Lu77]| and Section 11.2 below).

F2. On the other hand, it is unknown whether the h-principle holds for
Engel structures on closed 4-manifolds. In particular, it is an outstanding
open question whether any closed parallelizable 4-manifold admits an Engel
structure. »
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Chapter 1

Jets and Holonomy

1.1. Maps and sections.

It is customary to visualize a map f : R® — R? as its graph I'y C R" x RY.
This graph may be considered as an image of a map R” — R" x R? given
by the formula z — (x, f(x)). Mathematicians call this map a section,
while Physicists prefer to call it a field (or an R?-valued field). Hence any
map f : R* — R? can be thought of as a section R® — R" x R? of the
trivial fibration R® x R? — R™. Similarly, any map V — W, where V and
W are smooth manifolds, can be considered as a W -valued field, or as a
section V. — V x W of the trivial fibration V. x W — V. We will also
consider arbitrary fibrations (=fiber bundles) X — V and sections of these
fibrations, i.e. maps f : V — X such that po f = idy. In all cases the image
of a section contains all the information about this section and we will use
the term “section” both for the section as a map and for its image.

In what follows we usually denote the dimensions of V., W and X by n, ¢
and n 4+ q. By a section or a map we mean, as a rule, a C'°°-smooth section
or a map. By a family of sections or maps we mean, as a rule, a continuous
(with respect to the parameter) family of sections or maps. However such a
family is supposed to be smooth in the cases when we need to differentiate
with respect to the parameter.

A
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1.2. Coordinate definition of jets. The space
J"(R™ RY)

Given a (smooth) map f: R" — R?, the string of derivatives of f up to the
order r

Ti@) = (f@), f'@). ., fO )

is called the r-jet of f at the point x € R™. Here f(®) consists of all
partial derivatives D*f , a = (aq,..., ), || = a1 + -+ + a,, = s, written
lexicographically.
Let d, = d(n,r) be the number of all partial derivatives D® of order r of a
function R* — R. The r-jet J;(x) of the map f : R" — R can be considered
as a point of the space

R? x RI% x RI%2 x ... x RIr = RaNr
where N, =1+d; +do+ -+ + d,.

< Exercise. Prove that d(n,r) = % and N(n,r) = (7;:!7;)!. >

The space z x R¥V" can be viewed as a space of all a priori possible values
of jets of the maps f : R® — R? at the point z € R”. In this context the
space

R x RV = R? x R? x RI% x R¥%2 x ... x RI%
is called the space of r-jets of maps R® — R?, or the space of r-jets of
sections R" — R™ x R?, and denoted by J"(R",R?). For example,

JHR™ RT) = R" x RY x Myxy,
where Mgy, = R is the space of (¢ x n)-matrices. Given a section f :
R"” — R™ x R? , the section
Ji R = J(R",RT), z+— Ji(z),
of the trivial fibration
p': J(R*,RY) =R* x R - R”
is called the r-jet of f, or the r-jet extension of f.

Note that for any point z € J"(R",R?) there exists a unique R?-valued
polynomial f(z1,...,zy,) of degree r such that J(p"(2)) = 2. Hence, there
exists a canonical trivialization

R" x Py(n,q) & J"(R*, RY)

of the fibration p” : J"(R",R?) — R"™, where P.(n,q) is the space of all
polynomial maps R"™ — R? of degree < r.

< Exercise. Draw 1-jets of the function f: R — R; f(u) =ax+b. »
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Figure 1.1. The trivialization ¢, the sections f, g, and their im-
ages @, f and @.g.

1.3. Invariant definition of jets

In order to define the space J"(V, W) of r-jets of sections V. — V x W of
a trivial fibration p : V. x W — V and, more generally, the r-jet space of
sections V' — X of an arbitrary smooth fibration p : X — V', we need to
define jets invariantly.

Following Gromov’s book [Gr86] we will use the notation Op A as a re-
placement of the expression an open neighborhood of A C V. In other
words, Op A is an arbitrarily small but non-specified open neighborhood of
a subset A C V.

Let v € V. Two local sections f : Opv — X and g : Opv — X of the
fibration X — V are called r-tangent at the point v if f(v) = g(v) and

Jo. 1 (p(v)) = Jg, 4 (0(v))
for a local trivialization ¢ : U — R™ x R? of X in a neighborhood U of the

point x = f(v) = g(v). Here ¢, f and ¢.g are images of the sections f and
g (see Fig.1.1).

It follows from the chain rule that the r-tangency condition does not depend
on the specific choice of the local trivialization. The r-tangency class of a
section f : Opv — X at a point v € V is called the r-jet of f at v and
denoted by J}’(v). Thus we have correctly defined the set X () of all r-jets
of sections V' — X, and the set-theoretical fibrations p( : X (") — X and
pr=popy:X (") — V. Moreover, the extensions

¢ (pp) M (U) — J(R*,RY)
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of the local trivializations ¢ : U — R"™ xR? which send the r-tangency classes
of local sections of X to the r-tangency classes of its images in J"(R",R?),
define a natural smooth structure on X (") such that p” : X — V becomes
a smooth fibration. This fibration is called the r-jet extension of the fibration
p: X — V. The section

Ji V= X0 v Ji(v),
is called the r-jet of a section f:V — X, or the r-jet extension of f.

It is important to understand that the chain of inclusions
R* x R? = JO(R",R?) ¢ JHR",RY) C JA(R",RY) C--- C J"(R",R?) C ...

is not invariant with respect to fiberwise reparametrizations of R™ x RY.
Indeed, the chain rule for the derivatives of order r involves derivatives of
all orders < r. Hence for a general fibration X — V' the chain

X=XO0cxOcx@c...c xt)c .

does not exist as an invariant object. On the other hand, the r-tangency of
two sections implies their s-tangency for all 0 < s < r, and therefore the
chain of projections

X=x0 _x®O _x@ ... _x
is invariantly defined.

<« Exercise. Prove that the projection pl_; : X — X=1 carries a
natural structure of an affine bundle. » If X is a trivial fibration VxW — V

then the space of r-jets of sections (or maps V' — W) is denoted by J"(V, W).

1.4. The space X

According to the invariant definition of the jet space, the points of X (1) are
classes of 1-tangency of sections, and therefore they can be viewed as non-
vertical tangent n-planes P, C T, X. Here “non-vertical” means P,NVert, =
x, where Vert,, is the g-dimensional tangent space to the fiber of the fibration
X — V over p(x). If we fix a point in X®M ie. a non-vertical plane P,,
then the fiber of the fibration X" — X over z can be identified with

Hom(P,, Vert;) ~ Hom (R",R?) = R?".

If X = VxW and x = (v,w) then Vert, = T,,(vx W), and moreover, we can
set P, = T,(V xw). Therefore J*(V, W) — V xW is a vector bundle with the
fiber Hom (7, V, T,,W) over = (v,w). In particular, J'(V,R) = T*(V) xR
and JH (R, W) =R x T(W).
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In the general case P, cannot be canonically chosen, and therefore the fibra-
tion X — X does not have a canonical vector bundle structure, though
the affine structure does survive.

Note that the sections of the fibration p} : X (1) — X may be identified with
connections on X. For example, there exists a natural inclusion X — X &)

for X =V x W which corresponds to the standard flat connection on the
trivial bundle V- x W — V.

1.5. Holonomic sections of the jet space X

Given a section F' : V — X (") we will denote by bs F' the underlying section
phoF:V — X. A section F:V — X is called holonomic if F = J7_..
In particular, holonomic sections R” — J"(R™,R?) have the form

2 (2,f(@), @), @)
The correspondence f — JJC defines the derivation map

J": Sec X — Sec X

Its one-to-one image J" (Sec X) coincides with the space Hol X ") ¢ Sec X ()
of holonomic sections, i.e. we have

Sec X g Hol X < Sec X,

Note that the C°-topology on Sec X (™) induces via J” the C"-topology on
Sec X.

A homotopy of holonomic sections of X (") is called a holonomic homotopy.

1.6. Geometric representation of sections
V- X0

A section F : V — XM can be viewed geometrically as a section f = bs F :
V — X together with a field 7 of non-vertical n-planes along f, see Fig.1.2.
Such a section is holonomic if and only if the field 7 is tangent to f(V).

Similarly, a section F : V — X ) can be viewed as a pair (Fs—1,7s) where
Fe 1 =p joF:V — X (=1 and 7, is a field of non-vertical n-planes along
F,_1 in TXG6~D . Continuing inductively, we interpret a section V — X ()
as a the sequence {f,7,72,...,7,} where 75 is a non-vertical n-plane field
in TX®=Y along Fy_y = {f,7,72,...,7s—1}; s = 1,...,7. The section
F:V — X is holonomic if and only if for each s = 1,...,r the field 75 is
tangent to Fs_1(V).
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AR

Rn

—

Figure 1.2. 1-jet of a map R* — R? as a pair (graph, plane field
along graph).

This interpretation of sections V' — X makes it geometrically clear an ana-
lytically evident fact that a random section F' : V — X () is not holo-
nomic and that the holonomic sections are rather exotic objects in the space
Sec X () of all sections of the jet-bundle X ().

1.7. Holonomic splitting

The following observation shows that given a local holonomic section F' :
{UcV}—=X (") U ~ R", there are plenty of holonomic sections U — X (")
which are “parallel” to F.

As we already mentioned, the space J"(R™,R?) has a tautological parametriza-
tion

R* x P(n,q) — J'(R*,R?), (v, f) = (v, J}(v)),
where P,(n,q) is the space of all polynomial maps R” — R? of degree
< r. Such a parametrization has the following nice property, which we
call holonomic trivialization: the images of the horizontal fibers R" x f €
R™ x P,.(n,q) are holonomic sections J. In particular,

1.7.1. (Holonomic splitting) Any holonomic section V. — X) has a
holonomically trivialized tubular neighborhood over any open ball U C V.

This observation is a key to the Thom Transversality Theorem (see, for
example, [Gr86]) which we discuss in the next chapter.



Chapter 2

Thom Transversality
Theorem

2.1. Generic Properties and Transversality

It is convenient to express the idea of abundance of maps or sections which
satisfy a certain property P by saying that a generic map or section satisfies
this property. More precise, we say that a generic section from a space S
has a property P if the space of maps from § which has this property is
open and everywhere dense in S, or more generally if it can be presented
as a countable intersection of open and everywhere dense sets. The space of
smooth sections of any fibration, and most other functional spaces considered
in this book, are so-called, Baire spaces which implies, in particular, that
sets of generic maps are at least non-empty.

A map f:V — W is called transversal to a submanifold ¥ C W if for each
point « € V one of the following two conditions holds:

o f(z)¢X or
e f(z) € ¥ and the tangent space T’(,)W is generated by T'y(,)> and
af (T, V).

If codim¥ > dim V' then the second condition can never be satisfied, and
thus transversality just means that f(V)NY = @.

The implicit function theorem guarantees that if a map f : V — W is
transversal to ¥ then f~!(X) is a submanifold of V' of the same codimension
inV asXin W.
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2.2. Stratified sets and polyhedra

A closed subset S of a manifold V' is called stratified if it is presented as a
N

union | S; of locally closed submanifolds S}, called strata, such that for each
0

_ N _
k=0,...,N we have Sy = |J S, where S, is the closure of the stratum
=k
S%. The dimension of a stratified set is the maximal dimension of its strata.

< Examples

1. Each manifold V' with boundary has a stratification with two strata
So=IntV and S; = 9V.

2. Given any smooth triangulation of a manifold V', any closed subset which
is a union of simplices of the triangulation is stratified by the strata which are
interiors of the simplices. We will call stratified sets of this kind polyhedra.

3. Any real analytic, or even semi-analytic set (i.e. a set defined by a system
of analytic equations and inequalities) can be stratified (see [GMS87], p. 43).
>

2.2.1. (The set of matrices of bounded rank) Let us denote by X,

t = 0,...,m, an algebraic subset of the space Myxy, of q X n matrices,

n < q, which consists of matrices of rank < n — i, and by S; the space of

matrices of rank = n—i. Then S;, i =0,...,n are locally closed submanifolds
n

of Myxn of codimension i(q —n+1), and |J S;j is a natural stratification of
j=i

Y, i.e. for each j =0,...,i the stratum S; consists of smooth points of s’

Proof. The condition that the rank of a ¢ x n matrix is precisely equal to
n — i is expressed by equating to zero (¢ — n + i)i minors of order i + 1
enveloping a non-zero minor of order n — 4. It is straightforward to check
that this system has maximal rank. O

2.2.2. (Corollary) Let X! Cc JY(V,W) be the space of 1-jets of maps of
rank < max(n,q) —i.

Then X is a stratified subset of codimension i(|qg — n| +i).

N
A map f:V — W is called transversal to a stratified set ¥ = |JS; C W if
0

it is transversal to each stratum S;, j =0,...,N. For a transversal map f
the pre-image f~1(X) of a stratified subset ¥ C W is a stratified subset of
V' of the same codimension.
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2.3. Thom Transversality Theorem

We begin with an almost obvious lemma which is the simplest case of the
A. Sard theorem [Sa42].

2.3.1. Let f : V — W be a (C'-)smooth map. If ¢ > n then the image f(V)
has zero q-dimensional Lebesgue measure.

Proof. It is sufficient to consider the case when V is the n-disk D = D"

and W = RY. There is a constant C' > 0 such that for any integer N > 0 the

ball D can be covered by CN™ balls D; of radius 1/N. Set A = max l|daf]]-
ac

The image of each ball D; is contained in a ball El C R? of radius < %.

Hence the total volume of balls Ez is bounded by
CN"A%,  C

= — 0,
N4 NI Nooo

where o, is the volume of the unit ball in R™. Therefore the image f(V)

can be covered in W by a set of an arbitrarily small measure. O

2.3.2. (Thom Transversality Theorem) Let X — V be a smooth fi-
bration, and ¥ a stratified subset of the jet-space X"). Then for a generic
section f 1V — X its jet-extension JJ’Q :V — X s transversal to 3.

Proof of Theorem 2.3.2 in case codimY >n=dimV

We need to prove that for a generic holonomic section F : V. — X () the
image F'(V) does not intersect ¥. It is sufficient to consider the case when
V is a closed disc D". The space of sections

Sec (X \ ¥) c Sec X7
is open because ¥ C X () is closed and D" is compact. Hence, the space
Hol (X \ &) ¢ Hol X
is also open. Therefore, we only need to check that Hol (X () \ ¥) is every-
where dense in Hol X (.

Let F : D™ — X () be a holonomic section. As was explained in Section 1.7
above, the section F' has a holonomically trivialized tubular neighborhood
Y = D" x RE where K = ¢N, . Identifying the vertical fiber

0x RE ¢ D" x R

with the space of horizontal holonomic sections {D" X a},cprx One can say
that the image 7(X) C R¥ under the projection 7 : Y = D" x R — RE
consists of all horizontal sections which are non-transversal to 3. By our
assumption dim¥ < dim X(") —n = K. Hence Lemma 2.3.1 implies that
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7(¥) has measure 0 in R¥. In particular, the complement R¥ \ 7(X) is
everywhere dense in RE . Therefore, any open neighborhood of F contains
a section F € Hol (X" \ ¥). a

Proof of Theorem 2.3.2 in case codim¥ <n=dimV

Denote by () the subset of the jet space X("+1) which consists of the
(r + 1)-jets of sections f : Opv — X for which J} is not transversal to
Y. In the case codim ¥ < n the assertion that a generic section in Hol X (r)
is transversal to X is equivalent to the assertion that a generic section in
Hol X "*1) belongs to Hol (X +1 \ (1)) Hence, this case of 2.3.2 can be
deduced from the one considered above and the following lemma.

2.3.3. Let ¥ C X") be a stratified subset. Suppose that k = codim¥ < n =
dim V. Then W) is a stratified subset of X"V of codimension n + 1.

We will illustrate the ideas involved in the proof of Lemma 2.3.3 in a couple
of partial cases and will leave the general case as an (advanced) exercise to
the reader.

Case r = 0. We may assume that X — V is the trivial fibration R" x R? —

R™ and ¥ is a coordinate subspace in R" x R?. We denote by (z1,...,Z,)
the coordinates in R™ and by (yi,...,¥,) the coordinates in RY. Let
= f{yi ==y =0}

Then X = JYUR™ RY) = R* x RY x Mxn, where Mgy, is the space of
(g x n)-matrices Z = (z;;). Let Z be the (k x n)-submatrix which consists of
the first k rows of Z. The set ©(1) is given in this notation by the conditions

rankZ <k —1.
According to 2.2.1 the above equations define a stratified subset of X (1) of

codimension k + (n —k+1) =n+ 1. O

Case codim ¥ = 1. We may assume as above that p : X — V is the trivial
fibration R” x R? — R™. Let us denote the coordinates in the space X () by

(6% (6%
L1yeee 5T Yy 5 - 7yq7
n
where o = (o, ..., ay) are multi-indexes with a; > 0 and |a| = > a; <.
i=1

The coordinate y;* corresponds to the partial derivative

olelf, el

oz Ox(t...0xqn
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of the coordinate function f;, i =1,...¢q, of a section V — X. The projec-
tions

p" X" SV oand pg:X(T) X6 s=0...,r—1
(see 1.3) are given by dropping the coordinates y® with |a] > s + 1 for
s = —-1,0,...r—1and ¢ = 1,...,q. Without loss of generality we may
assume that 3 is a submanifold. Locally near a point z € ¥ the submanifold

¥ can be defined by an equation F' = 0. Let us denote by X! (z) and X" (z)
the fibers of the projections pi, and p” through the point z.

Suppose that X is not transversal to the fiber X" (z) at z. Then for x =
p"(z) any local section J}L : Opxz — X, which is C'-close to a section
Ji Opz — X with Ji(z) = 2, is transversal to ¥. Hence in this
case XM ¢ X+ does not intersect a neighborhood of the fiber X7+1(2).
Suppose now that 3 is transversal to the fiber X" (z) and set

S =max {s=0,...r| ¥ is transversal to the fiber X! (2)},

where X", = X". Then

oF
@(2) =0

for any ¢ = 1,...,q when |a] > S and there exist i/ € {1,...,¢} and a
multi-index o’ with | o/| = S such that

F /
g—g(z) #0 where §=1yJ .

The tangent space T, to a section J]C at the point z is generated by the

vectors
o 8J]’;
=(=.,=—2L), k=1,...
(%3 <axk7axk>7 ) , 1,

with coordinates

olel+1 g, glal+1¢.
z =0 1=1,...,n, andyflzijzzzifz
c%ckax axa—l—&l

Therefore the set ¥ ¢ X+ can be defined in a neighborhood of the
fiber X’ *1(2) by the system of (n + 1) equations

z),i=1,...,q.

F=0

q

oF OF

8xk+2 > Dy™ Oy =0,k=1,...,n,
y 1
i=1 |a|<S

. 5k .
where we denote by Opys* the coordinate y;l+ ! (once more: here Opy* is a

coordinate in the jet space, not a derivative!). We claim that the rank of
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this system equals n + 1. Indeed, its minor of order (n + 1) which consists
of columns corresponding to the derivatives with respect to the coordinates

gvalgw"vang
(where § = y%') has the form
oF
7 0 0 0 0
« 90 0 .00
« 0 %50 .0 _<8F>”+1
OF =\ 3 ;
oF
* 0 0 0 ... i

and hence it does not vanish near the fiber X7 1(z). O



Chapter 3

Holonomic
Approximation

The Holonomic Approzimation Theorem which we discuss in this chapter
shows that in some sense there are unexpectedly many holonomic sections
near any submanifold A C V of positive codimension.

3.1. Main theorem

Question: Is it possible to approzimate any section F : V. — X by a
holonomic section? In other words, given an r-jet section and an arbitrarily
small neighborhood of the image of this section in the jet space, can one find
a holonomic section in this neighborhood?

The answer is evidently negative (excluding, of course, the situation when
the initial section is already holonomic). For instance, in the case r = 1 and
X =V x R the question has the following geometric reformulation: given
a function and an n-plane field along the graph of this function, can one
CO-perturb this graph to make it almost tangent to the given field?

The problem of finding a holonomic approximation of a section of the -
jet space near a submanifold A C R" is also usually unsolvable. The only
exception is the zero-dimensional case: any section can be approximated
near any point by the r-jet of the respective Taylor polynomial map.

In contrast, the following theorem says that we always can find a holonomic
approximation of a section F': V — X ") near a slightly deformed subman-
ifold A C V if the original submanifold A C V is of positive codimension.

19
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3.1.1. (Holonomic Approximation Theorem) Let A C V be a polyhe-
dron of positive codimension and F : Op A — X be a section. Then for
arbitrarily small §,¢ > 0 there exist a §-small (in the C°-sense) diffeotopy
WV =V, 7el0,1], and a holonomic section F : Op h*(A) — X such
that N

diSt(F(’U) s F’Ophl(A)(v)) <e€
for allv e Op h'(A) (see Fig.3.1).

AT

Figure 3.1. The sets A, h'(A), Op A (gray) and Op h'(A) (deep gray).

<4 Remarks

1. If A (and hence V) is non-compact then instead of arbitrarily small
numbers ,6 > 0 one can take arbitrarily small positive functions J,¢ :
V — Ry. Later in the book the similar situations will appear frequently
and we always silently assume that our “arbitrarily small numbers” become
“arbitrarily small functions” in the case of a non-compact polyhedron A.

2. Let us recall that we use the notation Op A as a replacement of the
expression an open neighborhood of A and the term polyhedron in the sense
that A is a subcomplex of a certain smooth triangulation of the manifold V.

3. We assume that the manifold V' is endowed with a Riemannian metric and
the bundle X () is endowed with an Euclidean structure in a neighborhood
U of the section F(V) c X,

4. A diffeotopy h™ : V. — V, 7 € [0,1], is called é-small, if h® = Idy and
dist(h" (v),v) < d(v) for all v € V and 7 € [0, 1].

5. We assume that the image h'(A) is contained in the domain of definition
of the section F. »

As we will see below, the relative and the parametric versions of the theorem
are also true. In the relative version the section F' is assumed to be already
holonomic over Op B, where B is a subpolyhedron of A, while the diffeotopy
h™ is constructed to be fixed on Op B and Fis required to coincide with F
on Op B. Here is the parametric version of 3.1.1.
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3.1.2. (Parametric Holonomic Approximation Theorem) Let A C V
be a polyhedron of positive codimension and F, : Op A — X ) be a family of
sections parametrized by a cube I, m = 0,1,... . Suppose that the sections
F, are holonomic for z € Op 0I'™. Then for arbitrarily small 5, > 0 there
exist a family of 5-small diffeotopies h : V —V, 7 € [0,1], z € I"™, and a
family of holonomic sections F, : Opht(A) — Xz € I™, such that

o hl =Idy and ﬁ’z =F, for all z € OpoI™;

o dist(F.(v), F.lopnia)(v)) <e for allve Op hl(A).

<« Remark. Note that what we call here and below a parametric version
is also relative with respect to a subspace of the space of parameters. »

3.2. Holonomic approximation over a cube

Using induction over the skeleton of the polyhedron A and taking into ac-
count that the fibration X — V is trivial over simplices we reduce the
relative version of Theorem 3.1.1 to its special case for the pair (4, B) =
(IF,01%) C R™.

3.2.1. (Holonomic approximation over a cube) Let I* C R?, k < n, be
the unit cube in the coordinate subspace RF C R™ of the first k coordinates.
For any section

F:0pIF — J"(R",RY)

which is holonomic over Op dI* and for an arbitrarily small positive num-
bers 6, > 0 there exist a d-small (in the C-sense) diffeomorphism

h:R*—=R", h(z1,...,25) = (T1,. ., Tn-1,Tn + (21, ..., Ty)),
and a holonomic section
F: Oph*(I*) — J'(R",R?)
such that

e h=Id and F =F on OpdI*;
o [|F = Flopnumllco <e.

Theorem 3.2.1 will be deduced from the Inductive Lemma 3.4.1 which we
formulate below. In order to formulate the Inductive Lemma we need the
notion of a fiberwise holonomic section.
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3.3. Fiberwise holonomic sections

Given an arbitrary subset A C V a section F': A — X (") is called holonomic
if there exists a holonomic extension F : Op A — X() such that F|4 = F.

Note that any two holonomic extensions Op A — X () of a section F : A —
X () can be joined by a homotopy in the space of holonomic extensions.
Moreover, the space of holonomic extensions is contractible.

A section F : V — X is called holonomic over A C V if the restriction
F|4 is holonomic. Given a fibration 7 : V. — B we say that a section
F:V — X" is fiberwise holonomic . if there exists a continuous family
of holonomic extensions Fj, : Opr1(b) — X b € B, such that for each
b € B the sections F, and F coincide over the fiber 771(b). The continuity of
the family of sections F}, : Op 77 1(b) — X, b € B, means the continuity
of the section F: OpV C V x B — X x B where V = {(v,7(v)),v € V}
is the graph of the projection 7, and the restriction of F to Op VNV xb
coincides with ﬁ’b.

3.3.1. Any section F : V — X is holonomic over any point v € V.. More-
over, it is fiberwise holonomic with respect to the trivial fibration idy : V —
V.

Indeed, locally we can take the Taylor polynomial map which corresponds
to F(v) with respect to some local coordinate system centered at v as a
section ﬁ’v : Opv — X ). Then the global result follows using a partition
of unity and the contractibility of the space of holonomic extensions. O

The contractibility of the space of holonomic extensions also implies:

3.3.2. Suppose that for closed sets B C A C V a section F : Op A — X(7)
s holonomic over Op B. Then there exists a family of holonomic extensions

F,:Opv— X" veA,
such that Fy(v) = F(v) for allv € A, and F, = Flopy forv e B.

The above statement also holds parametrically for families of sections.

3.4. Inductive Lemma

In the induction below we will consider the cube I* C R” as the family
{y x Il}yelk—l of [-dimensional cubes, [ = 0,1,...,k — 1. We recommend to
the reader to keep in mind two simplest cases while reading for the first time
the statements and the proofs in this and the next sections: n =2, k =1,
[=0and n=23, k=2,1=1. We will illustrate these cases by pictures.
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Given a subset A C R" we will denote by N(A) its cubical §-neighborhood.
Let 75 : R" — R® be the projection to the space of first s coordinates. Let
us fix a positive @ < 1 and for y = (x1,...,2,_;) € I*¥ C I¥ C R" we set

Us(y) = Ns(y x I'), Vs(y) = Nis(y x aI')

As(y) = (T, )\ V() N (), where 8, = 604,
see Fig.3.2 and Fig.3.3.

<« Remark. In all our considerations below in this chapter we can proceed
with any fixed positive 8 < 1. However, for some further generalizations in
Section 15.2 it will be convenient to take 6 < %. >

X2

Figure 3.2. The sets Us(y) and As(y), the casen =2, k=1,1=0.

X3

X2

N .

Figure 3.3. The sets Us(y), Vs(y) and As(y), the case n = 3,
k=2,1=1.

3.4.1. (Inductive Lemma, first version) Let I* C R", k < n, be the unit
cube in the coordinate subspace RF C R™ of the first k coordinates. Suppose

that a section
F:0pIF — J"(R",R?)
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is holonomic over Op OI* and for a non-negative integer | < k it is fiberwise
holonomic with respect to the fibration m,_; : I* — I*~! i.e. along the cubes

yx It y=(z,t)eIF =111 xT.

More precise, suppose that for a positive § there exists a family of holonomic
sections

Fy=Jj, :Us(y) = J"(Us(y),R9), yeI*",
such that
* Fyliyxruvsty) = Flxmuvsw) ;
o [y = Fly,) for y€ Op oIk,

Then for an arbitrarily small € > 0 there exist an integer N > 0 and a
family of holonomic sections

F, Q. — J(R",RY), zel"71

where

N N
0, =0p (U As(z,¢) Uz x Il+1> \ U As(z, ),

i=1

¢ = 251_\,1, i=1,...,N, (see Fig.3.4 and Fig.3.5) such that
e [, =F on Q.NOpoI*;

o [|FX — Flo.llco <e.

<« Remark. Note that for [ = k — 1 we have z € I° and hence the family
), consists of one domain Q2 = Q,. »

N
Figure 3.4. The sets |J As(z,¢;) U™ and Q (gray) in the case
i=1
n=2k=1,1=0.
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N
Figure 3.5. The set |J As(z,¢;) UI™t! the casen =3,k =2,1=1.
i=1

3.4.2. (Inductive Lemma, second version) Under the conditions of
8.4.1 there exist a d-small diffeomorphism

h:R" —R" ) h('mlv"' 7$n) = (xlv"' y In—1,Tn +30($17 7$n))7
and a section
F:Oph(I*) — J"(R",R?)
such that
e h=1Id and F=F on OpdI*;
o ||[F = Flopnumllco <&
e the section Fv|h(lk) is fiberwise holonomic with respect to the fibra-
tion
M l—1 : h(Ik) — [Fi=T
i.e. along the cubes h(z x I't1), z € [F=1=1,
<« Remark. In particular, for [ = k£ — 1 the new section F is holonomic as
a whole section. »
3.4.1 = 3.4.2: There exists a diffeomorphism
h:R" =R, h(zy,...,2n) = (1, Tn1,Zn + (T1,...,Zn))

such that h = Id on OpdI* and for each z € I*~'=1 the image h(z x I't1)
is contained in €2, (see Fig.3.6). Then the section F, constructed in Lemma
3.4.1 is defined on Op h(z x I't!), and hence the section

f( tx) = ﬁ’z(z,t,x), (z,t,2) € (Op h(I¥)) N (IF1=1 x Re—k+A1)
zZ,t,x) = F(z,t,2), (Z,t,x)eop(a[k)

has the required properties. O
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Figure 3.6. The image h(I), the case n =2, k=1,1=0.

3.5. Proof of the Inductive Lemma

We consider first the case | = k— 1, when F is fiberwise holonomic along the
cubes t x I¥~1 c I* and thus we need to construct an entirely holonomic
section F. Then in the general case we will rewrite the proof almost literally,
just incorporating all the way the variable z € I*~/=1 into the notation.

A. The case 1=k-1.

In this case y =t € I and the notation which we introduced at the beginning
of this section take the form

Us(t) = Nyt x 1Y), Vi(t) = Nyt x 01" ),
A5(0) = (Tn @\ Va() N7 (1)
We also set Ws(t) = [Us(t) \ Us, ()] U V5(t).

In what follows ¢ is fixed and we will write U(t), A(t), V (t) and W (t) instead
of Us(t), As(t), V5(t) and Ws(t), respectively.

Set Iy = Fy for t > 1. Note that

j2 _F 0,
tel, xEII}l(?fU)OU(t) H and (fﬂ) t(x)H U:>O

and hence we have the following
3.5.1. (Interpolation Property) For any ¢ > 0 there exist a number
o =1/N and a family of holonomic sections
FT:U®t) — J(R*,RY), tel,rel00]

such that

(a) F) =F, forallt€I;

(b) Flw) = Filw) for allt € I and T € [0,0];
(c) ||FY — Fyl|co < € for allt € I and T € [0,0];
)

(d) Floy (txi+-1y = Fiprlop @xm—1y for all't € I and 7 € [0,0] (see
Fig.3.7 and Fig.3.8).
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<« Remark. Note that (d) automatically implies o < §. In fact, in most

cases o0 K 0. »

Figure 3.7. The graphs of the sections F; (schematically), the case
n=2k=1,1=0.

Figure 3.8. The graphs of the sections F; (left picture) and the
sections F; and FY (right picture) over I¥ N U(t) (schematically),
the casen=2,k=1,1=0.

For i =0,1,..., N set
B; =io x I*1,
Fori=1,...,N set
Fviold :E Fwinow :E%’
2 — 1
2N
A7 =((i= Do, a, A = e, i),

)

Ci:i0—0/2: s AZ:A(CZ), Ai:((i—l)g,iU),

U;

U =Uina ' (e) =0 nUF
(see Fig.3.9).

Ulio)nm ' (Ay), U7 =U;nar (A7), UF =Uina (4],
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Figure 3.9. The set W (ic) C U(io) (left picture, gray color) and
the sets U;, U, , U;", U!, A(e;) (right picture, gray color), the case
n=2k=11=0.

The set U/ \ A; lies in W (io) and therefore, according to the Interpolation
Property 3.5.1, the section F;**" coincides with Ffld on U/ \ A;. Hence the
formula

~ F{’ld r), x€ (7{,
F(ﬂj‘) - ncw( ) I+
F;‘ (‘T)7 x € Uz ’

N
i = 1,...,N, defines a holonomic section over [J(U; \ 4;) (see Fig.3.10).

We also have i
i(zll—ci = Finow
over Op B; for i =1,..., N — 1, and hence F extends continuously to
N N
Uwi\ayulJorBi =0
i=1 0
(see Fig.3.11 and Fig.3.12). O

Figure 3.10. The section F over U, \ A;, thecasen=2,k=1,1=0.

< Exercises

1. Prove that for ¢ > ¢ one can construct an approximating section F on
Op I*.
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Figure 3.11. The set JLVJ (U; \ Ai) U L]j Op B; ~——\le ca) \\ \
=2 k=11=0. ’

- N N
Figure 3.12. The section F over |J (U; \ A;) UJ Op B, the case
i=1 0
n=2rk=1,1=0.

2. The previous exercise may lead to a (suspicious) conclusion that by
choosing a sufficiently small 6; one always can construct the approximating
section F over Op I*. Why does this idea fail? »

B. The parametric case.

We will proceed parametrically with z € I*7=1 to produce the families
of diffeomorphisms A, and holonomic sections l?’z We repeat the previous
proof almost literally, just systematically inserting the parameter z in our
notation.

Recall that for (z,t) € I*='=1 x I and § > 0 we have the following notation:
Us(z,t) = Ns(z x t x I') | Vs(z,t) = N5(0(z x t x I)) ,

A5(zt) = (Ts (o) \ Valz ) ) Nty (2:1),
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and we also set for a fixed positive § < 1

Ws(z,t) = [Us(z,t) \ Us, (2,t)] U V5(2,t) where 0 = 06.
As in the non-parametric case we fix § and write U(z,t), A(z,t), V(2,t) and
W (z,t) instead of Us(z,t), As(z,t), Vs(z,t) and Ws(z,t) respectively.
Set F,; = F,1 for t > 1. Note that

max F z)—F,+(x)|| — 0
(th)elkfl7I€U(z,t+a)ﬂU(z,t)H Z7t+0( ) Z’t( )HO'—>0 ’

and hence similarly to 3.5.1 we have

3.5.2. (Parametric Interpolation Property) For any € > 0 there exist
a number o = 1/N and a family of holonomic sections

FI,:U(z,t) = J(R",RY), (z,t) e IF1 <1, 7€(0,0],
such that
(a) F2, = F.y for all (z,t) € IF"'"1 x I;

(b) Flilw = Fetlw for all (z,t) € IV x I and 7 € [0,0] ;
(c) [[FT; — Feglloo < for all (z,t) € I""1 x I and T € [0, 0];
)

(d FzT,t’Op (zxtxIl=1) = Z7t+T‘(9p(z><t><Il*1) for all (Zat) e "t n
and T € [0,0] .
Similar to the non-parametric case we set for ¢ =0,1,..., N

: 1
B.;=zxiox1I,

and fori=1,...,N and z € JF-1-1
F =F.;, FN=F7

2,40

Ui =Ulzio) Nt (zx Ay), U, =UNnml(z x A7),
7+ — 17 -1 +
U, =Usinm_(z x Af),
~ ~ . -~
Ul;=UinNm_(z¢) = U, N U;fi ,
where we keep using the notation

) o 21—1 _ ) .
Ci:ZO-_§: IN Az :((Z_1)0-7Ci]7 A;_:[Civlo-)‘

The set U ;Z \ A, ; lies in W (z,io) and therefore, according to the Interpo-
lation Property 3.5.2, the section F anw coincides with F Zlf on U ;Z \ A
Hence the formula

Fz(x) = W NZ’“
FYV(z), w€ U

2,07

- {lef(a:), zeU
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~ N
i=1,...,N, defines a family of holonomic sections F, over |J (U.;\ A..,).
i=1
We also have
O, = FIe

over Op B, ; fori =0,..., N —1, and hence F., extends continuously to

N N

U(Uz,z \ Az,z) U U Op Bz,i = Qz .

i=1 0

3.6. Holonomic approximation over a cube

We will prove here Theorem 3.2.1 by induction over [. Consider for [ =
0,...,k the following

Inductive Hypothesis AY. Let F : OpIF — J"(R",R?) be a section
which is holonomic over Op OI*. For arbitrarily small 6, > 0 there exist a
d-small diffeomorphism

h:R* = R", h(z1,...,2) = (1, ., Tpn-1,2n + @(T1,...,2Tp)),
and a section
Fl': Oph(IF) — J (R",R?)
such that
e h=1Id and F' =F on OpoIF;
. Hﬁl - F‘Oph(lk)HC’O <éE;

e the section ﬁl|h(1k) 1s fiberwise holonomic with respect to the fibra-
tion mp_y : h(I¥) — I*= i.e. along the cubes h(y x I'), y € 1",

Proof of Theorem 3.2.1. Proposition 3.3.2 implies A© with h = Id gn
and thus gives us the base for the induction. For [ = 0 the implication
AW = AWD follows immediately from the Inductive Lemma 3.4.2, but in
the general case [ > 0 we cannot apply 3.4.2 directly because the section
F! is defined near the deformed cube rather than the original one. Note,
however, that the diffeomorphism h : R" — R"™ induces the covering map
hy : JT(R",RY) — J"(R",R?). The section F! = (h,)"'(F") is defined over
Op I* | coincides with F near 9I* and is fiberwise holonomic with respect to
the fibration m_; : I®¥ — I*~!. Applying Lemma 3.4.1 we can approximate
F! by a section F” over a deformed cube h/(I¥). The section F' coincides
with F! near OI* and fiberwise holonomic with respect to the fibration
Tp_j_10h' « W (IF) — TF=1=1If F' s sufficiently C%-close to F!, then the
section FI! = h*(ﬁ '} is the required approximation of F in a neighborhood
of h"(I*), where b = ho (h'). This proves A/t and Theorem 3.2.1. O
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3.7. Parametric case.

It turns out that the Inductive Lemma 3.4.2 implies also the parametric
version of Theorem 3.2.1. Namely, we have

3.7.1. (Parametric version of the theorem 3.2.1) Let F,, u € I,
be a family of sections OpIF — J"(R",R?) parametrized by the cube I™.
Suppose that k < n and the sections F, are holonomic over OpdIF for
all w € I™ and holonomic over the whole I¥ for v € OpdI™. Then for
arbitrarily small 9, > 0 there exist a family of §-small diffeomorphisms

hy :R* =R, hy(xr,...,2n) = (@1, o, 1, T + @u(x1, 00, 20)),s
and a family of holonomic sections
Fy : Ophy(I¥) — J"(R*,R?)
such that
e hy=1d and F, = F, on OpdI*;
e hy=1d and F, = F, for we OpdI™;
o |[Fu = Fuloph,w)llco <€
Proof. Consider the cube I"tF = ™ x [F ¢ R™ x R" = R™". Let
JT(R™T7|R™ R?) be the bundle over R™ x R" whose restriction to u x
R", u € R™ | equals J"(R",R?). The family of sections
F,: I* — J'(R*,RY)
can be viewed as a section
F .t — Jgr(R™ R RY).
The section F lifts to a section F : [™+F — JT(R™+™ RY) so that roF =T,
where
7 JT(R™T RY) — JT(R™T R, RY)
is the canonical projection. Moreover, the section F can be chosen holonomic
near OI™** . Hence we can apply Theorem 3.2.1 to get an e-approximation
F of F over a é-displaced cube h(I™*k). Then the composition F=nmo

F : ™tk Jr(Rvm|R? R?7) can be interpreted as the required family
{F,}uerm of holonomic e-approximations of the family {F,} near {h,(I*)}.
U

In the same way as Theorem 3.2.1 implies the Holonomic Approximation
Theorem, i.e. by induction over skeleta, Theorem 3.7.1 implies the Paramet-
ric Holonomic Approximation Theorem 3.1.2.
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Applications

The first two examples below illustrate Gromouv’s homotopy principle for
open Diff V-invariant differential relations over open manifolds which we
formulate and prove later in Part 2 (see 7.2).

4.1. Functions without critical points

Let V be the annulus §2 < x% + w% < 4 in R2.

4.1.1. There exists a family of functions fy : V. — R, t € [0,1], such that
grad f; # 0, fo(x1,79) = —22 — 22 and fi(x1,22) = 22 + 23 (see Fig.j.1).

= ~
~

T

=5

Figure 4.1. The functions fy and f;.

0
el

Proof. The 1-jet space J'(V,R) equals V' x R x R and we will identify the
last factor, which is reserved for the gradient of a function, with the complex
line C. Note that grad f = —grad f;. The family of sections of J'(V,R)
defined by the formula

EF=(1-=t)fo+tf1, e orad fo)
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joins Fp = J}O with F; = J}l. For t # 0,1 the section F} is not holonomic.
We can reparametrize the family F} making it independent of ¢, and thus
holonomic for t € Opdl. Applying the Parametric Holonomic Approxi-
mation Theorem 3.1.2 with A = S' C V one can construct a family of
holonomic e-approximations Fy = J J%t : Uy — JY(V,R) where U is a neigh-

borhood of a perturbed circle ki (S'). Moreover, one can choose F, and U,
such that ~Ut =V and F; = F; for t € Op 0I. For sufficiently small ¢ the
functions f; do not have critical points on U; because

gradﬁ ~ e™grad fy # 0 near S*.

Let {¢f : V — V, 7 € [0,1]}4¢[0,1] be a family of isotopies such that for each
t € [0,1] the isotopy ¢7, 7 € [0, 1], shrinks V into the neighborhood U; and
¢y = ¢] = Idy. Then the family g; = ﬁ o ! consists of functions without
critical points on V' and interpolates between fo and fi.

<« Exercise. Try to construct the required family explicitly. »

4.2. Smale’s sphere eversion

Let dimV < dimW. A map f :V — W is called immersion if rank f =
dim V' everywhere on V. If dimV = dim W then an immersion V — W is
the same as a locally diffeomorphic map. Two immersions are called regularly
homotopic if they can be connected by a family of immersions.

Denote by V' the thickened sphere

(1-0)2<a?+22+22<(1+40)?
in R3. Let

inv:R3\0— R\ 0, inv(z) =xz/||z|]?,
be the inversion,
r:R - R, r(zy,x0,23) = (21,72, —23),
the reflection and iy : V < R3 the inclusion.
4.2.1. (Smale’s sphere eversion, [Sm58]) The map
roinvoiy:V — R?,

which inverts V outside in, is reqularly homotopic to the inclusion iy : V —

R3.

<4 Remarks

1. This counter-intuitive statement is a corollary of S. Smale’s celebrated
theorem [Sm58]. Equivalently it can be formulated by saying that the 2-
sphere in R3 can be turned inside out via a regular homotopy, i.e. via a
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family of smooth, but possibly self-intersecting surfaces. One can follow the
proof below to actually construct this eversion. However, there are much
more efficient ways to do that. The explicit process of the eversion became
the subject of numerous publications, videos and computer programs.

2. The map invoiy : V — R3, which also everts V inside out, is not regularly
homotopic to the inclusion iy : V' — R3 because these maps induce on V
the opposite orientations. »

Proof. Let fo =iy and f; = roinvoiy. Both dfy and df; have rank equal
3 and induce the same orientation on V. Hence the sections

dfo,df1 : V — JHV,R3) =V x R® x Msy3

can be viewed as maps
V —R3 x SO(3).

These maps are homotopic because m3(SO(3)) = 0. ' Let F; be the the
homotopy connecting F' = dfy and Fy; = df;. The deformation F; can
be assumed holonomic for ¢ near dI. Applying Theorem 3.1.2 with A =
52 one can construct a family of holonomic e-approximations F, = le;t :
Uy — JY(V,R?), where Uy is a neighborhood of a perturbed sphere hj(S?).
Moreover, one can choose F and U; such that U; = V and ﬁt = F; for
t € Op OI. If € is sufficiently small then ﬁ is a regular homotopy. As in the
previous example, we can compose ﬁ with a family of contractions of V' into
the neighborhoods U; and get the desired regular homotopy ¢; : A — R3
which connects fo and f;. O

<« Exercise (S.Smale, [Sm58]). Prove that every immersion $? — R3 is
regularly homotopic to the standard embedding S? < R3. »

4.3. Open manifolds
For further applications we need some information about open manifolds.

A manifold V is called open if there are no closed manifolds among its
connected components. In particular, any path-connected manifold V' with
non-empty boundary is open in this sense.

We say that a path p : [0,00) — V connects v = p(0) with oo, if p is a
proper path and tlim p(t) € OV or does not exist.
—00

The following is well known:

I fact, the homotopy between dfp and df; can be easily constructed explicitly without
referring to the computation of 72(SO(3)).
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Figure 4.2. The paths connecting barycenters with infinity.

P

Figure 4.3. A deformation which brings V' into an arbitrarily small
neighborhood of (n — 1)-skeleton of a triangulation.

4.3.1. If V is open, then there exists a polyhedron K C V, codim K > 1,
such that V' can be compressed by an isotopy ¢y : V. — V, t € [0,1], into an
arbitrarily small neighborhood U of K.

Proof. Fix a triangulation of V' and some (disjoint) paths [0,00) — V,
which connect all the barycenters of the n-simplices with oo, see Fig.4.2.
Using these paths we can deform V via an isotopy into the complement of
the set of barycenters of the n-simplices, and after that into an arbitrarily
small neighborhood of the (n — 1)-skeleton K, see Fig.4.3. Note that in
general the image of V' does not coincide with a “regular” neighborhood of
K. O

Given an open manifold V' a polyhedron Vjy C V is called a core of V if for
an arbitrarily small neighborhood U of V| there exists a fized on V}y isotopy
@y © V. — V which brings V to U. Note that core always exists: one can
take a subcomplex K C V as in 4.3.1 and remove small open neighborhoods
of all intersection points p;(Ry) N K, where the p; are paths which connect
barycenters of n-simplices with co.
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4.4. Approximate integration of tangential
homotopies

Let 7 : Gr, W — W be the Grassmanian bundle of n-planes tangent to a
g-dimensional manifold W, ¢ > n, and V' a n-dimensional manifold. Given
a monomorphism (= fiberwise injective homomorphism) F' : TV — TW, we
will denote by GF' the corresponding map V' — Gr,W. Thus the tangential
(Gauss) map associated with an immersion f : V' — W can be written as

Gdf.

In what follows we assume that V C W is an embedded submanifold and
denote by fo the inclusion iny : V < W. We also assume that the manifolds
W and Gr, W are endowed with Riemannian metrics.

A homotopy Gy : V — Gr, W such that Gy = Gdfy and 7o Gy = fj is called
tangential homotopy of the inclusion f .

4.4.1. (Approximate integration of tangential homotopies) Let K C
V' be a polyhedron of positive codimension and Gy : V — Gr,W a tangential
homotopy. Then one can approrimate Gy near K by an isotopy of embed-
dings in the following sense: for arbitrarily small 6, > 0 there exist a
d-small diffeotopy h™ : V. — V |t € I, and an isotopy of embeddings

fi:OpvK =W, where K =h'(K) and fo = folo,, 5 -

such that the homotopy Gdﬁ :Op VIN( — Gr,W is e-close to the tangential
homotopy Gt|opvf('

<« Remark. The relative and the parametric versions of Theorem 4.4.1 are
also true. »

Proof. Note that the homotopy G; can be extended in a homotopically
canonical way to a family of maps

Gi: OpwV — Gr,W.
For & € (0,7/4) choose an integer N such that for each interval
A; = [(i =1)/N,i/N]

the homotopy {G\}ien, is £-small in the following sense: the angle between
G, (w) and Gy, (w) is less then & for all w € Op wV and t1,t2 € A;. Set
Ky =K and Vj = Op vy Ky. We will proceed with the following steps:

Step 1. The homotopy {G; = Gi|v; }tea, defines a homotopy of sections
{Fi: Vo — XV, bs Fy = 1dy, hiea,
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of the 1-jet space Xél) of the fibration mg : Xg — Vj, where Xg C Op w} is
a (normal) tubular neighborhood of Vi C W. Using Theorem 3.1.1 one can
construct a holonomic e1-approximation (where £ will be chosen at Step
2) ﬁ’l/N of Fy/n over Ophi(Ky), where {h] : Vo — Vo}res is a §/N-small
diffeotopy. Set

Ky = Fyn(hi(Ko)) and Vi = Fyn(Op v,hi(Ko)) -

Step 2. If the number £ from Step 1 is chosen sufficiently small then the
homotopy {G¢|v; }en, defines a homotopy of sections

{Ft : VY1 — Xfl) s bSFt = IdV1}t€A2

of the 1-jet space Xfl) of the fibration m : X7 — Vi, where X7 C Opw W3
is a (normal) tubular neighborhood of V1 C W. Using Theorem 3.1.1 one

can construct a holonomic eg-approximation Fy/y of Fy/y over Op hi(K1),
where {h} : Vi — Vi},¢r is a 0/N-small diffeotopy. Set

Ky = Fyn(h3(K1)) and Vo = Fyn(Opv; hy(K7)).

We can continue this way until ¢ = N. Set

KZ?TQO---OT('N_l(KN)).
(see Fig.4.4).

Ko mK)  1m(Ky)

Figure 4.4. The sets Ky, Vp, 7T0(K1), 7T0(V1) and 7g o 7T1(K2).
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As follows from the construction, there exists a §-small diffeotopy h™ : V' —
V such that K = h!(K). Set

fi/N:E/NO"'Oﬁl/Nofdop[?y 1=0,...,N.

Define ﬁ for all other ¢t € A; as the linear homotopy which connects f(i_l) /N
and fi/N in X;_1. Thus ft : OpIN( — W is an isotopy of embeddings. For
sufficiently small £ and €;, i = 1,...,n, the isotopy f; satisfies the required
approximation property. O

Let Gr,RY be the Grassmanian manifold of n-dimensional linear subspaces
in R?. Let us recall that there exists a canonical Euclidean connection
VI = P oV on the tautological n-dimensional fibration I' — Gr,RY, where

E:T — S =(Gr,R}) x R?

is the canonical embedding, P : S — E the orthogonal projection and V the
standard connection on S. This canonical construction is applicable also to
Gr, W and hence any tangential homotopy G can be canonically covered by
an isotopy of fiberwise isometric monomorphisms F; : TV — TW . Note that
the covering homotopy F; can be constructed as the limit F}; = limy_,o FN
where F'V is a homotopy of monomorphisms such that GFZ%V = Gy/n , and

for t € [(i —1)/N,i/N] the homotopy F} is generated by the orthogonal
projection G(;_1)/n — Gi/n-

<« Exercise. Prove that one can approximate the homotopy F; near K C V
by an “almost isometric” isotopy fi: Opy K — W. »

4.5. Directed embeddings of open manifolds

Let A C Gr,W be an arbitrary subset. An immersion f : V — W is
called A-directed if Gdf sends V into A. If V is an oriented manifold then
we can also consider A-directed immersions where A is an arbitrary subset
in the Grassmanian Gr,W of oriented tangent n-planes to a g-dimensional
manifold W. Note that by an embedding of open manifold we always assume
an embedding onto a locally closed submanifold of the target manifold.

For A-directed embeddings Gromov proved in [Gr86] via his convex integra-
tion technique the following theorem

4.5.1. (A-directed embeddings of open manifolds) If A C Gr,W
1s an open subset and fo : V — W is an embedding whose tangential lift
Go = Gdfy : V — Gr,W is homotopic to a map G1:V — A C Gr,W, then
fo can be isotoped to a A-directed embedding f1 : V — W. Moreover, given

a core K C V of the manifold V, the isotopy f; can be chosen arbitrarily
CO-close to fy on Op K.
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<4 Remarks

1. Gromov’s proof is discussed in detail in [Sp00]. C. Rourke and B. Sander-
son gave two independent proofs of this theorem in [RS97] and [RS00].

2. The parametric version of Theorem 4.5.1 is also true. The relative version
for (V,Vp) is false in general, but is true if each connected component of
V' \ W has an exit to oo, i.e. when Int V' \ Op V{) has no compact connected
components. »

Proof. Theorem 4.5.1 follows almost immediately from 4.4.1. Indeed, let
K C V be a core of V, i.e. a codimension > 1 subcomplex in V' such that V'
can be compressed into an arbitrarily small neighborhood of K by an isotopy
fixed on K. Using Theorem 4.4.1 we can approximate Gy near K = h! (K)
by an isotopy ft :Op VIN( — W. For a sufficiently close approximation the
image G f1(Op vK ) belongs to A. In order to construct the required isotopy
fi we first compress V into Op yh'(K) and then apply ﬁ O

<« Remark. The theorem is valid also in the case when the homotopy
G covers an arbitrary isotopy ¢ : V' — W, instead of the constant isotopy
gt = fo. Indeed, one can apply the previous proof to the pull-back homotopy
(dg:)~' o Gy and the pull-back set A = g§;(A), where g : W — W is a
diffeotopy which extends the isotopy g; : V' — W underlying G;. »

The following version of Theorem 4.5.1 will be useful for applications which
we consider in Section 12.1 below.

4.5.2. Let A C Gr,W be an open subset, V an open manifold and fo : V —
W an embedding whose differential Fy = dfy is homotopic via a homotopy of
monomorphisms Fy; : TV — TW , bs F; = fo, to a map Fy with GF1 (V) C
A. Then fy can be deformed by an isotopy fr : V. — W to a A-directed
embedding f1: V — W such that Fy is homotopic to dfy through a homotopy
of monomorphisms Fy, : TV — TW, bs F; = fy, with GF,(V) C A for all
tel.

Proof. Let ft : Op VIN( — W be the isotopy constructed in 4.4.1. It is
sufficient to construct a homotopy ¥; between F| Op v i and df such that

GU.(Op vff ) C A for all t. The existence of the underlying tangential
homotopy Gy = G, follows from the C°-closeness of the maps GFY| Opy

and Gdfl, while the existence of the covering homotopy Wy for G, follows
from the C?-closeness of the homotopies GFt‘Opr( and Gdf; . O
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4.6. Directed embeddings of closed manifolds

For some special sets A C Gr,,W Theorem 4.5.1 implies a theorem about
A-directed embeddings of closed manifolds. Let us give here some necessary
definitions.

Let n <m < q. An open set A C Gr, W is called m-complete if there exists
an open set A C Gr,,W such that A = U Gr,L
LeA

< Example. Suppose that n < k < ¢. Let the set Ay C Gr,,R{ consist of
n-planes intersecting trivially the subspace L = 0 x R7™% € R? and let

A:quAOCRqXGrnRg:Gran.

Then A is k-complete: A=TRIx EO where 121\0 consists of all k-planes n C R¢
such that L Nn = {0}. »

4.6.1. (A-directed embeddings of closed manifolds) Let A C Gr,W
be an open set which is m-complete for some m, n < m < q. Then the

statement of Theorem 4.5.1 holds for any closed n-dimensional manifold
V.

Proof. Let us fix the notation. Denote by Gry,,W the manifold of all
(m,n)-flags on W, where each flag is a pair of tangent planes (L™, L") in
TwW such that L™ C L™. Denote by 7 and 7 the projections Gry, ,W —
Gr,,W and Gr, ,W — Gr,W. Set

A={(L,L)|L € Ac Gr,,W, L€ Gr,L} C GrpmW,

where A s the set implied by the definition of m-completeness. Note that
7(A) = A and 7(A) = A.

Let G; : V — Gr, W be the homotopy between the tangential lift Gy = Gdf,
of the embedding fy and the map G7 : V — A. Suppose that the map

G1:V —AcCGr,W

lifts to a map
G :V—-AC Gry W .

Then the homotopy G lifts to a homotopy G; : V — Gry,, W, t € [0,1].
We have Gy = mo Gy. Set Gy = 7o Gy, t € [0,1]. Let N be the total
space of the vector bundle over V' whose fiber over a point v € V is the
normal space to G1(v) in él( ). The embedding fo can be extended to an
embedding fo : Op nV — W such that the tangential lift Gd f(] coincides
with @0 over V. Hence we can apply Theorem 4.5.1 to construct an isotopy
ﬁ : OpnyV — W, such that fl is an A-directed embedding. Then the
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restriction f; = ﬁ‘\/ is an isotopy between fy and an A-directed embedding
f1 V- W.

In general we cannot guarantee the existence of the global map G; : V — A
which covers the map G; : V. — A. However, one can avoid this problem
using the following localization trick. Theorem 4.5.1 allows us to construct
the required isotopy f; in a neighborhood Op K of the (n — 1)-skeleton of a
triangulation of V. Moreover, the proof of 4.5.1 provides an isotopy whose
tangential lift Gdf; is C%-close to Gtlop k- Hence, one can assume from the
very beginning that our original homotopy G} is constant over Op K and
we need to construct a required isotopy f: on each top-dimensional simplex
A of the triangulation keeping f; constant on Op dA. If the simplices of the
triangulation of V' are sufficiently small then the map G1 : A — A C Gr,W
lifts to a map Go : A — A C Gryy, , W. It remains to notice that the previous

(global) construction of the isotopy ft also works in the extension form. [J

<« Example. Suppose that n < k < g. Theorem 4.6.1 implies that any
closed n-dimensional submanifold V' C R? whose tangent planes can be
rotated into planes projecting non-degenerately on R* x 0 ¢ R? along 0 x
R?~* can be perturbed via an isotopy so that its projection to R¥ becomes
an immersion. »

Two subbundles &, 7 of a bundle ¢ are called transversal if the composition
map & — ¢ — (/n is surjective if rank £ + rankn > rank , and injective if
rank £ + rankn < rank(.

4.6.2. (Generalization: closed submanifolds transversal to distri-
butions) Let £ be a plane field (distribution) on a q-dimensional manifold
W, codim& = k. Letn < k. Then for any closed n-dimensional submanifold
V. C W whose tangent bundle TV is homotopic inside TW to a subbundle
T C TW transversal to £, one can perturb V wia an isotopy to make it
transversal to &.

<« Remark. The relative and the parametric versions of Theorem 4.6.2 are
also true. »

4.7. Approximation of differential forms by
closed forms
A. Formal primitive of a differential form

Let us recall that any differential p-form w on a manifold V' can be considered
as a section of the fibration APV — V. In particular, 1-forms are sections
of the fibration A'V = T*V — V.
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The ezact p-forms on V' and the holonomic sections of the fibration
(APt Ly
are closely related to each other. Indeed, the exterior differentiation
Sec APV % Sec APV
can be written as the composition
Sec APV L Sec AP~y D, Sec APV
where the map D is induced by a homomorphism of bundles over V
(AP~1y)® Doary

which is called the symbol of the operator d. For example, for p = 2 the fiber
of the first (affine) bundle (AP~'V)(1) — V is equivalent to the space of n xn
matrices, the fiber of the second (vector) bundle APV — V' is equivalent to
the space of skew-symmetric n x n matrices and D(A) = A — AT,

The map D : (AP_IV)(I) — APV is an affine fibration. In particular, any
section w : V' — APV can be lifted up in a homotopically canonical way to
a section F, : V — (AP~'V)(®) such that Do F, = w. It is useful to think
of F, as a formal primitive of w. Therefore we can say that any p-form has
a formal primitive or that any p-form is formally exact.

Note that there are no restrictions on the underlying section bs F,,. In other
words, given an arbitrary (p — 1)-form a : V — AP~V one can construct a
formal primitive F,, such that bs F,, = a.

B. Approximation of differential forms by closed forms

The theorems which we formulate below are rather technical. An important
application will be given further in 10.2.

4.7.1. (Approximation by exact forms) Let K C V be a polyhedron of
codimension > 1 and w a p-form. Then there exists an arbitrarily C°-small
diffeotopy h™ : V. — V such that w can be C°-approzimated near K =nh! (K)
by an exact p-form & = da. Moreover, given a (p — 1)-form « on V, one
can chose & to be CO-close to a mear K.

Proof. Take a formal primitive F,, for w such that bs F,, = «, choose its
holonomic approximation J2 along K = h'(K) C V, where h7 is an (arbi-
trarily) C°-small diffeotopy, and extend & to the whole manifold V. Then
w = da is the desired exact form. O

Proposition 4.7.1 implies
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4.7.2. (Approximation by closed forms) Let K C V be a polyhedron of
codimension > 1. Let w be a p-form on'V and a € HP(V) a fized cohomology
class. Then there exists an arbitrarily C°-small diffeotopy

TV =V, tel0,1]

such that w can be CY-approximated near K = hY(K) by a closed p-form
wEa.

Indeed, one can take a closed form (2 € a, apply the previous proposition to
the form 6 = w — Q and then take w = 6 + (.

The parametric versions of 4.7.1 and 4.7.2 are also valid. In particular,

4.7.3. (Parametric approximation by exact forms) Let K C V be
a polyhedron of codimension > 1 and {wy},epr @ family of p-forms such
that {w, = day},cogpr- Then there exists a family of arbitrarily C°-small
diffeotopies

{hqu— V-oVite [07 1]}u€D’c , where {hz =Idy, t € [07 1]}u€8Dk

such that {wy},epr can be CO-approzimated near K, = hL(K) by a family
of exact p-forms {w, = day},cpr such that {G, = au}ycopr- Moreover,
gwen a family of (p — 1)-forms {ay},epr on V, which extends the family
{aw}uecapr, one can chose the family {Giy}yepr to be CO-close to {ay }yepr
near K,.

The proof is analogous to the proof of 4.7.1

4.7.4. (Parametric approximation by closed forms) Let a € HP(V)
be a fized cohomology class. Let K C 'V be a polyhedron of codimension > 1
and {wy }yepr a family of p-forms such that {dw, =0, w, € a},copr. Then
there exists a family of arbitrarily CO-small diffeotopies

{hz V-oVite [07 1]}u6Dk , where {hz =Idy, te [07 1]}u68Dk

such that {wy},epr can be C°-approzimated near K, = hL(K) by a family
of closed p-forms {@,, € a},cpr such that {0, = wy},ecopk-

Proof. The convexity of the space of closed p-forms on V' which represent
the class a € HP(V) allows us to construct a family of closed forms {Q, €
a},epr which extends the family {wy},copr. Hence, it remains to apply

4.7.3 to {0, = wy — Q. }uepr and then take {w, = 0., + Qutuepk- O
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Chapter 5

Differential Relations

5.1. What is a differential relation?

The language of jets is a vehicle for extending the Cartesian geometrization
of algebraic equations to differential equations.

A differential relation, or condition of order r imposed on sections f : V — X
of a fibration X — V is a subset R of the jet space X ().

<« Example: Partial differential equations

Any system of ordinary (n = 1), or partial (n > 1) differential equations
Y(z, f,Df) =0
imposed on unknown functions
yj = fi(z1,...,2n), j=1,...,q,

and their derivatives

ol f;

oz, ..., 0z’

may be considered as a differential relation R in the r-jet space J"(R™,R?),
defined by the system of “algebraic” (=non-differential) equations

\Il(x7 Y, Zoz) =0,

D*f; = a=(a1,...,ap), la|=a1 4+ +a, <r,

where the variables

T = (xla s 7wn)7 Yy = (y17 s 7yq)7 and Ra = (Zl,om s 7zq,oz)
are coordinates in J"(R",R?). This way any system of differential equations

can be thought of as a subset of the jet space J"(R",R?). »

47
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Roughly speaking, differential equations and system of differential equations
correspond to submanifolds of codimension > 1 in the jet-space J!(R",R?),
while (strict) differential inequalities correspond to open subsets.

<« Exercise. Draw differential relations in J!(R,R), which correspond to
the differential equation y’ = 32 and the differential inequality 3’ > y2. »

< Example: Immersions and submersions
Let V and W be smooth manifolds, n = dimV and ¢ = dim W.

Let n < ¢q. Let us recall that a map f : V — W is called an immersion if
rank f = n everywhere on V, i.e. the differential dy : TV — TW is fiber-
wise injective. The implicit function theorem implies that any immersion is
locally equivalent to the inclusion R™ «— RY.

The immersion relation Rimm C J*(V, W) over each point x = (v,w) € V x
W consists of monomorphisms (= fiberwise injective bundle homomorphism)
T,V — T,W or, equally, of (non-vertical) n-planes P, C T(V x W) such
that
dim (P, NT(vx W))=0.
Locally with respect to a trivialization
e {U1 xUs CV xW} —-R"xR"

the relation Riym over each point z = (v,w) € V x W consists of matrices
A € Myyxy of rank = n.

Letn > q. Amap f: V — Wiscalled a submersion if rank f = q everywhere
on V,i.e. the differential dy : TV — T'W is fiberwise surjective. The implicit
function theorem implies that any submersion is locally equivalent to the
projection R" — RY.

The submersion relation Ry, C JL(V, W) over each point z = (v, w) € V x
W consists of epimorphisms (fiberwise surjective bundle homomorphisms)
T,V — T,,W or, equally, (non-vertical) n-planes P, C T'(V x W) such that

dim(P,NT(vx W))=n—gq.
Locally, with respect to a trivialization
e:{Uy xUy CVxW}—-R"xR",

the relation Rg,p over each point x = (v,w) € V x W consists of matrices
A € Mgy of rank = q. »

Note that for n = ¢
immersion = submersion = locally diffeomorphic map.
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5.2. Open and closed differential relations

A differential relation R ¢ X () is called open or closed if it is open or closed
as a subset of the jet-space X ().

As we already mentioned above, closed subsets R which are submanifolds
(or, more generally, stratified subsets) of positive codimension correspond
to systems of differential equations. Such a relation is called determined,
overdetermined, or underdetermined depending on whether codimR = ¢, >
q, or < ¢. This classification corresponds to the usual classification of sys-
tems of (differential or algebraic) equations.

<« Examples. The Laplace equation Af = 0 defines a closed determined
differential relation in J2(R",R!). The differential equation > 4? = 1 de-
fines a closed underdetermined differential relation in J*(R,R"). The rela-
tions Rimm and Ry, are open differential relations in J1(V, W). »

< Exercises

1. Let X = A'R". The differential relation Ry, C (A'R™)() defines
closed 1-forms on R™. When this relation is underdetermined? determined?
overdetermined?

2. The differential relation Ris C J* (R™,R?) defines isometric immersions
f:R* = RY ie. f*h = g where g and h are standard metrics on R” and
R?. When this relation is underdetermined? determined? overdetermined?
>

An open differential relation arises, for example, when one tries to find e-
approximate solutions of a closed differential relation R. In this case our
open relation R, is the e-neighborhood of R ¢ X ™).

Another rich source of open differential relations is supplied by singularity
theory, where one tries to construct functions, maps or sections for which
certain expressions involving derivatives never vanish, and thus we are led to
a differential relation R which is the complement X ")\ ¥ of a submanifold
(or, more generally, of a stratified subset) ¥ C X (") This ¥ is usually
called a singularity. Solving R = X () \ ¥ means finding ¥ - non-singular
holonomic sections V — X ().

Suppose, for example, that we are interested in finding immersions (submer-
sions) V' — W. The differential relation Rimm (Rsup) is the complement of
the stratified subset X! ¢ JY(V,W).
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5.3. Formal and genuine solutions of a
differential relation

Any section F': V — R C X ) is called a formal solution of the differential
relation R.

< Examples

1. A formal solution to a system of differential equations is a solution
of the underlying system of “algebraic” equations obtained by substituting
derivatives by new independent functions.

2. A formal solution of the immersion relation Rimm iS & monomorphism
(=fiberwise injective bundle homomorphism) TV — TW. A formal solution
of the submersion relation Rg,p is an epimorphism (=fiberwise surjective
bundle homomorphism) TV — TW. »

A (genuine) solution of a differential relation R X () is a section f :
V' — X such that J(V) C R. Alternatively, we can define solutions of
R as holonomic sections F' = J}’ : V. — R. We will call the holonomic
sections V — R C X r-extended solutions or just r-solutions, when the
distinction between the solutions of R as sections of X or X" is not clear
from the context.

We will denote the space of solutions of R by Sol R, the space of r-solutions
of R by Hol R and the space of formal solutions of R by Sec R. The r-jet
extension gives a one-to-one correspondence J" : Sol R — Hol R.

< Exercises

1. Write down the formal and the genuine solutions of the differential equa-
tions ¢ = y and v’ = y?. Draw these formal and genuine solutions in the
jet space J'(R,R).

2. Write down all formal solutions of the Laplace equation % + % =0.
1 2
3. Write down the formal solutions of the isometry relation Ris, C J*(R?,R3).

>

5.4. Extension problem

Consider the following “boundary value problem”. Let R ¢ X() be a
differential relation and f its solution over Op B C V (i.e. over an open
neighborhood of B). Given a bigger subset A O B we want to extend the
solution f as a solution of R over Op A. A formal solution of the extension
problem is a section F' over Op A which coincides with J}’ over Op B. A
special case of the extension problem, when A ~ D* and B = 0A ~ Sk~ is
especially important for us.
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In the sequel we use the term solution (or formal solution) of R also in the
sense of a solution (formal solution) of an extension problem for R. Global
solutions of R (over V) correspond to the case A=V, B = @.

5.5. Approximate solutions to systems of
differential equations

Let X — V be a fibration and R C X() a closed differential relation of
positive codimension. A section f : V — X is called an e-approximate
solution of R if f is a solution of the open relation R, = U.(R), where
U.(R) is an e-neighborhood of R in X(. The Holonomic Approximation
Theorem 3.1.1 can be reformulated in the following way:

5.5.1. Let A C V be a polyhedron of positive codimension and F : Op A —
R a formal solution of R. Then for arbitrarily small §,e > 0 there exist a
d-small diffeotopy h™ : V. — V, 7 € [0,1], and an e-approximate solution f
of R over Oph'(A) such that

197 = Flopniallco <.

Figure 5.1. Hypersurfaces .S, S and their neighborhoods Op S and Op S.

<« Example. Let R be a system of partial differential equations in R™ .
Suppose we are given initial data D along a hypersurface S € R" and we
want to find an approximate solution of the local Cauchy problem for R
near S. Suppose that there exists an extension D of D on OpS such
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that D is a formal solution of R. Then Theorem 5.5.1 implies that for any
€ > 0 there exists an e-approximate solution of R near a slightly perturbed
hypersurface S = h(S). In other words, instead of an approximate solution
near the desired S we can find an approximate solution near a C°-small
perturbed (in the direction normal to S) hypersurface S (see Fig.5.1). »



Chapter 6

Homotopy Principle

6.1. Philosophy of the h-principle

Existence of a formal solution is a necessary condition for the solvability of
a differential relation R, and thus before trying to solve R one should check
whether R admits a formal solution. The problem of finding formal solutions
is of purely homotopy-theoretical nature. This problem may be simple or
highly non-trivial, but in any case it is important to treat the homotopical
problem first, and look for genuine solutions only after existence of formal
solutions has been established.

<« Exercises
1. Let R C JY(R,R) be defined by a non-equality f # 0. Let A = [0,27],

B = 0A, and flopp = sinz. Find a formal solution of the extension
problem and prove that there are no genuine solutions.

2. Let R ¢ J'(R?,R) be defined by a non-equality grad f # 0. Let
flopap? = x3 — 3. Prove that the extension problem does not even have
formal solutions.

3. Let R be the same relation as in the previous Exercise. Let A be the
annulus a < 7 < b where r = \/2? + 22 and B = A. Let flop,p = (r—1r0)?
where 79 = (a 4+ b)/2. Find a formal solution of the extension problem and
prove that there are no genuine solutions.

4. Consider the relation Ripmm C J'(S',R?). When are two immersions
51 — R? homotopic in Sec Rimm? »
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It seems at first thought that existence of a formal solution cannot be suf-
ficient for the genuine solvability of R. As we already said above, finding a
formal solution is an algebraic, or homotopy-theoretical problem, which is
a dramatic simplification of the original differential problem. Thus it came
as a big surprise when it was discovered in the second half of the XX cen-
tury that here exist large and geometrically interesting classes of differential
relations for which the solvability of the formal problem turned out to be
sufficient for genuine solvability. Moreover, for many of these relations the
spaces of formal and genuine solutions turned out to be much closer related
then one could expect. This property was formalized in [GE71] and [Gr71]
as the following

e Homotopy principle (h-principle). We say that a differential
relation R satisfies the h-principle, or that the h-principle holds
for solutions of R, if every formal solution of R is homotopic in
SecR to a genuine solution of R.

A similar definition can be given for solutions of an extension problem for
‘R and for families of solutions. For example, we say that

e R satisfies the one-parametric h-principle if every family of
formal solutions { fi}1er of R which joins two genuine solutions f
and f1 can _be deformed inside Sec'R, keeping fo and fi fized, into
a family { fi}ter of genuine solutions of R.

In fact, it is useful to consider different “degrees” of the h-principle when one
want to establish closer and closer connections between formal and genuine
solutions. For instance, different forms of the h-principle may include some
approximation and extension properties. We will discuss the different flavors
of the h-principle in the next chapter.

< Exercise (H. Whitney, [Wh37]). Prove the one-parametric h-principle
for Rimm C J1(S!,R?). »
Hints.

(a) Let fo, f1: S* — R? be two immersions and (f7,vr) a homotopy of formal
immersions which connects (fo, fo) and (f1, f1), i.e. v-(t) # 0. Consider
some extensions

anfl : Sl X (_575) —>R2
of fo, f1 and an extension
F,: S x (—¢,6) — JHS! x (—¢,¢),R?)

of F, and apply the Parametric Holonomic Approximation Theorem 3.1.2
(compare 4.2).
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(b) (Whitney’s proof) We may assume from the very beginning that the
lengths of the curves fp and f; are equal to 1 and |v.(t)| = 1 for all t €
[0,1]/{0,1} ~ S and 7 € [0,1]. Consider the family of immersions

gT:I—>R2, Tel,
given by

5r0) = 0+ [vrlo)io, v 0.1

Try to rearrange things by translation of v, in order to get closed regular
curves g, for all 7.

< Remark. S.Smale in [Sm59] generalized Whitney’s theorem to the case
of immersions S” — RY. His “covering homotopy” method was different
from Whitney’s method. In fact, Whitney’s method is closer, in some sense,
to the idea of convex integration, see Part IV of the book. »

<« Exercise. Prove the h-principle for the differential equation 3y’ = y and
disprove it for the differential equation y’ = 32 (in both cases we consider
global solutions). Disprove the h-principle in both cases for an extension
problem with A = D! and B = 9D'. »

The examples in the last exercise are trivial and, of course, not typical for
the situations where the h-principle becomes a useful notion. In fact, the
h-principle is rather useless for the classical theory of (ordinary or partial)
differential equations because there, as a rule, it fails or holds for some
trivial, or at least well known reasons, as in the above examples.

By contrast, for many differential relations rooted in topology and geom-
etry the notion of h-principle appears to be fundamental, whether it holds
or not. For a given differential relation a priori we often have no obvious
reasons both for the validity or failure of the h-principle. Paradoxically, it
appeared that sometimes we need extremely sophisticated tools for disprov-
ing the h-principle. For example, modern Symplectic geometry was born
in a long battle for establishing the borderline between the areas where the
h-principle holds and where it fails. Since the beginning of the eighties the
Symplectic Rigidity army scored a lot of victories which brought to life the
whole new area of Symplectic topology. However, there were also several
amazing unexpected breakthroughs on the Flexibility side (see Chapter 11
below). In fact, it is still possible that in spite of great recent successes of
Symplectic topology, the world of Symplectic Rigidity is just a small island
floating in the Flexible Symplectic Ocean.

This book is devoted to two general methods of proving the h-principle:
holonomic approximation and convex integration.
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6.2. Different flavors of the h-principle

Let R ¢ X be a differential relation.
A. Parametric h-principle

We say that:

e the (multi) parametric h-principle holds for R if for every relative
spheroid

@o : (D*, 8*1) = (Sec R, HolR) , k=0,1,...
there exists a fixed on S*~!, homotopy
@i - (D¥,8%71) — (Sec R ,Hol R), t € [0,1],

such that ¢; (D) € Hol R. In other words, the inclusion Hol R —
SecR is a weak homotopy equivalence.

Using the language of homotopy groups we can say that the parametric h-
principle for a differential relation R means that 74 (Sec R ,HolR) =0,k =
0,1,... . In particular, the map Hol R — SecR induces an isomorphism
mo(Hol R) — mp(Sec R). The epimorphism on 7y means that any formal so-
lution is homotopic (in Sec R) to a genuine solution, and the monomorphism
on my means that two genuine solutions which are homotopic in SecR are
also homotopic in Hol R.

<4 Remark: Homotopy equivalence vs. weak homotopy equiva-
lence

An infinite-dimensional version of the J.H.C. Whitehead theorem (see [Pa66]
and [Ee66]) implies that for metrizable Fréchet manifolds weak homotopy
equivalence implies the usual homotopy equivalence. In particular, the spaces
of sections Sec R and Hol R are metrizable Fréchet manifolds and hence the
parametric h-principle for R implies that the inclusion Hol R — SecR is a
homotopy equivalence. It allows us to skip the word “weak” in all our state-
ments about the parametric A-principle. However, in all the applications
one usually needs just weak homotopy equivalence. Hence, the reader who
feels uncomfortable with this infinite-dimensional argumentation may just
reinsert the word “weak” into all statements about homotopy equivalence.
>

B. Local h-principle

Let A be an arbitrary subset of V. We say that:
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e the (local) h-principle holds for R near A, if for every formal solu-
tion Fy : Op A — R there exists a homotopy F; : OpA — R, t €
[0, 1], such that Fj is a genuine solution;

e the parametric (local) h-principle holds for R near A if for every
relative spheroid

@o : (DF,S*1) — (Secop AR, Hol oy aR) , k=0,1,...,
there exists a fixed on S*~! homotopy

@i+ (DX, S*1) = (Sec op aR ,Hol 0y aR), t € [0,1],
such that 1 (D¥) C Hol o, aR.

C. Relative h-principle, or h-principle for extensions
For the subsets B C A C V' we denote by Sec o, (4,5)R the space of formal
solutions F': Op A — R which are holonomic near B. We say that:

e the (relative) h-principle holds for R near the pair (A, B) if for
every formal solution Fy € Sec o, (4,3)R there exists a homotopy
through formal solutions

F; € SeCOp(A,B)Ra te [O, 1],
such that Filo, B = Flopp for all t € [0,1] and F; is a genuine
solution;
e the parametric (relative) h-principle holds for R near the pair (A, B)
if for every relative spheroid
¥o : (Dk7 Sk_l) - (Sec Op (A,B)R7 Hol OpAR) , k=0,1,...,
there exists a fixed on S*~! homotopy

27 (Dk75k_l) - (Sec Op (A,B)RaHOl OpAR)v te [07 1]7

such that ¢1(D*) C Hol oy 4R and for every p € D¥ the homotopy
ot(p) : Op A — R is fixed near B.

D. C°-dense h-principle

We say that

e the C%-dense h-principle holds for R if the (usual) h-principle holds
for R and if for every formal solution F{y : V' — R and an arbitrarily
small neighborhood U C X of the underlying section fy = bs Fy the
homotopy F;, t € [0, 1], in R which brings Fj to a genuine solution
Fy can be chosen in such a way that bs F;(V) C U, t € [0, 1].
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In a similar way one defines the C°-dense versions of all previously defined
h-principles.

E. Fibered differential relations

Sometimes when we are working with the parametric situation the differen-
tial relation itself may also depend on the parameter. Let us formulate the
corresponding definition in this situation.

Let P be the space of parameters.

A map
f:PxA— PxB; (pa)— (p fpla))

is called fibered (over P) map.

Any subset R € P x X is called a fibered differential relation imposed on
the fibered (over P) sections

fPXVHPXXv (p7v)'_>(p7fp(v))

which are continuously depending on p € P. Formal solutions of R are
sections PxV — R C Px X and (extended) solutions of R are fiberwise
holonomic sections P x V — R.

The parametric h-principle can be reformulated in the following fibered ver-
sion. We say that

e a fibered h-principle holds for a fibered relation R ¢ P x X if
every (fibered) formal solution Fy : P x V — P x X") is homotopic
via homotopy of fibered formal solutions F; to a fibered genuine
solution F; : PxV — R.

If P is a manifold with non-empty boundary 9P then we usually assume that
the formal solution F' is holonomic over 0P x V and require the homotopy F}
to be fixed near 9P x V. The parametric h-principle can now be reformulated
as follows: the parametric h-principle holds for R if and only if for every
k=0,1,... the fibered h-principle holds for R = D¥ x R ¢ D¥ x X("),



Chapter 7

Open Diftf V-Invariant
Differential Relations

7.1. Diff V-invariant differential relations

Given a fibration p : X — V we will denote by Diffy X the group of fiber-
preserving diffeomorphisms hx : X — X, i.e. hx € Diffy X if and only if
there exists a diffeomorphism hy : V — V such that the diagram

hx

X — X
pl lp
v Moy

commutes. Let 7 : Diffyy X — Diff V' be the projection hx +— hy. We
are interested in situation when this arrow can be reversed, i.e. when there
exists a homomorphism j : Dif V. — Diffy X such that moj = id. We
call a fibration X — V together with a homomorphism j natural if such a
lift exists. For instance, the trivial fibration X =V x W — V is natural.
Here j(hy) = hy x id. The tangent bundle TV — V is also natural. The
corresponding lift here is provided by the differential df : TV — TV of
a diffeomorphism f : V — V. If a fibration X — V is natural then any
fibration associated with it is natural as well. In particular, if X — V is
natural then X — V is natural. The implied lift

§7:Diff V — Diffy X | b j7(h) = h,
is defined here by the formula

hi(s) = Jj(h)os(h(v))
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where s € X v = p"(s) € V, and § is a local section near v which
represents the r-jet s.

Note that (1), = (hy)~ . Set h* = h L.

<« Example. Let X = APV be the exterior power of the cotangent bundle
to V. Then any diffeomorphism h : V' — V can be lifted on APV as the
exterior power dPh of the differential dh:

](h) :dph:(v,w) = (h(p),Wh) ,pGV,wGA%V,wh GAZ(U v,

)

where the value of the form wp, on the vectors ay,...,a, € Tj(,) is defined
by the formula

wpla,...,ap) = w(dh™Y(ay),...,dh " (ay)) »

Given a natural fibration X — V a differential relation R ¢ X ) is called
Diff V-invariant if the action s — h,s, h € Diff V, leaves R invariant. In
other words, a differential relation R is Diff V-invariant if it can be defined
in V-coordinate free form. Note that although the definition of a Diff V-
invariant relation depends on the choice of the homomorphism j, this choice
is fairly obvious in most interesting examples and we will not specify it.

The action s +— h,s preserves the set of holonomic sections:
hi(J7) = J" (j(h)o foh™),

f € SecX, h € Diff V. In particular, the group Diff V' acts on the space
Sol R of solutions of an invariant differential relation R.

<« Examples. The relations Rimm and Reupm are Diff V-invariant. For
any A C Gr, W the relation R 4 which defines A-directed maps V' — W (see
4.5) is Diff V-invariant. »

7.2. Local h-principle for open Diff V-invariant
relations

7.2.1. (Local h-principle) Let X — V be a natural fiber bundle. Then
any open Diff V-invariant differential relation R C X satisfies all forms
of the local h-principle near any polyhedron A C 'V of positive codimension.

Proof. First we will consider the non-parametric case, i.e. we will prove
that

mo(Sec op AR, Holpp AR) =0.
We need to show that, given a section F' € Sec o, 4R, there exists a sec-
tion G € Hol pp 4R which is homotopic in Sec o, AR to F. According to
Theorem 3.1.1 there exist an arbitrarily C°-small diffeotopy h™ : V — V,
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7 € [0,1], and a section F € Hol oph(4)R such that F is C%close to F over
Oph(A). In pgrticulaz, we may assume that the linear homotopy F'! between
Flopnia) = F% and F = F! lies in R. The desired section G € Hol o, 4R
can then be defined by the formula G = (h')*F where

(hl)* — (hl);1 . X(r) N X(r)
is the induced action of the “straightening” diffeomorphism (h')~! on the
natural fibration X — V. The required homotopy in R, which connects
F and G over a neighborhood of A, consist of two stages: first (h7)*F,

7€ [0,1], and then (h})*(F"), t € [0,1].

Note that although the holonomic approximation gives us a section F over
Op h(A) which is C%close in X () to the initial formal solution F over
Op h(A), it does not imply the same property for G over Op A. Indeed, the
CP-closeness to F deadly fails for the straightened solution (hl)*ﬁ on Op A.
However, the C%-approximation over Op A in X survives after straightening
and this imply the local C°-dense h-principle for R near A.

For the general parametric, relative and relative parametric cases we need
to use the corresponding parametric/relative versions of the Holonomic Ap-
proximation Theorem 3.1.1. However, the proof for these cases differs only
in notation. Let us consider, for example, the parametric case.

In order to prove the equality
Tm(Secop AR, Holpp aAR) =0, m>1,

we need to show that, given a family of sections F, € Secp, aR, z € I'™,
m = 0,... such that for z € Op 9I™ the section F, is holonomic, there exists
a family G, € Hol o, 4R which is homotopic in Sec o, AR to the family F,
z € I, relative to dI™. According to Theorem 3.1.1 there exist a family
of arbitrarily C-small diffeotopies h7 : V — V, 7 € [0,1], z € I™, and a
family of sections F, € Hol oph(4)R such that h, = Id for z € I and F, is
Cclose to F over Op hl(A). In particular, we may assume that the linear
homotopy ﬁ’; between F.|o, ni(a) and F. lies in R. The desired family of
sections G, € Hol o 4R can be then defined by the formula G, = (hL)*F,
where

(hl)" = ()" : X — X
=1 on the
natural fibration X" — V. The required homotopy in R which connects

F, and G over a neighborhood of A consists of two stages: first (h])"F,
7 € [0,1], and then (hl)*(F?), t € [0,1]. O

is the induced action of the straightening diffeomorphisms (h}
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7.2.2. (Local h-principle implies global for open manifolds) Let V'
be an open manifold and X — V a natural fibration. Let R € X be a
Diff V -invariant differential relation. Then the parametric local h-principle
for R implies the parametric global h-principle for R.

Proof. We consider only the non-parametric case, i.e. prove that
mo(Sec R, HolR) = 0.

The general parametric case differs only in notation. We need to show
that, given a section F' € SecR, there exists a section G € Hol R which is
homotopic in Sec’R to F. Let K C V be a core of the manifold V. The
local h-principle near K implies the existence of a section G g € Holp, kR
which is homotopic in Sec o, kR to Flopk. Let g7 : V — V, 7 € [0,1],
be an isotopy compressing V into a neighborhood U of K such that G is
defined over U. The desired section G € Hol R can now be defined by the
formula G = (¢')*G where

(@) =(g");' : X0 — x)

is the induced action of the “decompressing” diffeomorphism (g')~! on the
natural fibration X" — V. The required homotopy in R which connects
F and G consists of two stages: first (¢7)*F, 7 € [0,1], and then (¢*)*G%,
t € [0,1], where G% is the homotopy which connects Fo, g and Gk in
R. O

<« Remark. Note that the local C°-dense h-principle near K does not
survive after an expansion and hence we cannot derive the global C'°-dense
h-principle for R from the local C%-dense h-principle. »

Theorems 7.2.1 and 7.2.2 imply

7.2.3. (Gromov [Gr69]) Let V be an open manifold and X — V a natural
fiber bundle. Then any open DiffV -invariant differential relation R C X )
satisfies the parametric h-principle. In particular immersions, submersions,
k-mersions (maps of rank > k), and immersions V. — W directed by an
open set A C Gr, (W) (see 4.5) satisfy the parametric h-principle as long as
the underlying manifold V' is open.

The relative h-principle in this situation holds in the following version:

7.2.4. Let R ¢ X" be an open Diff V -differential relation over an open
manifold V. Let B CV be a closed subset such that each connected compo-
nent of the complement V\ B has an exit to co. Then the relative parametric

h-principle holds for R and the pair (V,B).



Chapter 8

Applications to Closed
Manifolds

8.1. Microextension trick

The microextension trick, which goes back to M. Hirsch, allows sometimes
to reformulate problems about closed manifolds in terms of open manifolds.
For example if dim W > dim V' then a construction of an immersion V- — W
homotopic to a map f : V — W is equivalent to a construction of an
immersion £ — W where E is the total space of the normal bundle to TV
in f*T'W. The manifold F is open and hence the h-principle 7.2.3 applies.
Above we already used the microextension trick for directed embeddings of
closed manifolds, see Theorem 4.6.1.

8.2. Smale-Hirsch h-principle

The h-principle for immersions V' — W obviously fails if V' is closed and
n = q: a closed n-dimensional manifold never admits an immersion into R”
even if it is parallelizable, which is equivalent to the existence of a formal
solution of the immersion problem.

<« Exercise. Prove that an immersion of a neighborhood of 9D? into R?
which is shown on Fig.8.1 cannot be extended to an immersion of the disk
D? into R?, while it extends to a formal immersion. »

However, in the case n < q one gets the C%-dense parametric h-principle via
the microextension trick.

8.2.1. (Hirsch, [Hi59]) The parametric C°-dense h-principle holds for im-
mersions of an n-dimensional manifold V into a manifold W of dimension
q>n.

63
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Figure 8.1. An immersion S x (—¢,e) — R? which can not be
extended to an immersion D? — R? although it has a formal ex-
tension to D?

Proof. In the non-parametric case let F' be a formal solution of the differ-
ential relation Ripmm C JY(V,W). Set f = bsF. The homomorphism F
identifies TV with a rank = n subbundle A of the induced bundle f*TW.
Let v be the normal bundle to A in TW with respect to a choice of a Rie-
mannian metric on W, N be the total space of the bundle v and 7 : N — V
the projection. Then TN = 7*TV & n*v, and hence F' canonically lifts to
a fiberwise isomorphism F : TN — TW. The restriction of an immersion
N — W to the zero-section V' C N is an immersion V' — W, and hence
applying C%-dense local h-principle near V we get the required h-principle
for immersions V. — W.

Given any family of formal solutions F; : TV — TW parametrized by the
points z of a disc D¥, we denote by N the total space of the bundle v
normal to the homomorphism Fjy. Then the isomorphism Fvo :TN — TW
which extends Fjy can be canonically prolongated along radii of the disc D¥
to a family of isomorphisms E : TN — TW for all z € D¥, and hence the
above argument applies parametrically. O

<4 Remarks

1. If the bundle (f*T'W')/TV contains a trivial one-dimensional subbundle ¢
then it is sufficient to extend V to V' xR. In fact, we can proceed inductively
over skeleta of a triangulation of V' and in this case there is no problem with
the existence of 0 locally over a neighborhood of a simplex.

2. Note that the the microextension trick does not work for submersions
because the restriction of a submersion is not, in general, a submersion. In
fact the h-principle is false for submersions of closed manifolds. »

Similarly one can prove the following generalization of Theorem 8.2.1 (com-
pare 4.6.2).
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8.2.2. (Immersions transversal to distribution) Let £ be a subbundle
of TW. If dimV < codim¢ then all forms of the h-principle holds for the
immersions V. — (W, &) which send V transversally to .

8.3. Sections transversal to distribution

We will need the following modification of the h-principle 7.2.1.

8.3.1. Let X — V x R be a natural fibration and R C X an open differ-
ential relation invariant with respect to diffeomorphisms of the form

(x,t) — (z,h(z,t)) z€V, teR.

Then R satisfies all forms of the local h-principle near V x 0, and the global
parametric h-principle over V x R.

The proof follows from the Holonomic Approximation Theorem 3.1.1 accord-
ing to the same scheme as the proof of 7.2.1, with an additional remark that
the perturbation h implied by 3.1.1 has special form, precisely as Proposition
8.3.1 requires.

Note that Proposition 8.3.1 is a version of the Main Flexibility Theorem
from [Gr86], p. 78.

Given two manifolds X,Y and tangent distributions 7 C TX and n C T,
we say that a homomorphism T X — TY maps 7 transversally to n if the

composition map
Fl,
Xy oy

is injective when dim 74+dimn < dimY, and surjective when dim 7+dim#n >
dimY. We say that a map f : X — Y sends 7 transversally to n if the
differential df : T X — TY has the above property.

8.3.2. (Gromov [Gr86]) Let X — V be a fibration and 7 a subbundle of
the tangent bundle TX. If

dim7 4+ dimV < dim X,

then the sections V. — X transversal to T satisfy all forms of the h-principle.

<« Remarks
1. Here the respective differential relation R is not Diff V-invariant.

2. The condition dim 7+dim V' < dim X is crucial and cannot be, in general,
weakened even for an open V. See, however, Theorem 14.2.1 below.

3. For a trivial fibration V x W — V and 7 equal to the vertical tangent
bundle of the fibration V x W — W Theorem 8.3.2 is just Hirsch’s theorem
about immersions V' — W, dim V' < dim W (see 8.2.1 above). »
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Proof of 8.3.2. Using a sufficiently small triangulation of the manifold V'
we can reduce the problem to its following relative version: V = D", X =
D™ xR?, and the section V' — X is already transversal to 7 near 9V = 9D".

A microextension trick which we are going to apply below differs from those
we have used in the proof of Theorem 8.2.1: now we will extend both the
source and the target manifolds.

Let R be our relation and F : V — X®) be its formal solution which is
already holonomic near V. Set f = bsF. Let £ be the subbundle of
TX|fvy defined by F. Consider the fibration X x R — V x R and the

subbundle 7 x R € T(X x R). Let R C (X x RfY be the differential
relation which defines the sections transversal to 7 x R. The subbundle

v=(TX|;)/(Tlrovy ©E)
is trivial (this is the only place where we need the localization) and dim v > 1.
Therefore, we can extend F to a formal solution F : V xR — X xR of R
which is holonomic near 0V C V x R.

Let A be the subgroup in Diff (V' x R) which consists of diffeomorphisms
fibered over V. The relation R is open and A-invariant. Therefore, accord-
ing to Proposition 8.3.1 the local h-principle holds for R near V=V x 0 C
V x R. The condition

dim7+dimV < dim X
implies
dim (7 x R) +dim (V' x R) < dim (X x R),
and hence a section V x R — X x R which is transversal to 7 x R defines

a section V' — X which is transversal to 7. Therefore the local h-principle
for R implies the h-principle for R. U

Similarly we can prove

8.3.3. Let ) be a subbundle of TV, and & a subbundle of TW . If dimn <
codim¢ then all forms of the h-principle hold for the maps (V,7) — (W,£)
which send T transversally to &.

In particular,

8.3.4. Let n be a subbundle of TV . If dimT < dim W, then the h-principle
holds for ‘“n-immersions” f : (V,7) — W, i.e. the maps with rankdf|, =
dim 7.



Part 3

Homotopy Principle in
Symplectic Geometry



Symplectic and Contact geometry lie on the borderline between the Flex-
ible World, governed by the laws of the h-principle, and the Rigid World,
which deals with the differential relations for which the homotopy restric-
tions sufficient for the existence of formal solutions are far from being suf-
ficient for genuine solvability. In the sixties the conjectures of V.I. Arnold,
see [Ar65, Ar78], were directing the development of Symplectic geometry
towards rigidity, while the success of symplectic applications of Gromov’s
h-principle, see [Gr69], put under a big question mark whether any rigid
phenomena may exist in the Symplectic world, see the discussion in [Ar86]
and historical remarks in [Gr85]. We will consider in the subsequent chap-
ters the flexible side of the symplectic story, only briefly discussing some rigid
phenomena in Chapter 11, and refer the readers who wish to see the rigid
part of the Symplectic world to Gromov’s seminal paper [Gr85], Arnold’s
paper [Ar86] as well as the books [MS98] and [HZ94].



Chapter 9

Symplectic and
Contact Basics

This chapter contains a short introduction to Symplectic and Contact geom-
etry. We do not pretend to be systematic. However, the chapter contains all
the symplectic and contact information which is needed for our applications.
We stress the similarity and the relationship between Symplectic and Com-
plex geometries. The connection between the two geometries continues to
serve as one of the most important sources of all the recent developments in
Symplectic geometry after Gromov’s paper [Gr85]. The proofs are mostly
only indicated, or even omitted. The reader who is not familiar with the

subject may consider the text as a long sequence of exercises, or may turn
to the books [AG90], [MS98], [HZ94| and [CdS01].

9.1. Linear symplectic and complex geometries

A. Symplectic structures

A symplectic structure, or a symplectic form, on a real vector space L is a
non-degenerate 2-form w € A%L, i.e. skew-symmetric bilinear form

LxL—R.
The non-degeneracy condition means that the formula
I,(X)=wX,)=Xiw, X€L,

defines an isomorphism I, : L — L* between L and its dual space L*. This
condition automatically implies that L is of even dimension 2n. The non-
degeneracy of w is equivalent to the condition that w™ # 0, i.e. that w™ is a

69
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volume form. The pair (L,w) is called a symplectic vector space. The group
of all linear symplectomorphisms

o:L—-L, Pw=w,
is denoted by Sp (L, w).

Any symplectic vector space (L,w) has a symplectic basis
Uy Up,V1,y...,Upn

such that w(u;,v;) = 1 and w is equal to 0 on all other pairs of basic vectors;
with respect to this basis the form w can be written as

n
w=wo = Zpi ANgiy pi=w(u,-), ¢ =w(,v;)

i=1
or, equally, w(X,Y) = XTQqY, where

0 1
w5

In particular, as in the case of Euclidean structures, there exists, up to
isomorphism, only one symplectic structure on L and only one linear sym-
plectic group

Sp(2n) = Sp (R*",wp) =~ Sp (L,w) .
Let us point out, however, that the space
S(L) = A’L\ (2 = {w|w" = 0}) ~ GL (2n,R)/Sp (2n)

of all symplectic structures on L, in contrast to the space of Euclidean struc-
tures G(L) ~ GL (L)/O(L), is not contractible. Note that S(L) consists of
two identical (non-contractible) components which correspond to two orien-
tations on L.

<« Exercise. Prove that S(R*) is homotopy equivalent to S2 LI S2. »

B. Symplectic orthogonal complement and classification of linear
subspaces

There exists a remarkable diversity of linear subspaces of a symplectic vector
space. Each linear subspace S in (L,w) is characterized up to isomorphism
by two numbers (s,p) where dimS = s and rankw|g = p. Note that p is
always even. An alternative description of this classification can be given in
terms of the symplectic orthogonal complement.

Let (L,w) be a symplectic vector space, dim L = 2n. Given a linear subspace
S C L, the linear subspace

Ste = {X e L|w(X,Y)=0 for all Y € S}
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is called the symplectic orthogonal complement, or w-orthogonal complement
of S. As in the case of the Euclidean orthogonal complement, for any S C L
we have

Lo
dim S + dim S = 2n and (Siw) — 9.

However, in general S 4+ St~ # L. In particular, the w-orthogonal comple-
ment of a line always contains this line, while the w-orthogonal complement
of a hyperplane is contained in the hyperplane.

A subspace S C (L,w) has type (s, p) if and only if
dimSNSte =s—p,

A subspace S C (L,w) is called

e symplectic if it has type (s, s), or equivalently if S 4 S+« = L;

e isotropic if it has type (s,0), i.e. w|g = 0, or equivalently if S C

St

e coisotropic if it has type (s,2s — 2n), or equivalently if S+« C S;

e Lagrangian if it has type (n,0), or equivalently if S = S+
Note that the dimension of an isotropic subspace is always < n and the
dimension of a coisotropic subspace is always > n. Lagrangian subspaces can
be also characterized as isotropic subspaces of maximal possible dimension,
or coisotropic subspaces of the least possible dimension. The symplectic
complement of an isotropic subspace is a coisotropic subspace and vice versa.
The intersection S N S+« is always isotropic. Also note that for any fixed s
we have a stratification of the Grassmanian GrgL by strata which correspond
to (s, p)-subspaces; the stratum of maximal dimension corresponds to the

maximal possible p. In particular, for even s a generic s-dimensional linear
subspace of (L,w) is symplectic.

C. Complex structures

A complex structure on a real vector space L is an automorphism J : L — L
such that J2 = —Id;. This condition automatically implies that L is of
even dimension 2n. The pair (L, J) is called complex vector space. This
definition, of course, coincides with the definition of a complex vector space
as a vector space over C; the correspondence is given by the formula

(a +ib)v = av + bJv.
The group of all linear transformations
®:L—L, J=0"'Jo=1J,
i.e. transformation which preserve J, is denoted by GL(L, J).
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For any complex vector space (L, J) there exists a J-basis
ULy ey Uy, U1y .- ey Up
such that Ju; = v;; with respect to this basis we have

Lo

J:Joz[l 0

In particular there exists, up to isomorphism, only one complex structure
on L and only one linear complex group

CGL(n,C) = GL(R", Jy) ~ GL(L, J).
As we will see below, the space
J(L) ~ GL(2n,R)/GL (n,C)

of all complex structures on L is homotopy equivalent to the space S(L)
of symplectic structures on L. In particular, J(L) consists of two identical
(non-contractible) components which correspond to two orientations of L.

<« Exercise. Prove that J(R?) is homotopy equivalent to S2 LI S2. »
D. Classification of real linear subspaces in a complex vector space

Each linear subspace S in (L, J) is characterized up to isomorphism by two
numbers (s,p) where dim S = s and p = dim (S N JS). Note that SN JS is
J-invariant and p is always even.

A subspace S C (L, J) is called

e complex if it has type (s,s), or equivalently if S = JS; in other
words a subspace is complex if it is invariant with respect to J;

e real or totally real if it has type (s,0), or equivalently if SNJS = 0;
in other words a subspace is totally real if it contains no complex
subspaces of positive dimension;

e co-real if it has type (s,2s — 2n), or equivalently S + JS = L.

Note that the dimension of a real subspace is always < n, while the di-
mension of a co-real subspace is always > n. The intersection S N JS is
J-invariant and hence always complex. Also note that for any fixed s we
have a stratification of the Grassmanian GrgL by the strata which corre-
spond to (s,p)-subspaces; the stratum of maximal dimension corresponds
to the minimal possible p. In particular, a generic s-dimensional linear sub-
space of (L,w) is real if s < n and co-real if s > n. The odd-dimensional
subspaces of type (s,s — 1) are called CR-subspaces, where the notation
CR stands for Cauchy-Riemann. Any real hyperplane in a complex space is
automatically a CR-subspace.
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E. Hermitian structures and homotopy equivalence 7 (L) ~ S(L)

A Hermitian structure on a (real) vector space L is a pair H = (J,w) where
J and w are compatible complex and symplectic structures on L, i.e.

e w is J-invariant, i.e. w(JX,JY) =w(X,Y) for all X,Y € L;
e w is J-positive, i.e. w(X,JX) >0 for all X € L.

This definition is equivalent to the standard definition of a Hermitian struc-
tures on L as a positive definite Hermitian form H(X,Y’) on the complex
vector space (L, J); the correspondence is given by the formula

H(X)Y)=w(X,JY) —iw(X,Y).
A linear transformation L — L which preserves H is called unitary, and the

group of all unitary transformations is denoted by U (L, H).

For any Hermitian vector space (L, H) there exists a basis
Ulye ooy Up,V1y...,Un

which is simultaneously .J-basis and symplectic basis. With respect to this
basis we have H = Hy = (Jy,wp). In particular, as in the case of Euclidean
spaces there exists, up to isomorphism, only one Hermitian structure on L
and only one unitary group

U(n) = U(R*,Hy) ~U (L, H).

The space H(L) of all Hermitian structures on L is a subspace of the product
J(L) x S(L) and thus we have natural projections

p7 - H—J and ps: H — S.

9.1.1. (Homotopy equivalence J (L) ~ S(L)) The projections py : H —
J and ps : H — S are surjective maps. Both maps py and ps are fibrations
with contractible fibers. Moreover, both ps and ps are homotopy equivalences
and hence there exist a canonical homotopy equivalence J (L) ~ S(L).

Proof. The surjectivity of ps and ps is evident. Each fiber
7' (J) = p7'(Jo) = GL(n,C)/U(n)

is a convex subset of a vector space and hence is contractible. The convexity
of p}l(J ) also implies that p 7 is a homotopy equivalence. Each fiber

ps'(w) =~ pg'(wo) = Sp(2n)/U(n)

is contractible, as can be seen from the polar decomposition (see, for exam-
ple, [MS98]). Therefore, there exists a section f : & — H of the fibration
Pw : H — §; using the fiberwise polar decompositions with respect to the



74 9. Symplectic and Contact Basics

metrics g,(X,Y) = w(X,JY) where (J,w) = f(w) we can realize the con-
traction simultaneously in all fibers. Thus, the projection ps is a homotopy
equivalence. O

<4 Remarks

1. The space H, = pgl(w) admits another interpretation which manifests
its contractibility. Namely, H,, can be identified with the so-called Siegel
upper-half space, i.e. the space of matrices of the form A + iB, where A, B
are real symmetric n X n-matrices, and B is positive definite, see [Si64] for
the details.

2. Instead of the space H one can consider a bigger space H of the pairs
(J,w) with only positivity condition
w(X,JX) >0 for all X € L.
A theorem similar to 9.1.1 is valid also for H and the projections
p7:H—J and ps:H —S.
>

9.2. Symplectic and complex manifolds
A. Symplectic and complex vector bundles

Using the respective linear notions one can define symplectic, complex and
Hermitian vector bundles. For example, a symplectic vector bundle (X,w)
over a manifold V is a real vector bundle p : X — V equipped with a
symplectic form w, on each fiber X,, = p~!(v) which smoothly depends on
v € V. Equivalently the symplectic structure on a real vector bundle X — V'
can be defined as a section

V- AZX\ %,
where ¥ N A2X, = {w]|w" = 0}.

Two symplectic structures wg, wi on a real vector bundle X are homotopic
if they can be connected by a family {w;}ier of symplectic structures. As
follows from Proposition 9.1.1, there is no difference from the homotopy
point of view between symplectic, complex and Hermitian vector bundles,
i.e. there exists a canonical one-to-one correspondence between the homo-
topy classes of symplectic and complex structures on a given real vector
bundle X and, moreover, a canonical homotopy equivalence

S(X) ~H(X) ~ T (X)),

where S(X), J(X) and H(X) are the spaces of symplectic, complex and
Hermitian structures on X.
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<4 Remark. For a given symplectic structure w on a vector bundle X,
the connected component J,, C J(X) which corresponds to the connected
component of S, € S(X) consist of all complex structures J € J(X) such
that J is fiberwise compatible with a symplectic structure w’ € S, (and vice
versa). »

B. Almost symplectic and almost complex manifolds

An almost symplectic (resp. almost complex, Hermitian)) structure on an
even-dimensional manifold V' is a symplectic (resp. complex, Hermitian)
structure on the tangent bundle T'V. Equivalently, an almost symplectic
structure on V is a non-degenerate differential 2-form w on V. All these
structures have local invariants and in the almost complex case were inten-
sively studied, similarly to the case of Riemannian metrics. As far as we
know the differential geometry of almost symplectic structures is practically
non-existent.

C. Submanifolds of almost symplectic and almost complex mani-
folds

Using the respective linear notions one can define (s,p)-submanifolds of
almost symplectic (resp. almost complex) manifolds, and in particular
isotropic, co-isotropic, Lagrangian, almost symplectic (resp. totally real, co-
real, almost complex) submanifolds. Note that isotropic submanifolds S C V
are characterized by the condition w|g = 0. The isotropic submanifolds of
dimension < %dim V', i.e. non-Lagrangian isotropic submanifolds, are called
subcritical.

D. Symplectic and complex manifolds: infinitesimal description

An almost symplectic structure w is called integrable if dw = 0, i.e. w is
a closed two-form. Such a differential form is called symplectic form. An
almost complex structure J on V is called integrable if the Nijenhuis tensor

NJ(X,Y) = [JX,JY] - JJX,Y] - J[X,JY] - [X,Y]

vanishes. A Hermitian structure H = (J,w) on V is called integrable if
both J and w are integrable; this is equivalent to the equality V,J = 0
where V, is the covariant derivative with respect to the metric g(X,Y) =
w(X,JY). A manifold V provided with an integrable almost symplectic
(resp. almost complex, Hermitian) structures is called symplectic (resp.
complez, Kdhler) manifold. A Kéhler manifold can equivalently be defined
as a complex manifold provided with a positive definite Hermitian form H
such that the imaginary part of H is closed; such a form is called Kdhler
metric. An almost complex manifold V' provided with a Ké&hler metric is
called almost Kdhler manifold.
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E. Symplectic and complex manifolds: local description

According to a theorem of Nirenberg-Newlander (see [NN57]), any suffi-
ciently smooth integrable almost complex structure is locally equivalent to
the standard complex structure on C". Thus, equivalently, a complex mani-
fold can be characterized by the existence of local charts {U; — (R?", Jy) =
C"} glued together by holomorphic maps (this is the standard definition of
a complex manifold).

For symplectic manifolds we have a similar situation. According to Darboux’
theorem (see 9.3.2 below) any symplectic form is locally equivalent to the
n

standard symplectic form wo = Y. dx; A dy; on R?". Thus, equivalently, a
1

symplectic manifold can be characterized by the existence of local Darboux
charts glued together by symplectomorphisms, i.e. diffeomorphisms which
preserve the canonical form.

Note that for 2-dimensional manifolds we have
almost symplectic structure=symplectic structure=area form;

almost complex structure=complex structure=conformal structure.

F. Submanifolds of symplectic and complex manifolds

Note that a symplectic (complex) submanifold S C V of a symplectic (com-
plex) manifold V inherits an integrable symplectic (complex) structure. This
contrasts with the Riemannian case: the symplectic integrability condition
is analogous to the condition in the Riemannian case of being locally FEu-
clidean, but submanifolds of locally Euclidean manifolds need not, of course,
to be locally Euclidean.

Let us mention the following property of (s, p)- submanifolds of (integrable)
symplectic manifolds (see, for example, [MS98]).

9.2.1. For any (s,p)-submanifold S C V of a symplectic manifold V the
(s — p)-dimensional distribution T'S N (T'S)*« C TS is integrable. The
corresponding foliation on S, called characteristic, consists of isotropic
leaves. In particular, any s-dimensional coisotropic submanifold S C V
carries a canonical (2n — s)-dimensional characteristic isotropic foliation.

Note that any hypersurface S C V is always coisotropic and hence carries a
canonical one-dimensional characteristic foliation.

Complex tangent subspaces T'S N J(T'S) to a real hypersurface S of an
almost complex manifold V' form a complex tangent distribution & of real
codimension 1, which is called a CR-structure on S. A coorientation v of
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S in V defines a coorientation Jv of £ in S. Choose a 1-form « such that
¢ = Ker o and a(Jv) > 0. It is straightforward to check that if the structure
J is integrable, then the formula

L(X,Y) =da(X,JY) —id(X,Y), X,Y €€,

defines an Hermitian form on S, called the Levi form. The Levi form is
defined up to multiplication by a positive function. The cooriented hyper-
surface S is called strictly pseudo-conver if the form L is positive definite.

G. Examples of symplectic manifolds
1. Cotangent bundle

An important example of a symplectic manifold is provided by the cotangent
bundle T*M of a smooth manifold M. The symplectic form w on T*M is
the differential of the famous canonical 1-form pdq. In coordinate notations
the symplectic structure on T*M can be described as follows. If M = R"
then R?" = T*R" is endowed with the canonical symplectic structure

k
wo = d(pdg) = _dp; Ndg;
1

where the coordinates ¢ = (q1,...,¢,) and p = (p1,...,pn) are chosen in
such a way that the projection T*R" — R" is given by (p,q) — ¢. Let us
observe that any diffeomorphism f : R* — R” lifts to a symplectomorphism
f« : T"R" — T*R"™ by the formula

Fe(p,q) = (f(@), (df) "' (p))-
Thus a coordinate atlas M = |JU; on M lifts to a symplectic atlas
J

"M =TT,
J
with gluing symplectomorphisms lifted by the above formula.

2. Symplectic stucture on Kdihler manifolds

Kahler geometry serves as a rich source of examples of symplectic manifolds.
The imaginary part of a Kéhler metric is a symplectic form, and hence any
Kahler manifold is automatically symplectic. Moreover, complex submani-
folds of Kéhler manifolds are Kéahler, and hence symplectic. Complex affine
space C" and the complex projective space C P* have canonical Kédhler met-
rics (31 zZ on C", and the Fubini-Study metric on C P*) and hence any
affine complex manifold, i.e. a complex submanifold of C", and any projec-
tive complex manifold, i.e. a complex submanifold of the complex projective
space C P*, are symplectic.
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The above examples of complex analytic origin can in a certain sense be
reversed. Note that according to Proposition 9.1.1 the space J,(W) of all
almost complex structures J : TW — TW compatible with w|z, on every
tangent space T, W, x € W, of a symplectic manifold (W,w) is non-empty
and contractible. In particular, any symplectic manifold (M,w) admits a
compatible almost complex structure J, and thus (W,w,J) is an almost
Kahler manifold.

3. Symplectic bundle over a symplectic manifold

The following observation belongs to W.P. Thurston (see [Th76]):

9.2.2. Let (V,w) be a symplectic manifold and m : X — V a symplectic
vector bundle. Then there exists a symplectic structure W on a neighborhood
OpV of the 0-section V. C X such that ©|y = wy and the restriction of ©
to the fibers of the fibration X defines their linear symplectic structure.

Proof. By definition the total space X of a symplectic vector bundle admits
a closed form 7 such that its restriction to the fibers of the fibration defines
there the linear symplectic structure, and the restriction of 7 to the 0-section
V vanishes. Then the form 1+ 7*wy is symplectic on a neighborhood Op V
of the 0-section and has the required properties. O

H. Embeddings and immersions into (almost) symplectic and (al-
most) complex manifold.

In an obvious way we define Lagrangian, isotropic and coisotropic immer-
sions into (almost) symplectic manifolds and totally real and co-real immer-
sions into (almost) complex manifolds.

When considering (almost) symplectic immersions into an (almost) sym-
plectic manifold (W, wy ) we should differentiate between immersions which
induce on the source an (almost) symplectic structure, and the immersions
of another symplectic manifold which induce on it the (almost) symplectic
structure which was a priori given. The same way we should treat (almost)
complex immersions into an (almost) complex manifold.

Let (W,ww ) be a symplectic manifold. A map f :V — (W,ww) is called
symplectic if the form f*wyy is non-degenerate (and hence symplectic). Such
a map is automatically an immersion. If V is already endowed with another
symplectic structure wy then we call amap f : (Viwy) — (W, ww ) isometric
symplectic or isosymplectic if f*wyw = wy.

The same way one can define compler and isocompler immersions into a
complex manifold.
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< Exercise. Define all kinds of the respective “formal” immersions (La-
grangian, symplectic, etc.) and the corresponding differential relations.
Which of these relations are open? Invariant with respect to Diff V7 »

9.3. Symplectic stability

By symplectic stability we mean the absence of non-trivial local invariants
for objects related to integrable symplectic structures. Here the locality
refers both to the manifold itself and to the space of symplectic structures.

For a smooth family of differential p-forms w; on a manifold W the time-

derivative
d

L.L)t:_CUt

dt
is again a family of p-forms. Note that the time-derivative commutes with
the exterior differentiation:

d(ir) = (dwr) .

For a (time-dependent) vector field v; on W denote by ¢, = et the phase
flow on W generated by v, i.e. @y is determined by the differential equation

¢r(x) = ve(e(x)), polz) =w.

The isotopy (flow) ¢, is always defined at least locally.

Given a differential p-form w and a vector field X on W, the derivative
Lxw = Wil=0, wr= (etX)*W7

is called Lie derivative of the form w along X. Let us recall E. Cartan’s
formula:

Lxw :Xde+d(XJu)).

Suppose we have a homotopy wy, t € [0, 1], of differential p-forms on W; can
we realize this homotopy by an isotopy ¢y : W — W such that ¢fwg = w;?
It is sufficient to find a corresponding time-dependent vector field v; such
that ¢; = e'*. Differentiation of the equation ¢jwy = w; with respect to ¢
gives us the equation

Ly,wp = wy for all ¢t € [0,1]
with respect to v;.

The following proposition is a starting point for the symplectic stability
results.
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9.3.1. (Solution to the equation £,,w; = w; for an exact homotopy
of symplectic forms) Let wy = wg + day be a smooth family of symplectic
forms on a manifold W and vy = I;tl (&) (vector field wy-dual to the 1-form
éy). Then

Ly,wr =wy for all t €[0,1].

Indeed, we have

Lywr = d(viawy) = d(cy) = (doy) = @ .

Here are few remarkable corollaries of this proposition:

9.3.2. (Stability Theorems)

(Stability near a compact set) Let A C W be a compact subset. Let
wy = wo + day be a family of symplectic forms on Op A C W such that
at|rw, = 0. Then there exists an isotopy oy : Op A — W, fized on A, such
that p;wy = wy.

(Darboux’ Theorem) Any symplectic form is locally equivalent to the form

n
wo = Y. dx; Ady; on R*™ = T*R"™.
1

(Moser’s Theorem) Let w; = wy + day be a family of symplectic forms on
a closed manifold W. Then there exists a canonical isotopy pr : W — W
such that wy = pjw.

(Relative Moser’s Theorem) Let w; be a family of symplectic forms on a
compact manifold W with boundary such that w, = wg over Op OW and the
relative cohomology class [wy — wo] € H2(W,0W) wvanishes for all t € [0,1].
Then there exists an isotopy @ : W — W which is fired on Op OW and
such that ¢} (wo) = wy, t € [0,1].

(Weinstein’s Theorem) Any isotropic and, in particular, Lagrangian im-
mersion L — W extends to an isosymplectic immersion U — W, where U
18 a neighborhood of the zero-section in the cotangent bundle T*L endowed
with its canonical symplectic structure.

(Symplectic Neighborhood Theorem) Let f : (V,wy) — (W,ww) be an
1sosymplectic immersion and E — V be the symplectic vector bundle whose
fiber over a point v € V is the space (df (T,V))** ww-dual to df(T,V) C
TryW. Then [ extends to an isosymplectic immersion

F:(OpV,wp) = (Www),
where OpV is a neighborhood of the 0-section V in the total space of the
symplectic vector bundle E — V', and wg is the symplectic form on OpV C
E constructed in Lemma 9.2.2 above.
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<« Remark. All the above results hold in parametric form. It is important,
however, to keep in mind that in the parametric version of the Symplectic
neighborhood theorem the symplectic bundle F also varies with the parame-
ter, and even though all of them are equivalent there could be a homotopical
obstruction if one tries to find a uniformization by a fixed symplectic model.
>

Proof.
Stability near a compact set: The isotopy

or=e"":0pA—0Op A

generated by the vector field v, = I;t (&) is fixed on A and thus is defined
on Op A for all ¢ € [0, 1].

Darboux: All linear symplectic forms are equivalent. Hence, one can as-
sume that w and wy coincide at the origin. Then the linear homotopy

=(1—t)wo+ tw

consists of symplectic forms on Op0. Moreover, w; = wg + day, where
at(0) =0 for all ¢ € [0,1]. Hence, we can apply Stability near A = {0} .

Moser: The vector field v; = I;tl (&y) here integrates on the whole manifold
W to an isotopy ¢; such that pfwy = w; for all t € [0, 1].

Relative Moser: The proof is the same as in the absolute case with an
additional remark that the forms «; can be chosen equal to 0 on Op oW,
and then v|ppow = 0 as well.

Weinstein: Any isotropic submanifold L of dimension k£ admits a transver-
sal isotropic k-plane field 6 such that the bundle T'L & 6 is symplectic with
respect to the symplectic form induced by w . Moreover the space of isotropic
subspaces of R?"® which trivially intersect a fixed isotropic subspace L and
form with it a symplectic subspace of R?" is contractible, and hence the space
of isotropic plane fields 6 which satisfies the above property is contractible
as well. The immersion L — W extends in a homotopically unique way to
an immersion h : Op L — W which is isosymplectic along L with respect to
the standard symplectic structure wg on 7™ L and symplectic structure w on
W, where Op L is a neighborhood of L in T* L. In particular the symplectic
forms wg and @ = h*w on Op L coincide along L, and hence @ = wqy + da
where the 1-form « can be chosen to be equal to 0 on L. Hence we can
apply Stability near L.

Symplectic Neighborhood: By the definition of the bundle £ — V the
immersion f extends to an immersion f OpV — W such that f*(ww)
coincides with wg on TE|y. Hence f*(ww) — wp = do where the 1-form
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« vanishes on TE|y, and therefore we can construct the required isotopy
using Stability near V. O

9.4. Contact manifolds
A. Contact forms and contact structures on manifolds

A 1-form « on a (2n + 1)-dimensional manifold V is called contact if the
restriction of da to the (2n)-dimensional tangent distribution &, = Ker « is
non-degenerate (and hence symplectic). Equivalently, we can say that a 1-
form « is contact if A (da)™ does not vanish on V. A codimension 1 tangent
distribution & on V is called a contact structure or a contact distribution if it
can be locally (and in the coorientable case globally) defined by the Pfaffian
equation o = 0 for some choice of a contact form a. The pair (V,§) in this
case is called a contact manifold.

<« Example. The standard contact structure &g on R+ is defined by the
Darboux contact 1-form

n
ag=dz — Z Yy dx;
1

in the coordinates (1,...,Zn—1,Y1,--.,Yn—1,2) (see Fig.9.1). »
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Figure 9.1. The standard contact structure dz — ydz = 0 on R?

B. Nonexistence of local contact geometry

Similar to the symplectic case, contact manifolds have no local geometry:
according to a contact version of Darboux’ theorem (see 9.5.2 below), any
(2n 4 1)-dimensional contact manifold is locally isomorphic to the standard
contact R+, Thus, equivalently, any contact manifold can be defined by a
contact atlas which consists of Darboux charts glued by contactomorphisms,
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i.e. diffeomorphisms preserving the standard contact structure £y (but not
necessarily the contact form «g!). The contact forms have no local invari-
ant either: any contact form on a (2n + 1)-dimensional manifold is locally
isomorphic to the standard contact form ag on R?"*1 (see 9.5.2 below).

C. Orientations and conformal class CS(¢) associated to a contact
structure ¢

Any contact form « on V = V2Tl defines an orientation of V by the
volume form a A (da)”, an orientation of the distribution £ = Ker a by the
form (da)™ and (of course) a coorientation of £. Some of these orientation
survive when we pass to contact structures: any contact structure £ defines
an orientation of the (2n + 1)-dimensional manifold V' if n is odd and an
orientation of & if n is even.

The symplectic structure da|e on & = Ker o almost survives when we pass
from a contact form « to the contact structures & = Ker  which this form
defines: the conformal class of da|¢ depends only on & (because d(fa)|e =
fdal¢ for a function f:V — R). We denote this class by CS(&).

In a more invariant fashion we can canonically associate with any codimen-
sion one tangent distribution £ C T'V a defining 1-form « valued in the line
bundle A = TV/£. The differential of this form restricted to £ is a 2-form
on ¢ valued in A. Its value on vectors X,Y € ¢ is defined by first extend-
ing X,Y locally to vector fields X,Y tangent to &, then taking their Lie
bracket with the sign minus: —[X,Y] =YX — XY, and then projecting it
to A = TV/¢. If £ is a contact structure, then the form w is symplectic.
Note that in this definition w depends only on &. A choice of an R-valued
contact form trivializes (and, in particular, normalizes) A and thus allows us
to treat w as a usual R-valued symplectic form on £ which is, as a trade-off,
only a conformal invariant of &.

Given a cooriented contact structure £, = Ker«, the positive-conformal
class of the symplectic structure da|¢ depends only on {1; we denote this

class by CS(&4).
D. Integral submanifolds of a contact distribution

According to Frobenius’ theorem, the contact condition is a condition of
maximal non-integrability of the tangent hyperplane field £. In particular,
all integral submanifolds of £ have dimension < n. On the other hand, n-
dimensional integral submanifolds, called Legendrian, always exist in abun-
dance, see Section 9.6 below. Integral submanifolds of dimension < n are
called subcritical.
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E. Reeb vector field of a contact form

Any contact form o on V' defines a one-dimensional distribution
Kerda C TV

and hence a one-dimensional foliation R, on V, which is called the Reeb
foliation. Note that R,, is transversal to the contact distribution £, = Ker «.
The condition a(X) = 1 defines a unique vector field X = R, tangent to
Ra; this vector field is called Reeb vector field. The flow of R, preserves the
contact form a.

The Reeb foliation R, does not survive when we pass from a contact form
« to the underlying contact structure & = Ker a; however, some of its in-
variants do, see [EGHOO].

F. Examples of contact manifolds.
1. Contactization of the cotangent bundle

The canonical contact structure on the 1-jet space J'(M,R) = T*(M) x R
is defined by the contact form dz —pdq on T*(M) x R, where the coordinate
z corresponds to the second factor, and where we identify the form pdg on
T*M with its pull-back to J!'(M,R). For M = R* this structure coincide
with the standard contact structure on R2*+1.

2. Contactization of an exact symplectic manifold

Similarly to the above contactization of the cotangent bundle (T* M, d(p dq))
any exact symplectic manifold (W, dar) can be contactized to a contact mani-
fold

(V=WxR, {=Ker(dz — a)),
or to a contact manifold

(V=W x (R/Z), £ = Ker (dz — )).

3. Pre-quantization of an integral symplectic manifold

The latter “cyclic” form of the contactization (or, as it is otherwise called,
pre-quantization) construction can be generalized to a symplectic manifold
(W, w) whose form is not exact but integral, i.e. which belongs to a cohomol-
ogy class from H?(W;Z). In this case the circle bundle V/ — W with the
first Chern class equal [w] admits a S!-connection whose curvature is equal
to w. This connection, viewed as a family of horizontal planes, represents
an S'-invariant contact structure & on V.

4. Space of contact elements of a smooth manifold
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A point of the projectivized cotangent bundle PT*M is a tangent hyperplane
to V which can be identified with a line in T*M. The canonical 1-form p dg
does not descend to PT™* M, but its kernel does and thus it defines a canonical
contact structure on PT*M. This contact structure is not coorientable. The
double cover of PT™*M , which carries a coorientable contact structure, is the
associated spherical bundle ST*M which can be viewed as the space of co-
oriented tangent hyperplanes (co-oriented contact elements).

5. Strictly pseudo-convexr hypersurfaces

As we already explained above in Section 9.2, complex geometry serves
as a rich source of examples of symplectic manifolds. It is a rich source
of examples of contact manifolds as well, because the CR-structure £ =
TSNJTS on a strictly pseudo-convex hypersurface S in a complex manifold
V is a contact structure on S. In particular, the standard sphere S?"~! ¢ C*
carries a canonical contact structure.

As in the symplectic case, the above example of complex analytic origin
can in a certain sense be reversed. If (V¢) is a contact manifold, then
we can endow the bundle £ in a homotopically unique way with a complex
structure J compatible with £ in the following sense: the Hermitian (Levi)
form w(X,JY) —iw(X,Y), where w € CS(§) is positive definite. In other
words, any contact manifold can be viewed as a strictly pseudo-convex but
not necessarily integrable CR-manifold, or as a strictly pseudo-convex hy-
persurface in an almost complex manifold. Note that if dim V' = 3 then the
CR-structure can be chosen integrable, see [EI85].

6. Symplectic bundle over a contact manifold

The following observation is the contact analog of Lemma 9.2.2.

9.4.1. Let (V,€) be a contact manifold and 7w : E — V a symplectic vector
bundle. Then there exists a contact structure E on a neighborhood U of the
0-section V' such that &y = &, & is tangent to the fibers of the fibration
E viewed as a subbundle of T(E)|v, and the given symplectic structure on

these fibers belong to the the conformal class CS(§).

Proof. We will consider here only the case of a cooriented &. Let a be the
contact form which defines &, and 7 a closed form on E such that

e its restriction to the fibers of the fibration defines there the given
linear symplectic structure;

e the restriction of 7 to the 0-section V' vanishes.
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Then the form 7 is exact and by the Poincaré lemma there exists a primitive
3 of n such that B|rg), = 0. The form 3+ 7*a defines on a neighborhood

OpV a contact structure £ with the required properties. O
H. Symplectization and projectivization
Symplectization

Let (V,€) be a (2n — 1)-dimensional contact manifold. The 2n-dimensional
manifold V = (TV/€)* \ V, called the symplectization of (V,§), carries a
natural symplectic structure w induced by a tautological embedding V-
T*V which assigns to each linear form

TV/¢ — R

the corresponding form
TV - TV/{ = R.

Moreover, the symplectization V carries a canonical 1-form a¢ induced from
the canonical 1-form pdg on T*V by this embedding. A choice of a contact
form « (if € is coorientable) defines a section V' — v and, in particular, a
splitting
V=Vx(R\O0).

In this case we can choose the positive half V xRy of V and call it symplec-
tization as well. The symplectic structure w can be written in terms of this
splitting as d(7«), 7 > 0. Note that the vector field T' = T% is conformally
symplectic or, as it is also called, Liouville: we have

Lrw=w as well as Lp(Ta) =Ta.

All the notions of contact geometry can be formulated as the corresponding

symplectic notions, invariant or equivariant with respect to this conformal
action. For instance, any contact diffeomorphism of V' lifts to an equivari-
ant symplectomorphism of ‘7; Legendrian submanifolds in v correspond to
cylindrical (i.e. invariant with respect to the R -action) Lagrangian sub-
manifolds of V.

Projectivization

From the point of view desribed above, Contact geometry can be viewed as
projectivized Symplectic geometry. Suppose the multiplicative group Ry or
R* = R\ 0, denoted G, acts on a 2n-dimensional symplectic manifold (W, w)
by conformally symplectic transformation, i.e. A*w = Aw, A € G. If the
quotient space V' = W/G is Hausdorff then it is automatically a (2n — 1)-
dimensional contact manifold. The contact plane &, € T,,V, v € V, can be
defined as follows. Take any point w from the orbit v C W and consider
the space N, = Li“ where L,, C T,,W is the tangent line to the orbit v at
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the point w € v. Then &, is the image dn(N,), where 7 : W — V = W/G
is the canonical projection. Note that the standard contact structure on
the space V. = PT*M of contact elements or on the space V = ST*M
of co-oriented contact elements is obtained by the above construction from
W = (T*M \ M, d(pdq)) using, respectively, the canonical action of R* or

R, .
I. Embeddings and immersions into contact manifolds

An immersion f : V — (W) is called isotropic if its differential df maps
TV to & C TW. An isotropic immersion is called Legendrian (resp. sub-
critical) if dimV = n (resp. dimV < n). It is important to observe
that the differential df of an isotropic immersion f maps tangent spaces
to V' to subspaces of £ which are isotropic with respect to the conformal
symplectic structure CS(¢). Indeed, we have f*(da) = df*(a) = 0, where
¢ = Kera. In particular, the differential relation Rpeg C J*(V,W) re-
sponsible for Legendrian immersions consists of monomorphisms (fiberwise
injective homomorphisms) 7,V — £ onto Lagrangian subspaces of &.

For a contact manifold (W,§) a map f : V — (W,§) is called contact if it
induces a contact structure on V. Such a map is automatically an immer-
sion. It is important to observe that the intersection df(T'V) N & consist
of symplectic subspaces with respect to the conformal symplectic structure
CS(¢). A monomorphism F' : TV — TW is called contact if it is transversal
to & (i.e. F~1(€) is a codimension one distribution on V) and the intersec-
tion F(TV) N ¢ consists of symplectic subspaces of £ with respect to the
conformal symplectic structure CS(€).

If the manifold V' itself has a contact structure then we may consider iso-
metric contact or isocontact maps f : (V,&y) — (W, {w) which induce on V
the given structure &y. If & and &y are given by contact forms aypy and
ay then equivalently one can say that f is isocontact if f*apw=pay where
¢ : V — R is a non-vanishing function. A monomorphism F' : TV — TW is
called isocontact if &, = F~1(&y) and F induces a conformally symplectic
map &y — &y with respect to conformal symplectic structures CS(§y ) and

CS(&w).

< Exercise. Which of the differential relations Ri,eg, Reonts Risocont are
open? Which are invariant with respect to Diff V7 »

9.5. Contact stability

By contact stability we mean the absence of non-trivial local invariants for
objects related to contact structures. Here the locality refers both to the
manifold itself and to the space of contact structures.
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One can prove for contact structures stability results similar to Proposition
9.3.2 in the symplectic case.

Suppose we have a homotopy ay, t € [0, 1], of differential 1-forms on W; can
we conformally realize this homotopy by an isotopy ¢ : W — W such that
Yiag = efta,? Tt is sufficient to find a corresponding time-dependent vector
field vy such that ¢; = e't. Differentiation of the equation piag = eltw,
with respect to ¢ give us the equation

Ly, 00 = &y + hyay for all t € [0, 1]
with respect to v; and a family of functions h;.
9.5.1. (Solution to the equation L, «a; = & + hiay for a homotopy
of contact forms) Let oy be a family of contact forms on a manifold W

and & the family of contact structures which these forms define. Let v; be
the vector field on V' which is characterized by the conditions

o ai(vy) =0 and
o v = [&Lt”gt (&le,)

Then Ly, = 6 + heay for a function hy : W — R.

Proof. By Cartan’s formula we have
Ly, ar = veaday + d(ag(v)) = vpadoy .
But
(veado)le, = vea (dovle,) = cule, ,
and hence
viadoy = &y + hpag .
O

<« Remark. The equation £,y = ¢&;, which defines an isotopy which
preserves the form «a, can be solved near any submanifold L C V provided
the Reeb vector field R,, is transversal to L. »

The following theorem can be deduced from Lemma 9.5.1 in the same way
as Theorem 9.3.2 was deduced from 9.3.1.

9.5.2. (Stability theorems)

(Stability near a compact subset) Let &, t € [0, 1], be a family of contact
forms given in a neighborhood Op A C W of a compact subset A C W.
Then there exists an isotopy pr : Op A — W which is fized on A such that

90;(60 = gt’ te [07 1]
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(Darboux’ theorem) Locally any contact structure on a (2n+1)-dimensional

manifold is equivalent to the standard contact structure & on R2" 1. More-

over, locally any contact form on a (2n + 1)-dimensional manifold is equiv-
n

alent to the standard contact form ag = {dz — > y;dx;} on RZ"H1,
1

(Gray’s theorem) Let &, t € [0,1], be a family of contact structures on
a closed manifold V. Then there exists an isotopy ¢ : V. — V such that

¢ (o) = & for t € [0,1].

(Relative Gray’s theorem) Let &, t € [0,1], be a family of contact struc-
tures on a compact manifold V' with boundary such that & = &y on Op V.
Then there exists an isotopy ¢y : V — V fixzed on Op V' such that o} (o) = &
fort €10,1].

(Contact Weinstein’s theorem) Any isotropic immersion L — W, and
in particular any Legendrian one, extends to an isocontact immersion Op L —
W, where Op L is a neighborhood of the zero-section L in the 1-jet space
JY(L) endowed with its canonical contact structure.

(Contact neighborhood theorem) Let f : (V,&) — (W,&') be an iso-
contact immersion. Let E — V be the symplectic vector bundle whose fiber
over a point v € V is the space CS(&}(U))-dual to df (&) C {}(U). Then f

extends to an isocontact immersion f: (OpV, £~) — (W, &) where OpV s
a neighborhood of the 0-section V' in the total space of the symplectic vector
bundle E — V', and & is the contact structure on OpV C E constructed in
Lemma 9.4.1 above.

<« Remark. All the above statements hold parametrically. See, however,
the remark after Theorem 9.3.2. »

9.6. Lagrangian and Legendrian submanifolds

Lagrangian submanifolds of symplectic manifolds and Legendrian submani-
folds of contact manifolds play a central role in Symplectic topology.

A section s : M — T*M is a Lagrangian embedding if and only if s is a
closed 1-form. In fact, any Lagrangian submanifold L of T* M can be viewed
as a multi-valued closed 1-form. Any Lagrangian submanifold L C T*M can
equivalently be characterized by the condition that the restriction pdg|y is
a closed 1-form on L. A Lagrangian submanifold L. C T*M is called exact
if the closed 1-form pdq|y, is exact. A Lagrangian immersion f : L — T*M
is called ezact if the closed form f*(pdq) is exact.
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A section s : M — J'(M,R) is a Legendrian embedding if and only if s is
the 1-jet extension J } of a function f : M — R. In other words, Legendrian
sections coincide with the holonomic sections of J!(M,R). Similarly to
the case of Lagrangian submanifolds of the cotangent bundle, a general
Legendrian submanifold of J*(M) corresponds to a graph (“wave front”) of
a multivalued function. The projection J'(M) = T*(M) x R — T*M sends
Legendrian submanifolds of J!'(M,R) onto (immersed) exact Lagrangian
submanifolds of T*M. Conversely, any exact Lagrangian submanifold of
T*M lifts, uniquely up to a translation along the R-factor, to a Legendrian
submanifold of J!(M,R).

More generally, let (W, w) be a symplectic manifold with an ezact symplectic
form w = da. A choice of a primitive « is sometimes referred to as a Liouwville
structure on W. Let us associate with a Liouville manifold (W, a) a contact
manifold

(W =W xR, ¢ =Ker(dz — o)),

where z denotes the coordinate along the second factor. Let 7 : W — W be
the projection to the first factor. A Lagrangian immersion

f:L— (W,da)

is called ezact if the form f*« is exact. If H1(L;R) = 0, then any Lagrangian
immersion L — (W, da) is exact. The projection f = 7o fof a Legendrian
immersion f: L— (W, €) into W is an exact Lagrangian immersion. Con-
versely, any exact Lagrangian immersion f : L — W lifts uniquely up to
translation along the R-factor to a Legendrian immersion f: L —W by
the formula f = (f,H), where dH = f*a. The relation between exact
Lagrangian immersions into W and Legendrian immersions into W will be
exploited later in Chapter 16.

We will show below (see 14.1 and 16.1) that isotropic and, in particular,
Legendrian immersions into a contact manifold satisfy all forms of the h-
principle. On the other hand, the literally understood h-principle fails for
isotropic immersions into a symplectic manifold. Indeed, in order that a
map f : L — (W,w) be homotopic to an isotropic immersion we have a
necessary cohomological condition f*[w] = 0 € H?(L). Similarly, given a
map f : (L, A) — W which is an isotropic immersion on a neighborhood
Op A of a polyhedron A C L, vanishing of the relative cohomology class
[f*w] € H?(L, A) is necessary in order that the map f be homotopic rel A
to an isotropic immersion. As we will see in 14.1 and 16.3 below, the isotropic
and, in particular, Lagrangian immersions into symplectic manifolds satisfy
a modified form of the h-principle augmented by these additional necessary
conditions.
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Subcritical isotropic embeddings into contact and symplectic manifolds also
satisfy some forms of the h-principle (see 12.4 below). However, the problems
of Lagrangian embeddings and Legendrian isotopy belong to the world of
symplectic and contact rigidity.

9.7. Hamiltonian and contact vector fields

A. Hamiltonian vector fields

A vector field X on a symplectic manifold (M, w) is called symplectic if the
Lie derivative £ xw vanishes, which is equivalent to the equation

d(Xiw)=0.

If the form X _w is exact, i.e. X w = dH, then the vector field X = Xg is
called Hamiltonian and the function H is called the Hamiltonian function
for the vector field X. If M is non-compact then we will always assume that
X and H have compact supports. This condition defines H uniquely. On
the other hand, if M is closed then H is defined up to an additive constant.

A time-dependent Hamiltonian function
Hy: M — R, tel0,1],
defines a symplectic isotopy
@ =Xt o M — M, t €[0,1].

The isotopy ¢ is called a Hamiltonian isotopy with the time-dependent
Hamiltonian function Hy, ¢ € [0,1]. A symplectomorphism ¢ : M — M is
called Hamiltonian if it is the time 1 map of a Hamiltonian isotopy. The
group
Ham = Ham (M, w)
of Hamiltonian diffeomorphisms of (M, w) is a normal subgroup of the iden-
tity component
Diff, = Diff ,(M, w,Id )

of the group of symplectomorphisms of (M,w). According to a theorem of
A. Banyaga (see [Ba78]) Ham = [Diff,,, Diff,].

It will be important for our applications to observe the following simple fact

9.7.1. (Symplectic cutting-off) Let X be a Hamiltonian vector field on
a symplectic manifold V. Then for any compact subset A C V and its
neighborhood U D A there exists a Hamiltonian vector field XA,U which is
supported in U and which coincides with X on A.
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Indeed, any Hamiltonian functions can be cut-off to 0 away from any given
neighborhood U C A. O

B. Contact vector fields

A vector field X on a contact manifold (V,&) is called contact if its flow
(which is always defined at least locally) preserves the contact structure
& If € = Kera then this is equivalent to the equation £Lxa = ha for a
function A : V' — R. Any contact vector field X on V lifts to a Hamiltonian
vector field X on the symplectization V of V. The Hamiltonian K x which
defines the field X equals ag()? ) where o is the canonical 1-form on the
symplectization V. Note that &5()? ) is a function on V homogeneous of
degree one (with respect to the canonical R, -action on 17) Conversely, any
Hamiltonian H : V — R that is homogeneous of degree one defines a vector
field which projects to a contact vector field on V. A choice of a contact
form « for £ defines an embedding f, : V — V and a decomposition

X =a(v)Ry + Yy,

where R, is the Reeb vector field and Y, € {. The function Kx, : V — R
induced by the embedding f, from the Hamiltonian function K x is equal
to a(X) = a(v). It is called the contact Hamiltonian for the contact vector
field X (with respect to a). Thus the contact Hamiltonian measures the
component transversal to £ of the field X. It follows that the transversal
component of X completely determines X. In particular, there are no non-
zero contact vector fields which are everywhere tangent to &. Note that the
Reeb vector field R, is itself a contact vector field which is defined by the
contact Hamiltonian K = 1. Any contact vector field X which is transversal
to & is the Reeb vector field for the contact form «, Ker a = &, characterized
by the equation a(X) = 1.

Similarly to the symplectic case we have the following

9.7.2. (Contact cutting-off) Let X be a contact vector field on a contact
manifold V. Then for any compact subset A C V and its neighborhood
U D A there exists a contact vector field X'A,U which is supported in U and
which coincides with X on A.

Indeed, any contact Hamiltonian functions can be cut-off to 0 away from
any given neighborhood U C A.



Chapter 10

Symplectic and
Contact Structures on
Open Manifolds

10.1. Classification problem for symplectic and
contact structures

A. Symplectic structures

A symplectic structure w on V defines a volume form w™ and hence an
orientation of V. Thus we should consider only even-dimensional orientable
manifolds. Given such a manifold V' we will use the following notation:

o 7 =J(TV) - the space of almost complex structures on V' = the
space of complex structures on the tangent bundle T'V;

® Seymp = S(T'V) - the space of almost symplectic structures on V'
= the space of symplectic structures on the tangent bundle TV

® Sgymp - the space of symplectic structures on V;

® S&ymp - the space of symplectic structures on V' in a given cohomol-

ogy class a € H?(V,R).

The existence of an almost symplectic (or, equally, an almost complex) struc-
ture on V' is a necessary condition for the existence of a symplectic structure.
The existence of a homotopy in Sgymp Which connects two given symplectic
forms wy and wi is a necessary condition for the existence of a symplectic
homotopy between wgy and wi, and so on. Thus according to the philosophy
of the h-principle the problem of homotopical classification of symplectic
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structures on a manifold V' can be treated as the study of homotopy prop-
erties of the natural inclusions

a
Ssymp > Ogymp Or Ssymp — Ssymp .

< Remark. Let us recall that J is homotopy equivalent to Sgymp, and
hence, considering the classification of symplectic structures up to homotopy,
one can equally use Sgymp or J as the corresponding “formal” space. See
also the Remark in 9.2 A. »

B. Contact structures

An almost contact structure on a (2n + 1)-dimensional manifold V' is a
codimension one tangent distribution & on V' together with a symplectic
form w on £ valued in the 1-dimensional bundle A = T'V/{. Note that if n
is odd then an almost contact structure defines an orientation of V; if n is
even it defines an orientation of £&. Note that if £ is cooriented then from
the homotopical point of view defining a form w valued in A is the same as
defining a positive-conformal class of a symplectic structure on £. Hence we
can define a cooriented almost contact structure on a (2n + 1)-dimensional
manifold V' as a pair (4,w) where £ a cooriented hyperplane distribution
on V and w a positive-conformal class of symplectic structures on & .

Given an odd-dimensional manifold V', we will use the following notation:

e Scont - the space of almost contact structures on V;

e Sc.ont - the space of contact structures on V;
e ST

cont

+
i S cont

- the spaces of cooriented almost contact structures on V;

- the spaces of cooriented contact structures on V.

According to the philosophy of the h-principle the problem of homotopical
classification of contact structures on a manifold V' can be treated as the
study of the homotopy properties of the natural inclusions

J’_

cont —

Scont = Scont OF S cont *

10.2. Symplectic structures on open manifolds

Let us recall that APV is a natural vector bundle: any diffeomorphism h :
V — V lifts to APV as the exterior power dPh of the differential dh : TV —
TV . Hence we can consider Diff V-invariant subspaces of APV

For a subspace R C APV and a cohomology class a € HP(V) we denote
by Clo,R a subspace of the space Sec R which consists of closed p-forms
w :V — R in the cohomology class a.
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10.2.1. Let V be an open manifold, a € HP(V') a fized cohomology class and
R C APV an open Diff V-invariant subset. Then the inclusion

ClogR — SecR
1s a homotopy equivalence. In particular,

e any p-formw : V — R is homotopic in R to a closed p-form w € a;

e any homotopy of p-forms wy : V. — R which connects two closed
forms wy, w1 € a can be deformed in R into a homotopy of closed
forms w; € a connecting wy and wy € a.

Proof. The statement follows almost immediately from Theorem 4.7.4. We
explain the reduction in the non-parametric case, the general case differs
only in notation. Let K C V be a polyhedron of positive codimension, as in
4.3.1. According to Theorem 4.7.2 there exist a diffeotopy A7 : V — V and
a closed form w € a which is arbitrarily C O_close to w over a neighborhood
U of K = h'(K) C V. Hence over the neighborhood U the linear homotopy
w¢ between w and w lies in R. Let g; : V. — V be a diffeotopy which
compresses V' into U. Then @ = (g7 1)*% is a section of R and @ € a.
Applying consecutively the homotopies (g; D*w and (91 Dy*w; we get the
required homotopy which connects w and @ in R. O

For a 2n-dimensional manifold V' let Rgymp C A%V be defined in every fiber
by the condition 3" # 0. Then Clo,Reymp = Sgymp and Sec Reymp = Ssymp-
The set Rgymp is open and Diff V-invariant. Therefore, applying 10.2.1 we
get the following homotopy principle for symplectic forms on open manifolds:

10.2.2. (Gromov [Gr69]) For any open manifold V' the inclusion

a
Ssymp — Ssymp

1s a homotopy equivalence. In particular,

e any 2-form B € Ssymp 5 homotopic in Ssymp to a symplectic form
w,weac H(V);

e if two symplectic forms wg,w1 € S

wo and wy are homotopic in Sgyy,,.

a

symp @re homotopic in Ssymp then

Using almost complex structures (instead of almost symplectic) we can for-
mulate the existence theorem in the following way: any open almost complex
manifold (M, J) admits a symplectic structure w which belongs to any pre-
scribed cohomology class a € H?(M) and such that J € [J,] where [J,] is
the homotopy class of almost complex structures compatible with w. It is
important to understand that we do not assert that J € J,, i.e. w may be
non-compatible with the original J.
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<« Exercise. Prove that the inclusion Sgymp < Ssymp is a homotopy equiv-
alence. »

10.3. Contact structures on open manifolds

For a subset R C AP~1 @ APV let ExaR C SecR be the subspace of pairs
(o, B) : V — APV @ APV
such that 8 = da.

10.3.1. Let V be an open manifold and R an open Diff V -invariant subset
of AP~1 @ APV. Then the inclusion

ExaR < SecR

is a homotopy equivalence. In particular, any section (a,) : V. — R is
homotopic in R to a section (a,da) : V — ExaR.

Proof. To simplify notation we will discuss only the non-parametric case.
Let K C V be a polyhedron of positive codimension, as in 4.3.1. According
to Theorem 4.7.1 there exist a diffeotopy h™ : V' — V and a (p — 1)-form
a such that the pair (&, da) is arbitrarily C%-close to («,3) over a neigh-
borhood U of K = h'(K) C V. Hence over U the linear homotopy (o, ;)
between (o, #) and (o, da) lies in R. Let g, : V — V be a diffeotopy which
compresses V into U. Then

(@, da) = (97')" (& da)

is a section of R. Consecutively applying the homotopies (g, Y*(a, B) and
(97 Y*(ay, B;) we construct the required homotopy which connects (o, 3) and
(a,da) in R. O

Now let dimV = 2n + 1 and the set
Reont C AV & A2V

be defined in every fiber by the condition a A (5™) # 0. Then we have the
following commutative diagram

ExaReont — SecReont

| |

+ +
S cont — Scont

where the vertical arrows are natural homotopy equivalences. The set R cont

is open and Diff V-invariant. Hence, Theorem 10.3.1 implies the following
homotopy principle for cooriented contact structures on open manifolds.
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10.3.2. (Gromov [Gr69]) For any open manifold V the embedding

+ +
SCont — Scont

18 a homotopy equivalence.

In particular, given an open manifold M, a non-vanishing 1-form aqg on M
and an almost complex structure on the bundle £ = Ker oy, there exist a
family of non-vanishing 1-forms oz on M and a family of almost complex
structures J; on & = Keray, t € [0,1], such that aq is a contact form and Jy
is compatible with the symplectic form do|¢, . Note that even in the case of
an orientable 3-dimensional manifold M the latter statement implies more
than just the existence of a contact structure in every homotopy class of a
coorientable tangent plane field. It asserts in addition that such a structure
can be chosen to define an a priori given orientation of the manifold M.

Theorem 10.3.2 can be generalized to cover the case of not necessarily coori-
entable contact structures. As we explained in Section 9.4C above, any
tangent hyperplane field £ on M can be defined by a Pfaffian equation
a = 0, where the 1-form « is valued in the not necessarily trivial line bundle
A =TL/¢. The contact condition for £ means, as usual, that da|¢ is non-
degenerate, where the form do is also valued in L. It is straightforward to
extend Theorem 10.3.1 to cover the case of relations

RC (A 'L @ APV L),

which then implies the corresponding generalization of Theorem 10.3.2 to
the general case of not necessarily coorientable contact structures.

Both h-principles 10.2.2 and 10.3.2 also hold in the relative version, when
one wants to extend a symplectic or contact structure from a neighborhood
of a subcomplex of codimension > 1.

10.4. Two-forms of maximal rank on
odd-dimensional manifolds

The rank of a differential 2-form is always even, and hence the maximal rank
of a 2-form on a manifold of dimension 2n + 1 equals 2n. Theorem 10.2.2
implies the h-principle for such forms on any (open or closed) manifold. It
was first proved by D. McDuff using the convex integration technique, see
Section 20.5.

Given an odd-dimensional manifold V', we will use the following notation

® Shon—deg - the space of 2-forms on V' of maximal rank;

oS¢ deg the subspace in Syon—deg Which consists of closed forms

in a given cohomology class a € H%(V).
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10.4.1. (McDuff [MD87al]) The inclusion

gon—deg(v) — non—deg(v)
is a homotopy equivalence. In particular, if V admits a 2-form of mazximal

rank then every two-dimensional cohomology class of V' can be represented
by a closed non-degenerate form.

Proof. If V is orientable then any non-degenerate 2-form on V' extends in a
homotopically unique way to a non-degenerate 2-form on V x R. Conversely,
the restriction of a symplectic formon VxR to V=V x0 C V xR is a non-
degenerate closed 2-form. Hence, the required homotopy equivalence follows
in this case from the h-principle for symplectic forms on open manifolds, see
10.2.2.

If V is non-orientable, then with any non-degenerate 2-form w on V we
associate its kernel Ker w, a non-orientable line subbundle of T'V. The form
w homotopically canonically extends as a non-degenerate form to the total
space K of this line bundle. Hence we can apply Theorem 10.2.2 to produce
a symplectic form @ on K in a given cohomology class and then restrict it
back to the 0-section. ([l

The same argument proves the relative version of the above h-principle. A
contact analog of Theorem 10.4.1 will be discussed in Section 14.2 below.



Chapter 11

Symplectic and
Contact Structures on
Closed Manifolds

In general the problem of constructing symplectic or contact structures on
closed manifolds, or the problem of extending the structures from a codi-
mension one subpolyhedron do not abide by any h-principle. In this section
we review the current knowledge about this subject.

11.1. Symplectic structures on closed manifolds
A. Homotopy and isotopy

Two symplectic forms wg and w; on a manifold V' are called

e homotopic if they are homotopic in Seymp;

e formally homotopic if they are homotopic in Seymp;

e isotopic if there exist an isotopy ¢; : V' — V such that ¢jwy = w;.
Theorem 9.3.2 implies that classification of symplectic structures on a closed
manifold V' up to homotopy in a fized cohomology class coincides with the

classification up to isotopy:

a

wo and wp are isotopic < they are homotopic in Sg,,.

B. Existence and uniqueness

For a closed symplectic manifold (V,w) the cohomology class [w] € H?(V;R)
represented by the closed form w satisfies the inequality [w]™ # 0. Hence, if
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understood literally the h-principle for the inclusions
Ssymp(V) = Ssymp(V) and G, (V) = Ssymp(V')

symp
may fail for an almost symplectic closed manifolds V' of dimension > 2
because of the cohomological obstruction: a symplectic candidate V = V27
should at least have a cohomology class a € H?(V;R) with a* # 0. However,
with this modification the situation becomes far less clear.

(a) Does any closed manifold V*" which admits an almost symplectic
structure wo and a cohomology class a € H*(V) with a™ # 0 have

a symplectic structure wy such that [w1] = a € H*(V) and wy is
formally homotopic to wo? Does V admit any symplectic structure
at all?

(b) Letwp,w be two symplectic structures on' V' such that wy is formally
homotopic to wy and the cohomology classes [wo] and [w1] coincide.
Are wg and wy isotopic?

(c) Let wy,w; be two symplectic structures on V' such that wy is formally
homotopic to wy. Are wy and w1 homotopic?

< Exercise. Formulate the questions a) - ¢) in terms of homotopy prop-

erties of the inclusions Ssymp(V) — Ssymp(V) and Sg,,, (V) — Ssymp(V)
>

The answer to a) is completely open for manifolds of dimension 2n > 4.
Thus it is still possible, though unlikely, that the problem a) abides by the
h-principle. For n = 2 the answer is known to be negative. For instance,
C.H. Taubes (see [Ta94]) proved that the connected sum of odd numbers
of copies of C P has no symplectic structure, while it admits an almost
symplectic structure and also satisfies the cohomological condition.

D. McDuff constructed in [MD87b] an example of a 6-manifold which has
two non-isotopic but homotopic symplectic forms in the same cohomology
class. In particular, this implies the negative answer to b) for manifolds
of dimension > 4. In dimension 4 the problem b) is still open. Note
that C. McMullen and C. Taubes (see [MT99]) constructed an example
of a simply-connected 4-manifold which admits symplectic forms whose first
Chern classes are not equivalent under the action of the diffeomorphism

group.

The answer to c) is negative for manifolds of dimension > 4. A counter-
example was constructed by Y. Ruan, see [Ru94], using Gromov’s theory
of holomorphic curves in symplectic manifolds.

C. Extension problems
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Let w be a symplectic form on OpdD?". If n = 1 it obviously extends
to D?. If n > 1 then besides the homotopical obstruction, i.e. existence
of a (not necessarily closed) non-degenerate form extending w, there is an-
other obstruction which is similar to the cohomological obstruction for closed
manifolds which we discussed above. Namely, any extension @ of w to D?"
is exact, w = dg, and by Stokes’ theorem we have

[an= [ nert.

D2n oD32n

The first integral is positive. Hence, the second integral is positive as well.
But this integral is independent of the choice of a primitive of the form
w|pp2n, and hence it does not depend on the choice of w. We will refer to
the positivity of this integral as the positivity condition.

(a) Let w be a symplectic form on OpdD?", n > 1, which extends
to D?" as a non-degenerate form and which satisfies the positivity
condition. Does it extend to D*™ as a symplectic form?

(b) Let w be a symplectic form on D?" which coincides with the stan-
dard symplectic form wo = >_ dp; A dg; on Op AD?". Is there a dif-

1
feomorphism f : D*™ — D?" fived on Op D" such that f*w = wq?

Can such f be chosen isotopic to the identity relative to the bound-
ary?

The answer to a) is negative in all dimensions. This can be deduced from
Gromov’s non-squeezing theorem, see [Gr86]. ! Problem b) is open in
dimension 2n > 4. In the 4-dimensional case a theorem of Gromov (see
[Gr85]) asserts that the answer is positive to the question about existence
of a diffeomorphism f with f*w = wy. However it is unknown whether f
can be chosen isotopic to the identity.

11.2. Contact structures on closed manifolds

A. Homotopy and isotopy

Two contact structures £ and & on a manifold V are called

e homotopic if they are homotopic in S¢ont ;
e formally homotopic if they are homotopic in Scont;

e isotopic if there exists an isotopy ¢ : V' — V such that ¢7& = ;.

LAs far as the authors know, the proof of this result is not published anywhere.
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Theorem 9.5.2 implies that the classification of contact structures on a closed
manifold V up to homotopy coincides with the classification up to isotopy:

& and & are isotopic < they are homotopic.

B. Homotopy principle
Question: Does the h-principle 10.3.2 hold for closed manifolds V ?

The answer to this question is completely open for manifolds of dimension
> 3. However, in the 3-dimensional case the situation is not that bad. In
particular,

11.2.1. (J. Martinet [Ma71], R. Lutz [Lu77]) Any plane field £ on an
orientable closed 3-manifold V is homotopic to a contact structure which
defines an a priori given orientation of V. In other words, the h-principle
10.3.2 holds on the level of an epimorphism on m.

However,

11.2.2. (D. Bennequin [Be83]) There exists a contact structure ¢ on S3,
which is homotopic to the standard contact structure & on S as a plane field,
defines the same orientation of S® as &, but which is not equivalent to €. In
other words, the h-principle 10.8.2 fails on the level of a monomorphism on
0.

The contact structure ¢ in the previous theorem is overtwisted. This means
that there exists an embedded disc D C V which is tangent to £ along
the boundary dD. A disc with this property is also called overtwisted. D.
Bennequin proved in [Be83] that in the standard contact structure ¢ on S3
such an overtwisted disc cannot be found.

It turned out that overtwisted contact structures do abide by an h-principle.
11.2.3. (Y. Eliashberg [E189]) Let V be an oriented manifold and
Contet (V, D) C Scont

be the space of positive overtwisted contact structures on V which all coincide
in a neighborhood of a disc D C V' and which have D as an overtwisted disc.
Let

Distr (V, D) C Scont

be the space of tangent plane fields n on V', such that n, = T,(D), where p
s a fized point of the disc D. Then the inclusion

Conte(V, D) — Distr (V, D)
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is a homotopy equivalence. In particular, if two overtwisted contact struc-
tures of the same orientation are homotopic as plane fields, then they are
1sotopic.

The dichotomy of contact structures on 3-manifolds into overtwisted and
the complementary class of structures, called tight, turned out to be quite
productive. In particular, tight contact structures have been classified on
many closed 3-manifolds, including S?®, lens spaces, torus bundles over S*
and circle bundles over surfaces, see [E191], [Gi99], [Et99], [Gi01], [Ho00].
This classification shows, in particular, that the A-principle for tight contact
structures fails even on the level of an epimorphism on 7.

C. Extension problem

Does the h-principle hold for the extension problem of contact structures
from Op dD**! to D?"*+12 In particular,

(a) Suppose a contact form a on Op dD?*"*+! formally extends to D?"+1,
i.e. there exists a pair &,w on D?"*! such that the non-vanishing
form & extends «, the 2-form w extends do, and w’g:Ker & is non-

degenerate. Does a extend to D*" 1 as a contact form?
(b) Let a be a contact form on D?"*! which coincides over Op 9D?"+1

n
with the standard contact 1-form oy = dz — ) p;dg;. Suppose
1

that ag and « are formally homotopic relative to the boundary,
ie. (a,da) and (g, dag) are homotopic through sections of Rcont
which coincide with (av, doyg) over Op AD?" L. Is there a diffeotopy
of D*" 1 fized over Op 0D*" 1 which moves a into ag?

The situation with these problems is very much the same as in the closed
case.

In the 3-dimensional case the answer to a) is positive. It is also positive in
the class of overtwisted contact structures. However, the answer is negative
in the case of tight structures. According to Bennequin’s theoren 11.2.2 the
answer to b) is negative if the structure « is overtwisted. However if « is
tight, then the answer to b) is positive, see [E191].

If 2n41 > 3 then much less is known. Problem a) is completely open in this
case. Ustilovsky’s theorem [Us99] shows that the answer to b) is negative
if n is even. It is also negative for selected even n (for instance, for n = 3
see [GT99]). The problem is open otherwise.






Chapter 12

Embeddings into
Symplectic and
Contact Manifolds

12.1. Isosymplectic embeddings

Let us recall that when considering embeddings and immersions into a sym-
plectic manifold (W,wy) we differentiate between immersions and embed-
dings which induce on the source a symplectic structure, and immersions and
embeddings of another symplectic manifold which induce on it the symplec-
tic structure which was a priori given. The mappings of the first kind we call
symplectic, while the second kind mappings we call isometric symplectic, or
isosymplectic.

<« Remark. The term ”isometric symplectic” was used by G. D’Ambra
and A. Loi (see [DLO1]) in a different sense. Namely for symplectic mani-
folds endowed with compatible almost complex structures, and therefore
Riemannian metrics, they considered the problem of finding immersions
which are simultaneously isosymplectic and isometric with respect to the
given Riemannian metrics. They proved in [DLO1] an h-principle type re-
sult which is a mixture of Gromov’s Theorem 12.1.1 and Nash-Kuiper’s
C'-isometric immersion theorem, see Theorem 21.2.1 below. »

The symplectic condition is open (while the isosymplectic is not!). Hence,
for an open manifold V' Theorem 7.2.3 implies the parametric h-principle
for symplectic immersions, while Theorem 4.5.1 yields a theorem about di-
rected symplectic embeddings. We turn now to the problem of isosymplectic
embeddings and immersions.

105
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Let (V,wy) and (W, wy ) be symplectic manifolds. A monomorphism (fiber-
wise injective homomorphism) F' : TV — TW which covers a map f =
bsF : V. — W is called symplectic if F*wy is non-degenerate and the equal-
ity f*[ww] = [wy] holds for the cohomology classes. A monomorphism
F TV — TW which covers a map f = bsF : V — W is called isosymplec-
tic if F*wy = wy and the equality f*[ww] = [wy] holds for the cohomology
classes.

Let us recall (see Section 4.3) that for an open manifold V' a polyhedron
Vo C V is called a core of V' if for an arbitrarily small neighborhood U of Vj
there exists an isotopy hy : V. — V fized on Vy which brings V to U.

12.1.1. (Isosymplectic embeddings, Gromov [Gr86]) Let (V,wy) and
(W,ww) be symplectic manifolds of dimension n = 2m and q = 2l respec-
tively. Suppose that an embedding fo : V — W satisfies the cohomological
condition f*lww] = [wy], and the differential Fy = dfy is homotopic via a
homotopy of monomorphisms

TV - TW , bsF; = fy
to an isosymplectic homomorphism Fy : TV — TW.

e Open case. If n < g— 2 and the manifold V is open then there
exists an isotopy fi : V. — W such that the embedding f1 :V — W
is isosymplectic and the differential dfy is homotopic to Fy through
1sosymplectic homomorphisms. Moreover, given a core Vo C V,
one can choose the isotopy f; to be arbitrarily CO-close to fy near
o.

e Closed case. If n < g—4 then the above isotopy f; exists even if V
is closed. Moreover, one can choose the isotopy f; to be arbitrarily
CO-close to fy.

Proof of 12.1.1 in the open case. The construction of f; proceeds in
two steps.

Step 1. The homotopy F; gives us a homotopy Gy = GF; between the
tangent lift Gy = Gdfy of fp and a map

G1=GF :V — Agymp C Gr, W

The set Agymp C GrnW is open ¢ and hence, accordlng to Theorem 4.5.1, there
exists an isotopy ft V—-W, fo = fo, such that ft is C%-small near the core
Vo and f1 V — W is a symplectic embedding whose tangential lift Gdf1 is
homotopic to G1. According to 4.5.2 one can additionally arrange that the
differential d fi; and the isosymplectic homomorphism F} are homotopic via
a homotopy ®; for which G®¢(V') C Agymp. This yields a homotopy of non-
degenerate forms which connects f{‘ww and Ffww = wy. This homotopy
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combined with the condition [wy| = [fjww] allows us to apply Theorem
10.2.2 to get a homotopy w; of symplectic forms on V' such that

wo = ﬁkww, wi =wy and [wy] = const € H2(V;R).

Step 2. Note that w; = wg + day where oy is a homotopy of 1-forms on V.
Hence, Theorem 12.1.1 in the open case follows from

12.1.2. (Realization of an exact homotopy of symplectic forms by
an isotopy of symplectic embeddings) Let V' be an arbitrary (open or
closed) manifold of dimension n =2m and hg : V — (W,ww) a symplectic
embedding into a symplectic manifold (W,ww ) of dimension q = 2l > n.
Set wg = hijww. Let wy = wo + doy, t € [0,1], be a homotopy of symplectic
forms on V. Then there exists an arbitrarily CO-small symplectic isotopy
he : V. — (W,ww) such that hjww = wy.

<4 Remarks

1. If the manifold V is closed then Moser’s theorem 9.3.2 ensures existence
of an isotopy h: : V. — V such that h}(wy) = wo + day, t € [0,1]. However
this isotopy cannot be chosen C%-small. If V has a boundary then Moser’s
theorem is no longer true unless «a; vanishes on the boundary. Note that
Proposition 12.2.2 below shows what can be salvaged from Moser’s theorem
in the case of manifolds with boundary.

2. The proof below can easily be adjusted so it would work parametrically.
In particular, under the assumptions of Lemma 12.1.2 there exists an isotopy
he : V. — (W,ww), with hg = ho such that hjww = wo + day, t € [0,1]. »

Proof of Lemma 12.1.2. A differential 1-form rds where r and s are
compactly supported functions V' — R is called primitive. A homotopy of
1-forms (; is called piecewise primitive if (; linearly interpolates a (finite
or infinite) sequence of 1-forms (;, i = 0,1,..., such that 841 — (; is a
primitive 1-form.

In order to prove Proposition 12.1.2 we first approximate the homotopy «;
by a piecewise primitive homotopy a; such that wgy+ da; still is a homotopy
of symplectic forms and then realize each corresponding local homotopy of
2-forms

w; + (t — ti) dri—l—l A d8i+1, t e [ti, ti+1],
by an isotopy of embeddings. Here (and below) we assume that the approx-
imating homotopy coincides with «; for ¢t = 0, 1.

Note that we can approximate the homotopy «; by a piecewise linear homo-
topy @; such that wg + da; is a homotopy of symplectic forms. Hence we
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may assume from the very beginning that our original homotopy «; is linear:
oy = ta.

12.1.3. (Piecewise primitive approximation) Let ta, t € [0,1], be a
linear homotopy of 1-forms. Then there exists a piecewise primitive homo-
topy &y, a1 = a, which is arbitrarily C'-close to to in the following sense:

||ta — ayl|cr < e for all t €[0,1].
In particular, if w + tda is a homotopy of symplectic forms then wg + day

1s a homotopy of symplectic forms as well.

Proof of 12.1.3. We will consider the case when V is a compact manifold;
the non-compact case can then be treated by a compact exhaustion of V.

Note that it is sufficient to construct an arbitrary piecewise primitive homo-
topy (¢ such that By = 0 and (1 = «; then for sufficiently big N the
homotopy a; such that

e oy, =tiafort;=i/N,i1=0,...,N, and
L atri—T :ati +(1/N)ﬁNT7 T E [07 1/N]

will be arbitrarily C''-close to ta.

In order to construct §; it is sufficient to find a decomposition
a=p0+ - +0
where all 3; are primitive 1-forms.

Using a partition of unity we can reduce to the case when V' = R" or R}
(half-space) and the 1-form

o =ridry + - +rpde,

is supported in a compact set C' C V. Taking a cut-off function 8 : V — R
which is equal to 1 on C and equal to 0 outside a bigger compact set C’ we
can rewrite a as

ridsy + -+ 4+ rpdsy ,

where all the functions s; = 0x;, i = 1,...,n, are compactly supported. [

The above proof also shows the following fact which we will need in Section
12.3 below.

12.1.4. Any 1-form « on a manifold V can be presented as a sum Ziv Bi
of primitive forms such that for all i =1,..., N we have

1Billcr < Cllal|en
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where the number N and the constant C' depend only on the ambient mani-
fold V.. Moreover, this decomposition can be done in such a way that
N

U Supp 3; C Suppa.
1

Now in order to complete the proof of Proposition 12.1.2 we just need to
explain how to realize a homotopy of symplectic forms wq + t dr A ds where
rds is a primitive 1-form (and, in particular, r and s are compactly sup-
ported), by a C%-small isotopy of symplectic embeddings V. — (W, w).
The following lemma gives us a key to the realization.

12.1.5. (Symplectic twisting) Let (V,w) be a symplectic manifold and let
D? denote the disc of radius € in the standard symplectic plane

(R%,n = dx Ady).
Then for any primitive form rds and any € > 0 there exists a section
®:V -V xD?
of the trivial bundle V x D? — V such that
P (wdn) =w+drANds.
Proof of 12.1.5. The image of the map ¢ = (r,s) : V — R? is contained
in a disc D% of radius R > 0. Take an area preserving map
T:TR7EZD%—>D§
(which, of course, has to be a multiple covering). Then the map
gpzTR,goqb:V—»Dg

induces from the area form 1 = dx A dy on D? the form dr Ads on V. Hence
the corresponding section

d:V -V xD?, &)= (z,0x), z€V,
satisfies the equation ®*(w @& n) = w + dr A ds. O

We continue the proof of Lemma 12.1.2. Let U C V be a coordinate chart
which contains the support of the form rds. In view of the symplectic
neighborhood theorem (see Theorem 9.3.2 above) there exists a positive
¢ such that the embedding hgly : U — W extends to an isosymplectic
embedding

ho : (U x D? x DI"72 G = wo @ 02 & 1g—n—2) — (W,ww)

onto a small neighborhood of ho(U) in W. Here DZ denotes the ball of
radius € in R® and the form 7, is the restriction to D7 of the standard
symplectic form on R®. According to Lemma 12.1.5 there exists a section
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® : U — U x D? such that ®*(wo @ 12) = wo + dr Ads. We denote by d the
map

®x0:U— (UxDZ) x DI"2,
and then define the required isotopy of embeddings V' — W by the formula

ha(z) = {Eo(ti(x)), zeU;

ho(x), otherwise.

This finishes off the proof of Lemma 12.1.2, and together with it the proof
of Theorem 12.1.1 in the open case. O

Proof of 12.1.1 in the closed case. Note that the above proof works
also in the extension form when the map fy is already isosymplectic near
a subpolyhedron A C V' of codimension > 1. Of course, the cohomological
condition in this case should refer to the relative cohomology class:

[wol 2 (v, 4y = [foww a2 (v,4) -

Thus to finish the proof in the closed case we just need to explain how to
extend the isotopy to a simplex A™ of top dimension n = dim V. But in this
case the condition codim V' > 4 allows us to apply the usual microextension
trick, multiplying the simplices A™ by a small disk (D2, 75), and thus reduc-
ing the problem to the open case. Note that the C%-approximation near the
core A" x 0 C A™ x D? provides the C%-approximation on A™ and hence on
V. There is, however, a minor problem with this microextension argument:
when applying the relative version of Step 1 to the products A™ x D? we
need to have the relative cohomological condition

[wol m2(an, 0an) = [foww]n2(an, oan)
for each top-dimensional simplex A™ C V instead of one global condition
[wolm2(vy = [foww]m2(v) -
This problem appears only for n = 2 because H2(A", 0A™) = 0 for n > 2.

The following lemma completes the proof in the case n = 2.

12.1.6. (Localization of the global cohomological condition) Let
(Viwy) and (W,ww ) be symplectic manifolds of dimension n =2 and q¢ =
2l > n, respectively. Let fo : V — W be an embedding such that

o fo is isosymplectic in a neighborhood Op K1 of the 1-skeleton K*
of a triangulation T of V and

o foww —wy = do

Then there exists an isotopy fy : V. — W, t € [0,1], such that
e all the embeddings f; are isosymplectic on Op K' and
° fA2 flow = fA2 wy for all 2-simplices A% of .
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Proof. Take any l-simplex ¢ C K'. The embedding fo|, is isotropic, and
hence its image has the standard symplectic neighborhood (see 9.3.2). Hence
there are Darboux coordinates (x1,y1,...,z;,y;) for the symplectic form
wwlop fo(s) Such that the image fo(o) coincides with the interval

I:{0§:E1Sl,y1:$2:“‘:$l:yl:0}'

Set A, = [«. Take an integer N of the same sign as A, choose a smooth

function 6 : [0,1] — [0,27N] such that § = 0 near 0 and § = 27N near 1,
and for a sufficiently small ¢ > 0 define an isotopy

hy :I—0OpI, tel01],
by the formula
hi(z1) = (21,0, te(1 — cosb(z1)), tesinf(x1),0,...,0).

Note that the isotopy h{ is fixed near 0I and
/ B8 = nNe?t,
hZ (o)

q
where § = )" x;dy; is the primitive of the symplectic form ww|opr. In

1
particular, for € = 4/ % we get

and choosing the absolute value of IV sufficiently large we can make the
isotopy h{ be arbitrarily C'°-close to the inclusion I < Op I. Now we define
an isotopy f; : K' — W by setting fi|, = h{ o fo|s for each 1-simplex
o C K'. Again using 9.3.2 we can extend f; to an isotopy defined on the
whole V keeping it (wy, wyy )-isosymplectic on Op K*. Then the embedding
f1 will satisfy the cohomological condition

/fwa:/ wy
A2 A2

for all 2-simplices A? of the triangulation. O

<« Remark. Using the parametric versions of Theorem 4.5.1 and Lemma
12.1.2 we can similarly prove the parametric version of Theorem 12.1.1. »
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12.2. Equidimensional isosymplectic immersions

Lemma 12.1.2 implies, in particular, that one can realize any exact homotopy
wt = w+day of symplectic forms on (V,w) by an arbitrarily C'°-small isotopy
of embeddings

V= (VxR wddzAdy).

As we already mentioned, if V' is closed then Moser’s theorem 9.3.2 allows to
substitute V x R? by V at the expense of C?-approximation. The following
proposition shows that for compact manifolds with non-empty boundary one
can substitute V x R2 by (V x R, 7*&) where (V,®) is any open symplectic
manifold which contains (V,w) as an equidimensional symplectic submani-
fold, and 7 is the projection V xR — V. As in the case of Moser’s theorem,
it can be done only at the expense of C°-approximation.

12.2.1. (V. Ginzburg, [Gi97]) Let (V,&) be a symplectic manifold without
boundary and V C Va full-dimensional compact submanifold with boundary.
Let wy = w+ day, t € [0,1], be a family of symplectic forms on V such that
w=wy = w|y. Then there exists an isotopy

fi: VoV xR, telo1],
such that fy is the inclusion
Vo V=Vx0=VxR

and f{(w®0) = w; where w & 0 = 7w is the pull-back of W under the
projection V xR — V.

<4 Remarks

1. The parametric version of the theorem is also true and implies, in par-
ticular, that one can choose f; such that f;(w @ 0) = w; for all ¢ € [0, 1].

2. Any diffeomorphism of the form
(z,t) = (z,h(z,1)), z€V tER,

preserves the form &, and hence the image of the isotopy f; can be shrunk
into an arbitrarily small neighborhood of the 0-section V x 0 C V x R.
However, the isotopy f; cannot, in general, be chosen C%-small. »

Proof. As in the proof of Lemma 12.1.2 we can approximate a; by a piece-
wise primitive homotopy a;. Therefore, it is sufficient to explain how to
realize the homotopy of symplectic forms wq + tdr A ds, t € [0,1], by an
isotopy of embeddings f; : V — (V,®). Here wy = f&(@ & 0) and the em-

bedding fy is not required to be the original inclusioni : V — V x0 — V xR.
However, the condition wy = fi(w & 0) implies that fy is transversal to the
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(one-dimensional) characteristic foliation Fzgg of the 2-form @ @ 0 by the
fibers of the projection V x R — V.

Extend the embedding fo: V — V xR to an embedding f): V' — V xR
of a neighborhood V' = Op 7V C V. We assume that the extension is still
transversal to the characteristic foliation Fzgo on V x R. Set

wh= () @ ®0).

The embedding f can be extended to a fiber preserving embedding
F:V'xR -V xR

such that F'|y/«o = f{, so that we automatically have
F'o®0)=wy®0,

where w( ® 0 is the pull-back of w(, under the projection V! x R — V'.

The section

d=(rs):V->VxR <V xR
induces the form wg + dr A ds from wj, & dx A dy. Take a smooth function
H :V’' xR — R which has compact support and such that

H(v,r(v)) =s(v), veV.
Then its graph
Ty ={(v,t,Hw,t)|ve V' tecR} cV xR

contains the image ®(V'). The crucial observation here is that because the
hypersurface 'y is graphical, the characteristic foliation on it is diffeomor-
phic to the foliation by the fibers of the trivial fibration V' x R — V', which
is the characteristic foliation of the form &(. In other words, there exists a
diffeomorphism ¥ : 'y — V’ x R such that

e U =1Idon V' x 0 and
o U*(w) @ 0) =, where Q = (w) ® dz A dy)|r,-
Moreover, according to Remark 2 preceding this proof we can assume that

the image ¥(®(V)) is contained in an arbitrarily small neighborhood of the
0-section V' x 0. Hence the embedding

fii (Viwo +dr Ads) (T, Q) “5(V! x R,y & 0) ~=(V x R,& @ 0)

satisfies the equation f{(w @ 0) = wo + dr A ds. We can make all the
construction depending on t by taking t dr A ds instead of dr A ds. In that
case ®; = (y/tr,/ts), and we choose a family of functions H : V/ x R — R
such that

H(v,Vtr(v)) =Vts(v), veV.



114 12. Embeddings into Symplectic and Contact Manifolds

It give us a family of diffetomorphisms ¥y : 'y, — V' x R and hence a
homotopy of embeddings fi = FoW;0®,: V — V x R such that

f(@®0)=wy+tdrAds.

Note that if the primitive form r ds were supported in V'\ 0V then one could
apply the previous construction without extending V' to V. Alternatively,
one could just apply Moser’s theorem 9.3.2. O

<4 Remarks

1. Note that our construction automatically realizes the approximating
piecewise primitive homotopy &; by an isotopy f; such that

i (@) =wo+ay for all t €[0,1].

2. The diffeomorphism W is the key ingredient in the proof. In the case
when the function H is supported in V' x R, any fiber of the characteristic
foliation Fq on I' g intersects the image ® (V') only once (or does not intersect
®(V) at all). However, in the general case the characteristics on I'j, may
intersect the image ®(V) many times because V' is strictly bigger than
V. This is the reason why the projection of the constructed embedding
fi:V— VxR toV may become an (equidimensional) immersion, rather
than an embedding already after the realization of the first segment of the
approximating primitive homotopy .

3. U cannot be made C%-small. Neither the application of symplectic twist-
ing (Lemma 12.1.5), nor the smallness of the supports of the primitive forms
can salvage the C%-approximation property for f; (why?).

4. The proof works also for a closed manifold V' and an exact homotopy of
symplectic forms on V. In this case the result, of course, is not new: it is
just a version of Moser’s theorem 9.3.2. »

Proposition 12.2.1, or rather its 1-parametric version, has as a corollary
the following version of Moser’s theorem 9.3.2 for manifolds with boundary,
which is formulated as an Exercise in Gromov’s book [Gr86], p.335.

12.2.2. (Realization of an exact homotopy of symplectic forms by
a homotopy of equidimensional immersions) Let wy, t € [0,1], be a
family of symplectic forms on a compact manifold V' with boundary. Suppose
that all these forms belong to the same cohomology class from H?(V). Let
(‘7 w) be a symplectic manifold without boundary which contains V as its
equidimensional submamfold so that Oy = wg. Then there exists a regqular
homotopy fi:V — V such that fo is the inclusion V — V and

fio=uwy, te]0,1].
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12.3. Isocontact embeddings

Let us recall that for a contact manifold (W,&w) a map f : V. — W is
called contact if it induces a contact structure on V. A homomorphism
F .V — W is called contact if it is transversal to £y and the intersec-
tion F(TV) N &y consists of symplectic subspaces of {y with respect to
the conformal symplectic structure CS({y). If the manifold V itself has
a contact structure then we also consider isometric contact or isocontact
maps f : (V,&) — (W,&w) which induce on V' the given structure &y .
A monomorphism F : TV — TW is called isocontact if &y = F~1(&w)
and F' induces a conformally symplectic map £y — &y with respect to the
conformal symplectic structures CS(€y) and CS(&w).

<« Remark. As in the symplectic case the term ”isometric contact” was
used by G. D’Ambra, see [DAO0O], in a different sense. Namely for two
contact manifolds endowed with compatible CR-structures, and therefore
Riemannian metrics on the contact distributions, she considered the problem
of finding immersions which are simultaneously isocontact and isometric
with respect to the given Riemannian metrics. She proved in [DAO0O] an h-
principle type result which is a mixture of Theorem 12.3.1 and Nash-Kuiper’s
C'-isometric immersion theorem, see Theorem 21.2.1 below. »

As in the symplectic case the contact condition is open, while the isocontact
one is not. Hence, for an open V Theorem 10.3.2 implies the parametric
h-principle for contact immersions, while Theorem 4.5.1 yields a theorem
about directed contact embeddings. We turn now to the problem of iso-
contact embeddings. Here is an analog of Gromov’s symplectic embedding
theorem 12.1.1 for the contact case.

12.3.1. (Isocontact embeddings) Let (V,&y) and (W,&w) be contact
manifolds of dimension n = 2m + 1 and q = 2l 4+ 1, respectively. Sup-
pose that the differential Fy = dfy of an embedding fo : (V&) — (W, &w) is
homotopic (via a homotopy of monomorphisms F, : TV — TW , bs F; = fp)
to an isocontact monomorphism Fy : TV — TW.

e Open case. If n < q— 2 and the manifold V is open then there
exists an isotopy f; : V. — W such that the embedding f1 : V — W
18 isocontact and the differential dfi is homotopic to Fy through
1socontact homomorphisms. Moreover, given a core Vo C V one
can choose the isotopy f; to be arbitrarily C°-close to fy near V.

e Closed case. If n < g—4 then the above isotopy f; exists even if V
is closed. Moreover, one can choose the isotopy f; to be arbitrarily
CO-close to fy.
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Proof. We will consider only the case of open manifolds. The reduction of
the closed case to the open one via the microextension trick is straightfor-
ward for contact manifolds because one does not have an additional coho-
mological condition to worry about.

As in the symplectic case the construction of the isotopy f: proceeds in two
steps.

Step 1. The homotopy F; gives us a homotopy G; = GF; between the
tangent lift Gy = Gdfy of fo and a map Gy : V — Aoy C Gr,W. The
set Acont C Gr,W is open, and hence according to Theorem 4.5.1 there
exists an isotopy ﬁ V=W, fo = fo, such that fl : V. — W is a contact
embedding whose tangential Gdfl is homotopic to G1. According to 4.5.2
one can additionally arrange that the differential dfl and the isocontact
homomorphism Fj are homotopic via a homotopy ¥y for which GU,(V) C
Acont- This fact and Theorem 10.3.2 imply the existence of a family of
contact structures & which connects the contact structures £y and f{&w.

Step 2. Similarly to the symplectic case the statement of Theorem 12.3.1 is
a corollary of the following lemma

12.3.2. Let V' be a compact manifold with boundary and &,t € [0,1], be a
family of contact structures on' V. Let f : (V, &) — (W, &w) be an isocontact
embedding. Then there exists a contact isotopy fy : V. — W, t € [0,1], such
that fo = f and fy is an isocontact embedding (V,&1) — (W, w).

<« Remark. The parametric version of 12.3.2 is also true with essentially
the same proof. Hence, under the assumptions of 12.3.2 one can arrange
that the isotopy f; consists of isocontact embeddings (V&) — (W, &w) for
allt €[0,1]. »

To prove Lemma 12.3.2 we will need three sublemmas 12.3.3, 12.3.4 and
12.3.5.

Let U be a compact domain with piecewise smooth boundary in a contact
manifold (V,&). We will say that U is contactly contractible if there exists a
contact vector field X on V which is inward transversal to the boundary of
U and such that given a contact form « the flow X! : V — V contracts o
when t — +o00. In other words (X t)*ozt :MO. Note that this property is

independent of the choice of the contact from .

<« Problem. Find an effective criterium for a domain to be contactly
contractible. In particular, are geometrically convex domains in the standard



12.3. Isocontact embeddings 117

contact space
(R G = {dz + Y ajdy; — yjdz; = 0})
1

contactly contractible? »

The next lemma lists a few simple examples of contactly contractible do-
mains which we will need below in the proof of 12.3.2.

12.3.3. Let the space R = R>™t! be endowed with the structure C, =
m

{dz+ > xjdy; — yjdx; = 0}. Then
1

(a) the Euclidean ball D = D7},(0) C R™ centered at the origin is con-
tactly contractible;

(b) semi-balls Dy, = D N{l >0} CR", where [ : R* — R s a linear
function are contactly contractible;

(c) if U is contactly contractible then for any C*-small diffeomorphism
f:R* = R" the domain f(U) is contactly contractible as well.

Proof. The statement 12.3.3 ¢) is obvious. The contact vector field

m

0 0 0

1

does the contracting job in case a). The contact structure (,, is invariant
under rotations around the z-axis, and hence any semi-ball centered at the
origin is contactomorphic to a semiball D% ; with | = az+bz. If a # 0 then
the corresponding contracting contact vector field X can be chosen equal to

—Z< ——+yi ii>—2(z+c)%,

Where < c¢< R. If a =0 then we can assume [ = x7 and in this case take
the contact vector field

0
X = (E—ml Z a Zy]a 2Z+Eyl)8

0<e< }%17 which contracts Dy - O
12.3.4. Let U be a contact contractible domain in a contact manifold
(V.§ ={a=0}).

Suppose that the form B = a + rds is contact for functions r,s : R — R.
Then for any € > 0 there exists an isocontact embedding

f:(V,{=0}) — (Vfo,{oz@xdyzO})



118 12. Embeddings into Symplectic and Contact Manifolds

If the functions r,s vanish on Op A C U, where A is a closed subset of
the boundary OU then on Op A the embedding f can be chosen equal to the
inclusion U = U x 0 — U x D2

Proof. The section
F:U—-UxR?, F(u)= (u,r(u),s(u), ueU,

is isocontact with respect to the contact structures defined by the contact

forms S =a+rdson U and a @ xdy on U x R?. Let X be the contracting

contact vector field for the domain U and K = Kx its contact Hamiltonian

(see Chapter 9.7 above). By the definition of contact contractibility we have
lim h; = 0 where the function h; is defined by the equation

t——+o00
(Xt)* a = ha
and X' : U — U, t € R;, denotes the forward contact flow of the contact

vector field X. Let U C U be a slightly smaller domain with piecewise
smooth boundary such that

e X is inward transversal to U ;
o U\ U=0p A4;

e the functions r, s vanish on U \ U.

Take a function ¢ : U — Ry which is equal to 1 on U and equal to 0 on
Op A. Let X be the contact vector field defined by the contact Hamiltonian
OK. Let Xt : U — U, t € Ry, denotes the forward contact flow of the
contact vector field X, and the family of functions h; : U — R be defined
by the formula

(Xt> o = EtOé .
Then Et’g = htlﬁt = 0 and iNLt\opA = 1. For each ¢t > 0 we define the map

U, : U xR?> = U x R? by the formula

Wy, y) = ()?%u), N B(u)y) C (way) UXE.
Then N
Ui (a®xdy) = hi(a®xdy),

and hence W, preserves the contact structure {(a @ xzdy) = 0}. Therefore
W, o F' is a family of isocontact embeddings

(UAB=0}) = (UxE, {a@zdy=0}) .
Let us denote by g; the composition

7oW,0F:U — R?
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where 7 : V x R? — R? is the projection to the second factor. Then

lim ¢ =0.
t—o0

Indeed, we have gy(u) = hy(u)go(u). If u € U then hy(u)

we U\ U then go(u) = (r(u), s(u)) = 0, and hence g,(u) =
Thus for any € > 0 there exists T' > 0 such that

ht(U) t—> 0. If
0 for all t > 0.

(U0 F)(U) C U x D?
for t > T. Besides, we have
(g0 F)(u) = (u,0,0)

for u € Op A and all t > 0. Hence f = VUr o F' is the required isocontact
embedding

(U,{8=0}) = (UxR* {a®xdy=0}).
O

12.3.5. Let ay,t € [0,1], be a family of contact forms for the family of
contact structures & on'V', as in Lemma 12.3.2. Then there exists a sequence
of primitive 1-forms B; = rids;, i = 1,..., By, such that

M
caj =0+ .05 ;
1

k
o for each k=0,...,M the form a®) = oy + > B is contact;
1

e for each j = 1,...,M the functions r; and s; are supported in
a domain which is contactly contractible for the contact structure
¢U-1 = {aU=1) = 0} and homeomorphic to a ball.

Proof. For each ¢t € [0,1] there exists a covering of V by domains U},
i=1,...,K, such that each domain (U}, &) is isomorphic either to the ball
Br(0) or a semiball Bg;(0) in the standard contact space

<R2m+1, m = {dZ + ijdyj - yjdfl'j = O}) .
1

In view of compactness of V', Lemma 12.3.3 ¢) implies the existence of a d > 0
such that each domain U}, t € [0,1], i = 1,... K, is contactly contractible
for all contact structures &, with 7 € [t — §,t + d]. For each t € [0,1]

L .
let us choose a partition of unity ZUIEZ) = 1 subordinated to the covering
1
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Ul,...,UE. Choose an integer N, set t; = %, i =0,...,N, and for i =
0,...,N—1, j=0,...,L consider 1-forms

J
o) = oy + Zﬂ(kj), where g9 = Jgf) (oyy — ;) -
k=1
If N is chosen sufficiently large then all the forms a(¥) are contact and,
moreover, for a fixed i = 0,..., N the domains Utli, ey Utff are contactly
contractible with respect to the contact structures defined by all the contact
forms i), j=0,...,L. Lemma 12.1.4 allows us to decompose each form

BU9) as a sum
ﬁ(ij) _ erf’)ds,i”) ’
k

where the functions r,(;j ), s,(jj ) have the same support as 309),

i dsy e < ClBD e,
and the constant C' depends only on the domain U which supports a,gik).
To avoid the growing number of indices we will assume that the latter de-
composition consists of just one term, i.e. §07) = (@) g
It remains to order linearly the forms 509) as
gV, g0, pOR gD pE)
to obtain the desired sequence of forms S1,..., By O

Proof of 12.3.2. Let (1,...,0ym be the sequence of forms provided by
Lemma 12.3.5 and

k
a(k):ao—l-Zﬁ(j), k=0,...,M.
1

We will construct inductively a sequence of isocontact embeddings
fO (VD ={aP =0}) —» Wetw), §=0,...,M,

beginning with f(© = f. Then f; = f™) will be the desired isocontact
embedding (V. &1) — (W, &w) .

Suppose that for j = 0,...,M — 1 the embedding fU) has already been
constructed. The contact structures £U) and €U+ differ only over a domain
U with piecewise smooth boundary which is homeomorphic to a ball and
which is contactly contractible for the contact structure £U). According to
the Contact Neighborhood Theorem 9.5.2 the embedding

FOy (U, D) — (W, éw)
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extends for a sufficiently small € > 0 to an isocontact embedding
FO: (U x D2 x DI, V) — (W, éw),

where the contact structure 5 (9) is defined by the contact form

q—n—2
a(j)@xdy@ Z Trdy, -
1

If € is chosen sufficiently small then the image of the embedding F'¥) does not
intersect ) (V' \ U). Using Lemma 12.3.4 we can construct an isocontact
embedding

£ (U9 — (U x D2, {aY) @ zdy = 0}).

Moreover, if the functions #U+1) and sU*1 vanish on Op A where A C 9U,
then the embedding f can be chosen to coincide with the inclusion on Op A.
We combine f with the isocontact inclusion

<U X D?,{a(j) G rdy = 0}) — (U X D? X Dg‘"‘z,f(j’) )

where
q—n—2

V) = (D @zdye Z rydyy = 0},
1

to obtain an isocontact embedding
11 (U UMDY — (U x D2 x DE2, €V)),
Hence the required isocontact embedding
FURY L (V.€0Y) — (Wgw)

can be defined to be equal to fU) on V \ U and equal F9) o f/ on U. This
finishes off the proof of Lemma 12.3.2, and together with it the proof of
Theorem 12.3.1. O

<« Remark. The parametric versions of Theorems 12.1.1 and 12.3.1 are
also valid with the same proof. One can also deduce the corresponding
results about isosymplectic and isocontact immersions. Later in Chapter
16 we will prove the results about isosymplectic and isocontact immersions
by a different method which would allow us to get rid of any dimensional
restrictions. »

<« Exercise. Formulate and prove contact analogs of Theorem 12.2.1 and
Corollary 12.2.2. »
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12.4. Subcritical isotropic embeddings

Let us point out a useful application of Theorems 12.1.1 and 12.3.1.

Let W be either a symplectic or a contact manifold of dimension ¢, and
V' a smooth manifold of subcritical dimension, i.e. dimV < [%]
Let Mono®™ be the space of monomorphisms TV — TW which cover
embeddings V — W, and Mono$™P its subspace which consists of isotropic
monomorphisms £ : TV — TW  i.e. of monomorphisms which send tangent
spaces to V' to isotropic subspaces of TW in the symplectic case, and to
isotropic subspaces of the contact bundle & C TW in the contact case. Let

Mono P be the space of homotopies

Mono{™P = {F, ¢t € [0,1] | F; € Mono®™", Fy = dfy, F; € Mono ">

isot — isot J*
The space Emb st of isotropic embeddings V' — W can be viewed as a sub-
space of Mono fsrglf’ Indeed, we can associate with f € Emb izt the homotopy
F; = df,t € [0,1], from Mono P,
12.4.1. (Homotopy principle for subcritical isotropic embeddings)

The inclusion

emb

Emb isot — Monoj,o;

s a homotopy equivalence.

The above h-principle also holds in the relative and C9-dense forms.

Proof. In the symplectic case, any isotropic homomorphism extends in a
homotopically canonical way to an isosymplectic homomorphism

T(T*V) - TW,
and in the contact case it extends to an isocontact homomorphism
TJYV)) - TW,

where T*V and J!'(V) are endowed with the canonical symplectic and
contact structures. The dimensional condition ensures in both the sym-
plectic and the contact cases that the dimensions of T*V and J'(V) are
< dimW — 2, and hence Theorems 12.1.1 and 12.3.1 apply. Then we get
the required isotropic embeddings as the restrictions to the 0-section of the
constructed isosymplectic and isocontact embeddings. O

<« Warning. The analogs of 12.1.1 and 12.3.1 for Lagrangian and Legen-
drian embeddings are wrong. »



Chapter 13

Microflexibility and
Holonomic
‘R-approximation

For further applications to Symplectic geometry we will need a generalization
of the Holonomic Approximation Theorem which we discuss in Section 13.4
below.

13.1. Local integrability

A differential relation R ¢ X () is called locally integrable if for any v € V
and any section F' : v — R there exists a local holonomic extension F of
F, ie. a holonomic section F : Opv — R such that F(v) = F(v). In
other words, the Cauchy problem with the initial data (v, F'(v)) has a local
solution.

More generally, a differential relation R ¢ X ) is called (parametrically)
locally integrable if given a map h : I*¥ — V and a family of sections

F,:h(p) =R, pell,
there exists a family of local holonomic extension
F,: Oph(p) = R, Fy(h(p)) = Fp(h(p)), peI”.

<« Exercise. Prove that the parametric local integrability of R implies that
for any v € V' and any local section F': Opv — R there exists a homotopy

F":0pv—TR, 7€][0,1],

123
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such that F7(v) = F(v) for all 7 € [0,1], F? coincides with F' and F*
is holonomic. In other words, the Cauchy problem with the initial data
(v, F(v)) has a local solution in any homotopy class of local sections Op v —
R. »

In fact, we need the following stronger relative version of parametric local in-
tegrability: a differential relation R € X (") is called (parametrically) locally
integrable if given a map h : I* — V, a family of sections

F,:h(p) =R, pelk,
and a family of local holonomic extensions near 9I*
Ey: Op h(p) = R, Fy(h(p) = Fp(h(p)). p € Op (21"),
there exists a family of local holonomic extensions
ﬁp :Oph(p) = R, ﬁ’p(h(p)) = F,(h(p)), forall peI”,

such that for p € Op (OI*) these new extensions coincide with the original
extensions over Op h(p).

In what follows the term locally integrable always means this last stronger
version of local integrability.

<« Exercise. Prove that the local integrability of R implies the local h-
principle for R over any point v € V.. »

<« Examples

1. Any open differential relation is locally integrable, see (the parametric
version of) Lemma 3.3.2.

2. The differential relation Rs, which defines isometric immersions of Rie-
mannian manifolds (V, gy ) — (W, gw) is not locally integrable in general.

3. Symplectic and contact stability (Theorems 9.3.2 and 9.5.2) imply that
the following closed differential relations of symplectic-geometric origin are
locally integrable:

e the differential relation Risosymp Which defines isosymplectic im-
mersions (V,wy) — (W,ww);

e the differential relations R,,g and Rgup—isotr Which define Lagrangian
and subcritical isotropic immersions V' — (W, ww);

e the differential relation Risocont Which defines isocontact immersions
(V.&v) — (W, éw);

o the differential relations Rreg and Reyp—isotr Which define Legen-
drian and subcritical isotropic immersions V- — (W, &{w ). »
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13.2. Homotopy extension property for formal
solutions

Let R ¢ X be a differential relation and A a compact subset of V.

13.2.1. (Homotopy extension property for formal solutions) Let
F:V — R be a section and F} : OpA — R, 7 € [0,1], be a homotopy of
the section F = Flopa. Then F} extends to a homotopy FT™ : V — R of
F.

Proof. The homotopy F7 is defined over a neighborhood U C V. Take a
continuous function ¢ : V' — Ry with a compact support in U such that
p =1 in a neighborhood U’ C U of A. Then set F7(v) = F(v) forv e V\U

and F7(v) = Ff(v) forveU. O
Similarly, we can prove the following

13.2.2. (Homotopy extension property for formal solutions, rela-
tive case) Let (A, B), where B C A be a pair of compact subsets of V,
Fy:0pA — R a section and F, : OpB — R, 7 € [0,1], a homotopy of
the section Fg = Falop . Then Ff extends to a homotopy F} : OpA — R
Of FA .

13.3. Microflexibility

The notion of a microflexible differential relation which we introduce in this
section roughly corresponds to Gromov’s notion of a microflexible sheaf, see
[Gr69] and [Gr86|.

Let us recall that the term holonomic homotopy (or holonomic deformation)
is used in a sense of homotopy consisting of holonomic sections.

Let K™ = [—1,1]™. For a fixed n and any k < n we denote by 6 the pair
(K™, K* UOK™). Let, as usual, V be an n-dimensional manifold. A pair
(A, B) C V is called 8-pair or, more precise, 0-pair, if (A4, B) is diffeomor-
phic to the standard pair 0.

A differential relation R ¢ X (") is called k-microflexible if for any sufficiently
small open ball U C V' and any

e Op-pair (A,B) C U,

e holonomic section F?: Op A — R and

e holonomic homotopy F™ : Op B — R, 7 € [0,1], of the section F°
over Op B which is constant over Op (0B)

1We use the term 6-pair, because the shape of the set K* UOK™ resembles the letter 6.
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there exist a number ¢ > 0 and a holonomic homotopy, constant over
Op (04),

FT:0pA—R, T7€]|0,0],
which extends the homotopy

FT:0pB—TR, T€][0,0].

In other words, an initial stage of any holonomic deformation of the section
FY over Op B which is constant over Op (0B) can be extended to a holo-
nomic deformation of F'¥ over Op A which is constant over Op (0A). If such
an extension exists for all 7 € [0, 1] then R is called k-flexible.

More generally, a differential relation R ¢ X ) is called parametrically k-
microfiexible if for any sufficiently small open ball U C V' and any families
parametrized by p € I of

e Op-pairs (Ap, By) C U,
e holonomic sections FI? :0pA, — R and

e holonomic homotopies F : Op B, — R, 7 € [0,1], of the sections
FIE) over Op B,, which are constant over Op (0B,) for all p € I™
and constant over Op B for p € Op (0I'™)

there exist a number ¢ > 0 and a family of holonomic homotopies
Fy:0pA, —R, 7€[0,0],
which extend the family of homotopies
Fy:O0pB,—R, 7€l0,0],
and are constant over Op (0A,) for all p € I"™ and constant over Op A for
p e Op(0I™).

In what follows the term k-(micro)flexible always means parametrically k-
(micro)flexible.

A differential relation R € X () is called (micro)flexible, if R is k-(micro)flexible
forallk=0,...,n —1 where n = dim V.

<« Examples

1. Any open differential relation is microflexible.

2. The differential relation Ry C (X (T))(l) which defines holonomic sec-
tions of X() is flexible.

3. The differential relation R, C (APV)() which defines closed p-forms on
V, is k-flexible if k # p. For k = p the relation R, is neither k-flexible nor
k-microflexible.
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4. The symplectic and contact stability (Theorems 9.3.2 and 9.5.2) implies
that

e the differential relation Risosymp Which defines isosymplectic im-
mersions (V,wy) — (W,wyw ) is k-microflexible if k # 1.

e the differential relations R,,g and Rgup—isotr Which define Lagrangian
and subcritical isotropic immersions V' — (W, wyw ) are k-microflexible
if k= 1.

e the differential relation Risocont Which defines isocontact immersions
(V, &) — (W, &w) is microflexible.

e the differential relations Rpee and Rgup—isotr Which define Legen-
drian and subcritical isotropic immersions V' — (W, ) are mi-
croflexible.

13.4. Theorem on holonomic R-approximation

13.4.1. (Holonomic R-Approximation Theorem) Let R € X be a
locally integrable microfiexible differential relation. Let A C V' be a polyhe-
dron of positive codimension and F : Op A — R be a section. Then for
arbitrarily small §,¢ > 0 there exist a §-small (in the C°-sense) diffeotopy
WV =V, 1el0,1], and a holonomic section F : Oph*(A) — R such
that

dist(F(v), Flopni(a)(v) <e
for allv € Op h(A).

The proof of this theorem literally repeats the proof of the original Holo-
nomic Approximation Theorem 3.1.1. When working over a cube, the local
integrability provides the first step of the induction. Then the microflexibil-
ity implies the version of the Interpolation Property 3.5.1 which is required
for the proof of the Inductive Lemma 3.4.1. Finally we proceed inductively
over the skeleton of the polyhedron A. Note that the homotopy extension
property 13.2.2 allows us to extend the holonomic solutions obtained at each
step of the induction as formal solutions to Op A.

The relative and the parametric versions of Theorem 3.1.1 also hold. In the
relative version the section F is assumed to be already holonomic over Op B
where B is a subpolyhedron of A. The diffeomorphism h and the section F
can be constructed in this case so that h is fixed on Op B and F coincides
with F' on Op B.
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13.5. Local h-principle for microflexible
Diff V-invariant relations

Using Theorem 13.4.1 instead of 3.1.1 we obtain, as in Section 7.2 above the
following generalization of Theorem 7.2.1

13.5.1. (Local h-principle) All forms of the local h-principle hold for lo-
cally integrable and microfiexible Diff V -invariant differential relations near
any polyhedron A C 'V of positive codimension.

The proof repeats almost literally the proof of 7.2.1. The only problem is
the construction of a homotopy between formal and genuine solutions which
lies in R. The linear homotopy does not necessarily lie in R. In general, the
construction of a homotopy in R requires some additional work. However,
if R is a local neighborhood retract then one can just compress the linear
homotopy into R by the retraction. This case is sufficient for all our further
application. We leave the general case to the reader as an exercise; the key
to the construction of homotopy is the first Exercise in 13.1.

According to 7.2.2, Theorem 13.5.1 implies

13.5.2. (Gromov [Gr69]) Let V' be an open manifold and X — V a natural
fiber bundle. Then any locally integrable and microflexible Diff V -invariant
differential relation R C X ) satisfies the parametric h-principle.

When A is a manifold, and V = A x R then to prove the local h-principle
near A = Ax 0 C V one does not need R to be invariant with respect to the
whole group Diff V', but only with respect to diffeomorphisms of the form

(z,t) — (z,h(z,t)), z€V, teR.
Indeed, in this case we need to use only this kind of diffeomorphisms in
the Holonomic R-Approximation Theorem 13.4.1 (cp. the similar Theorem

8.3.1 for open differential relations over A x R). The following proposition
is a version of the Main Flexibility Theorem from [Gr86], p.78.

13.5.3. Let X — V = A x R be a natural fibration and R < X" a lo-
cally integrable and microfiexible differential relation which is invariant with
respect to diffeomorphisms of the form

(@,t) = (z,h(z,t)), z€V,teR.
Then R satisfies all forms of the local h-principle near A = A x 0, and
satisfies the parametric h-principle globally on V.

In Chapter 15 we consider more examples when the A-principle holds for
differential relations invariant only with respect to a certain subgroup of the
group Diff V.
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First Applications of
Microflexibility

14.1. Subcritical isotropic immersions

A. Immersions into contact manifolds

As an immediate application of Theorem 13.5.1 and Theorem 13.5.2 we get
all the forms of the local h-principle for Legendrian/isotropic immersions
Op A — (W,€) where, as usual, A C V is a polyhedron of positive codi-
mension and the parametric h-principle for Legendrian /isotropic immersions
V — (W,€) of open manifolds V. Any formal/genuine subcritical isotropic
immersion V' — (W, ) can be extended, at least locally, to a formal /genuine
isotropic immersion V x R — (W,¢), and hence the microextension trick
yields as usual all the forms of the h-principle for subcritical isotropic im-
mersions of closed manifolds. This is not, however, too exciting. First, we
already proved in Chapter 12 the h-principle for subcritical isotropic em-
beddings, which is much stronger than for immersions. Second, we will see
in Chapter 16.1 that the h-principle holds even for Legendrian immersions
(see Theorem 16.1.3) of closed manifolds.

B. Immersions into symplectic manifolds

The local h-principle for Lagrangian/isotropic immersions Op A — (W, w)
and the parametric h-principle for Lagrangian/isotropic immersions V' —
(W,w) of open manifolds V' become true if we incorporate the global alge-
braic condition [f*w] = 0 in the definition of a formal isotropic immersion.
The proof follows from 13.5.1 and 13.5.2, though not immediately because

129
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we need to overcome the lack of microflexibility for k£ = 1 for isotropic im-
mersions into symplectic manifolds. The microextension trick yields all the
forms of the h-principle for subcritical isotropic immersions of closed mani-
folds. As in the case of isotropic immersions into contact manifolds, all these
results are not too exciting. The only interesting thing is how one can fight
the lack of microflexibility. We will explain it later in Section 16.3 where we
prove the h-principle for Lagrangian immersions of closed manifolds.

14.2. Maps transversal to a contact structure

Theorem 8.3.3 which we proved earlier asserts that the parametric h-principle
holds for mappings transversal to a tangent distribution, provided that the
sum of the dimension of the manifold and the dimension of the distribution is
less than the dimension of the target manifold. In his book [Gr86] Gromov
formulated a series of exercises which culminate in a theorem which claims
that if the distribution in question is completely non-integrable then the h-
principle holds even when the sum of dimensions of the manifold and the
distribution is greater than or equal to the dimension of the target manifold.
Here the complete non-integrability means that the successive Lie brackets of
vector fields tangent to distribution span the tangent space T'W. Following
Gromov’s scheme we consider below the special case of maps transversal to
a contact structure.

14.2.1. (Gromov [Gr86]) Let (W, &) be a contact manifold. Then the maps

f:V — W transversal to & (i.e. the maps for which TVﬁTW — TW/¢
is a fiberwise surjective homomorphism) satisfy all forms of the h-principle.

Proof. Denote by Rirans the differential relation in J*(V, W) which defines
the maps V' — (W, &) transversal to £&. We will prove the h-principle for
Rirans using a certain form of the microextension trick.

Let us recall that the differential relation Riang C J (R, W) which defines
the isotropic immersions R — (W,§), i.e. maps which are tangent to &,
is locally integrable and microflexible. (see 13.1 and 13.3). Consider a
mixed differential relation Rtrans—tang C J LV x R,W) which corresponds
to maps V x R — (W, ) transversal to £ but tangent to £ along each fiber
v X R, v € V. The openness of the relation Rians and the local integra-
bility and microflexibility of the relation R ang imply the local integrability
and microflexibility of the relation Rtrans—tang. The relation Rirans—tang 1S
invariant with respect to diffeomorphisms of the form

(x,t) = (2, h(z,t)), vV, teR,
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and hence according to Proposition 13.5.3 all forms of the local h-principle
hold for Rirans—tang- The local h-principle for Rirans—tang implies the h-
principle for Rirans- Indeed, the restriction to V' x 0 of any solution of
Rirans—tang o0 Op (V x0) C V xR is a solution of Reans on V. On the other
hand, any formal/genuine solution of Riyans Over any simplex A in V' can
be extended to a formal/genuine local solution of R rans—tang on A X R. O

Similarly we can prove

14.2.2. (Immersions transversal to contact structure) Let (W,§) be
a contact manifold and dimV < dimW. Then the immersions f:V — W
transversal to & satisfy all forms of the h-principle.

Proof. Set
Rimm—trans = Rimm N Rtrans .
Consider a mixed differential relation

Rimm—trans—tang C Jl(V X Ra W)

which corresponds to immersions V- x R — (W,§) transversal to £ but
tangent to & along each fiber v x R, v € V. The openness of the rela-
tion Rimm—_trans and the local integrability and microflexibility of the rela-
tion Riang imply the local integrability and microflexibility of the relation
Rimm—trans—tang- Lhe relation Rimm—trans—tang 1S invariant with respect to
diffeomorphisms of the form

(x,t) — (z,h(x,t), z€V,teR,

and hence according to Proposition 13.5.3 all forms of the local h-principle
hold for Rimm—trans—tang- The local h-principle for Rimm—trans—tang implies
the h-principle for Rimm_trans- Indeed, the restriction to V x0 of any solution
of Rimm—trans—tang 00 Op (V' x 0) C V x R is a solution of Rimm—trans 0N
V. On the other hand, any formal/genuine solution of Rimm-—trans Over
any simplex A in V' can be extended to a formal/genuine local solution of
Rimm—trans—tang on A x R. 0

<« Remark. Theorems 14.2.1 and 14.2.2 remain true (with the same proofs)
for any distribution £ on W for which the differential relation Riang C
JYR, W) which defines isotropic immersions R — (W,¢), i.e. the maps
which are tangent to £, is microflexible. Thus the problem with Gromov’s
exercise for a general completely non-integrable distribution is how to es-
tablish the microflexibility property for the relation Riang. In fact, the
relation Riang is not always microflexible. As was shown by R. Bryant and
L. Hsu (see [BH93]) most non-integrable distributions (e.g. Engel struc-
tures, which are maximally non-integrable 2-plane fields on 4-dimensional
manifolds) possess rigid integral curves. In other words, the corresponding
space of integral curves contains isolated points. This, of course, contradicts
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the microflexibility of the corresponding relation R tane. However, it is pos-
sible that the space of curves which violate the microflexibility always has
infinite codimension in the space of (local) solutions of Riang. This would
be sufficient in order to extend Theorems 14.2.1 and 14.2.2 to general com-
pletely non-integrable distributions. We leave to the reader the pleasure
of finding and proving an appropriate microflexibility result for R tang, and
thus completing the solution of Gromov’s exercise in the general case. »

Theorem 14.2.2 together with the hA-principle for contact structures on open
manifolds (see 10.3.2) implies the following theorem of McDuff about maxi-
mally non-integrable tangent hyperplane distributions on even-dimensional
manifold. This theorem is a contact analog of Theorem 10.4.1.

Let £ be a tangent hyperplane field on a 2n-dimensional manifold W. We
say that £ is mazimally non-integrable if the form da|¢ has the maximal rank
2n — 2, where « is a defining 1-form for £ (which is valued in a non-trivial
line bundle TW/¢ if £ is not coorientable). For simplicity we formulate the
h-principle below only for the case of coorientable distributions, leaving the
general case as an exercise to the reader.

14.2.3. (McDuff [MD87a]) Let £ = Kera be a hyperplane field on a
2n-dimensional manifold V and w a 2-form whose restriction to £ is of
mazimal rank 2n—2. Then V' admits a mazimally non-integrable hyperplane
distribution & = Ker a such that (§,w) and (§,da) are homotopic in the space
of pairs (tangent hyperplane distribution n, 2-form of maximal rank on n).

Proof. Let EC TV = T(V x R) be the Whitney sum of ¢, pulled back to
‘7, and the trivial line bundle tangent to the second factor. The form w on
V extends in a homotopically canonical way to a 2-form & on V such that its
restriction to {A is non-degenerate. Hence, Gromov’s h-principle for contact
structures on open manifolds provides a contact structure & on V in the
formal homotopy class prescribed by the pair (E, ©). Unfortunately, € is not
necessarily transversal to V =V x 0 C V. However, by applying Theorem
14.2.2 we can deform V via a regular homotopy to achieve transversality to
£. Then the distribution E induced on V by this transversal map from ¢ has
the required properties. O

A similar argument proves also the parametric and relative versions of the
h-principle 14.2.3.



Chapter 15

Microflexible
2A-invariant Differential
Relations

We generalize in this section the local h-principle 13.5.1 to a class of differ-
ential relations which are invariant only with respect to a certain subgroup
of Diff V. Let the abstract definition of the allowable class of subgroups do
not mislead the reader: the only interesting applications which we consider
below are concerned with the groups of symplectic and contact diffeomor-
phisms.

15.1. A-invariant differential relations

Let X — V Dbe a natural fibration. Given a subgroup 2 C Diff V', the re-
lation R is called ™U-invariant if h,.(R) = R for all h € A. For instance,
the relations Risosymp and Risocont Which defines isosymplectic and isocon-
tact immersions are not Diff V-invariant. However, they are invariant with
respect to the subgroups of symplectic and contact diffeomorphisms, respec-
tively.

Let 2 be a Lie subgroup of the group of compactly supported diffeomor-
phisms of V, and a its Lie algebra of vector fields. We call a (and 2A)
capacious if it satisfies the following two conditions:

(CAP;) for any v € a, any compact subset A C V and its neighborhood
U D A there exists a vector field ¥4 7 € a which is supported in U
and which coincides with v on A;
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(CAP3) given any tangent hyperplane 7 C T,(V), x € V, there exists a
vector field v € a which is transversal to 7.

Moreover, we require both properties CAP; and CAP, to hold parametri-
cally for any compact space of parameters.

The two examples of capacious subgroups most important for us are the
identity component of the group of compactly supported contact diffeo-
morphisms of a contact manifold, and the group of compactly supported
Hamiltonian diffeomorphisms of a symplectic manifold.

<« Remark. The notion of a capacious subgroup of diffeomorphisms is a
version of the notion of a set of sharply moving diffeotopies in Gromov’s
book [Gr86]. »

15.2. Local h-principle for microflexible
2-invariant relations

15.2.1. (Local h-principle) Let 2 C Diff V' be a capacious subgroup,
X — V a natural fibration, and R an A-invariant locally integrable and
microflexible differential relation. Then all forms of the local h-principle
hold for R mear any subpolyhedron A C V' of positive codimension. In par-
ticular, if V is a symplectic (contact) manifold then the local h-principle
holds for Ham V -invariant (DiffontV -invariant) locally integrable and mi-
crofiexible differential relations.

<4 Remark. As we will see below, only the invariance of the differential
relation R with respect to arbitrarily C'%-small diffeomorphisms from the
capacious group 2 will be used in the proof. Hence, the h-principle 15.2.1
remains true if R is invariant only with respect to diffeomorphisms from an
arbitrarily small C°-neighborhood of 1d in the group A. »

Proof. The only problem here, compared with the proof of the h-principle
13.5.1 for microflexible Diff V-invariant relations, is that the fibered shifting
diffeotopy A", provided by the Holonomic R-approximation Theorem 13.4.1,
does not necessarily belong to the subgroup 2. Let us recall here the scheme
of the proof of 13.4.1 and show how this problem could be corrected.

First we observe that the property CAPy guarantees that the polyhedron A
can be subdivided to ensure that each of its simplices A admits a transversal
vector field vao € a. Next we choose near each simplex A a coordinate
system as in Lemma 3.2.1, which identifies a slightly smaller domain in
the simplex with the coordinate cube I*, and the vector field va with the
coordinate vector field %. The key ingredient in the proof of Lemma
3.2.1 is the Inductive Lemma 3.4.1 and its second version 3.4.2. No changes
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are necessary in the proof of the Inductive Lemma 3.4.1 (except that we
substitute the openness condition by local integrability and microflexibility
of R). As a result we obtain a family of holonomic sections FVZ : 0, - R
defined on domains

N
(ﬁi,z \ Ai,Z) U U Op Bz’,z )
1

C=

Q, =

2

Il
,_.

where we use the notation introduced in Lemmas 3.5.1 and 3.5.2, i.e.
Bi.=zxioxI'i=0,...,N,
and fori=1,..., N

Ui,z:Ng((ZXCiXIl)m{Ci—O'/2<t<Ci+O'/2}7

Az = (Tgale X e X I\ Va2, ) ) N {(@1, oy pio) = 2w = i),

where ¢; = 221]_\,1 and o = %

We also set
U= |J U, 4= |J 4., B.= |J Biz, i=1,...,N,
zeIk—1-1 zeIk—1-1 zelk—1-1

To finish the proof we need the following analog of 3.4.2

15.2.2. For i = 1,...,N there exist compactly supported diffeotopies h; :
Ui — Ui, 7 €[0,1], such that

o h] €
e W(IFNU)NA =o.

Proof of 15.2.2. By construction the vector field v = % belongs to a.

Using the property CAP; for each ¢ = 1,..., N we can find a field 9; € 2
which coincides with v; on

N6/2(Az) N {Ci — 0'/4 <t< g —|—O’/4}

and is supported in a slightly bigger subset of (72 Let e™% be the flow
generated by the vector field 9;. Let [ be any line parallel to the x,-axis
which intersects the set A;. Set

A=A, Nl={-0/4<=x,<d/4} NI
and let A be the interval
{-30/4 <z, <-=6/4}NL.
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The flow €™ for the time T' = §/2 slides A ~along [ with speed 1 and hence
eI (X) = X. Therefore the isotopy hT on U; which is defined by rescaling
the time parameter of this flow:

hT = @™ e 0,1],
disjoins I* from A;. O
Now we can complete the proof of 15.2.1. Notice that the isotopies h],
i=1,...,N, fit together into a smooth isotopy h” € 2 which is defined on
Op I*, and has the property that the image h~1(z x I x I') is contained in
the domain 2, where the holonomic section F, provided by the Indugtive
Lemma 3.4.1 is defined. Hence, one can use h' to pullback the section F, to

a neighborhood of z x I x I' and thus continue inductively in constructing
the solution of R precisely as in the proof of Theorem 7.2.1. O



Chapter 16

Further Applications to
Symplectic Geometry

16.1. Legendrian and isocontact immersions

As an application of the h-principle 15.2.1 we get

16.1.1. (Local h-principle for isocontact immersions) Let (V,{y) and
(W, &w) be contact manifolds and A C V' a polyhedron of positive codimen-
sion. Then all forms of the local h-principle hold for isocontact immersions

(Op A, tvlopa) — (W, Ew).

Indeed, the corresponding differential relation Risocont is locally integrable,
microflexible, and invariant with respect to the capacious group Diff con (V).

Theorem 16.1.1 and the microextension trick imply the following

16.1.2. (Homotopy principle for isocontact immersions, Gromov
[Gr86]) All forms of the h-principle hold for isocontact immersions (V,&y) —
(W, éw) as long as dimV < dim W'

Proof. Let N be the normal bundle to F(§y) € &w with respect to the
conformal symplectic structure CS(&y). Then N has the structure of a
symplectic vector bundle. According to Lemma 9.4.1 there exists a contact
structure &x on a neighborhood OpV of the 0-section in the total space
of the bundle N such that (V,{y) is a contact submanifold of (Op A, &),
the fibers of the bundle N are tangent to &y|y and serve as orthogonal
complements of &y in &y with respect to the conformal symplectic structure
CS(&n). Then any isocontact homomorphism

F: (TV,¢y) — (TW, éw)
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canonically extends to an equidimensional isocontact homomorphism
F:(OpV.én) — (TW,&w) .

On the other hand, any isocontact immersion (Op V, &) — (W, &) restricts
to V as an isocontact immersion (V, &y ) — (W, &w). O

Similarly, any formal Legendrian immersion F' : TV — TW can be canoni-
cally extended to a formal equidimensional isocontact immersion

F:T(JYV,R)) - TW .
Hence, we get

16.1.3. (Homotopy principle for Legendrian immersions; Gromov
[Gr71], Duchamp [Du84]) All forms of h-principle hold for Legendrian
immersions V. — (W, €).

Of course, the h-principle for subcritical isotropic immersions into contact
manifolds also follows from 16.1.2. However, as we already noted in Chap-
ter 13.5 this h-principle also follows from Theorem 13.5.2 which we proved
earlier.

< Remark. Parametric forms of all the h-principles considered in this
section remain true (with the same proof) in the fibered form (see 6.2E),
i.e. when the contact structures on the source, target, or both are also
allowed to vary with the parameter. »

16.2. Generalized isocontact immersions

We will now generalize Theorem 16.1.2 for isometric mappings of arbitrary,
not necessarily contact distributions. Let 1 be an arbitrary tangent distri-
bution of codimension s on a manifold V' and £ a contact structure on a
manifold W. An immersion f : (V,n) — (W,§) is called isocontact if it is
transversal to £ and df(n) C . Let us now formulate the corresponding
formal notion. Let n* C T*V be the bundle conormal to 7. Sections of n*
are 1-forms annihilating the distribution 7. Let Dn be the vector bundle
which is pointwise generated by the sections df|,, where § € Secn*. Note
that any section of Dn has the form df|,, where 6 € Secn*. Indeed, for any
forms 6; € Secn* and functions f; : V — R, i =1,...,k, we have

k k
zljfi(deih) = (dzlzfidei)\n = dbl,,

k
where 0 = > f;df; € Sec*. If g : (V,n) — (W, &) is an isocontact immersion
i

and £ = Ker a then oo dg € Secn*, and hence (¢g*da)|, is a section of the
bundle D7. This motivates the following definition:
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A monomorphism
F:(TV,n) — (TW,¢ = Kera)
is called isocontact if it is transversal to £ and (F *da) |?7 € Sec D).

16.2.1. (Gromov [Gr86] and Datta [Da97]) Let (W,&) be a contact
manifold and n an arbitrary tangent distribution on a manifold V. Let
A CV be a polyhedron of positive codimension.

(a) All forms of the local h-principle hold for isocontact immersions
(Op A,n) — (W, ).

(b) If dimW > dimV, then all forms of the global h-principle hold for
isocontact immersions (V,n) — (W,§).

To prove 16.2.1 we will need the following lemma

16.2.2. Let n = Ker«a be a tangent hyperplane distribution on a manifold
V and
m:E—-V

a vector bundle over V. Let us denote by 7 the subbundle of T(E)|y which
is the direct sum of n and the vector bundle E — V viewed as subbundle of
the bundle T'(E)|y. Suppose that there exists a not necessarily closed 2-form
Q on E such that Q|5 is non-degenerate and Q|,) = dal,. Then ) extends to
a contact structure ;7 on E.

Proof of 16.2.2. Using an appropriate partition of unity we can reduce
the proof to the case when the bundle £ — V is trivial, E = W x R®. Let
t1,...,ts be the coordinates corresponding to the second factor. The form
Q can be presented as the sum Q = Q' + da where @ = 7*a, such that
V|, = 0. In particular, the form Q' can be written as

k
OV =anB+> dt;Ab;.
1

Consider the 1-form
S
a=a+ Z tio .
1

The distribution 77 = Ker@ coincides with 7 along V, and daz = QJ,. In
particular, 77 is a contact structure on Op V C E. d

Proof of 16.2.1. The global h-principle in the case dim W > dim V' follows
from the local one via the standard microextension argument. So we will
prove here only the local h-principle and only in the non-parametric case,
and leave the general case as an exercise to the (already very experienced)
reader.
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Let F : (T(OpA),n) — (W,€) be an isocontact homomorphism. Let
E=Kera. Set 6 = ffaand Q = F*da. Set T = Kerf and let £ — Op A
be the vector bundle whose fiber over a point v € Op A is the orthogonal
complement (with respect to some Riemannian metric) to F(7,) in g,
where f : Op A — W is the map underlying the homomorphism F'. Con-
sider the subbundle of 7 C T'(E)|op 4 which is spanned by 7 and the fibers
of the vector bundle E. The subbundle 7 is symplectic. The linear sym-
plectic structure on its fibers is given by the pull-back € of the symplectic
form da on £ under the isomorphism F:7— ¢ which canonically extends
the injection F' : 7 — £. Hence, we can first use Lemma 16.2.2 to ex-
tend T to a contact structure 7 on a neighborhood OppA of the 0-section
Op A in E, and then apply the local h-principle 16.1.1 for isocontact im-
mersions g : (OppA,7) — (W,€). Then the restriction of this map to a
neighborhood Op A of A in V is automatically an isocontact immersion
(OpA,7) — (W,§). Combined with the inclusion n < 7 it gives us the
required isocontact immersion (Op A,n) — (W, ). O

16.3. Lagrangian immersions

Let us recall that a symplectic manifold (W,w) is called ezact if w = da.
A Lagrangian immersion f : V — (W,w = da) is called ezact if the closed
form f*a is exact.

16.3.1. Let (W,w = da) be an exact 2n-dimensional symplectic manifold.
Then for any n-dimensional manifold V all forms of the h-principle holds
for exact Lagrangian immersions V. — W. In particular, any family of
isotropic monomorphisms TV — (TW,w) is homotopic in this class to a
family of differentials of exact Lagrangian immersions. Moreover, the same
1s true when the symplectic form w on W depends itself on the parameter.

Proof. Any isotropic monomorphism F' : TV — T'W homotopically canon-
ically lifts to an isotropic monomorphism into the contact bundle

¢ =Ker(dz — a)

on W x R. Conversely, any Legendrian immersion V' — (W x R, £) projects
to an exact Lagrangian immersion into (W, da). Thus it remains to apply
Theorem 16.1.3 (and the remark which follows it). O

16.3.2. (Homotopy principle for Lagrangian immersions; Gromov
[GrT71], Lees [LeT76]) For any n-manifold V' and symplectic 2n-manifold
(W,w) all forms of the h-principle hold for Lagrangian immersions V. —
(W,w) as long as the cohomological condition [f*w] = 0 is incorporated in
the definition of formal solutions of Riag.
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Proof. Let F' : TV — TW be an isotropic monomorphism such that
[f*w] = 0. Using Smale-Hirsch’s h-principle for immersions (see 8.2.1) we
may assume from the very beginning that f = bsF' is a differentiable im-
mersion. Let N be the total space of the normal bundle to f(V') in W. The
immersions f : V. — W can be extended to immersions f: N — W, so
that the F' = df o G. The monomorphism G : TV — TN is isotropic with
respect to the induced symplectic form w = f*w. By assumption this form
is exact, w = da, and hence one can use 16.3.1 to finish the proof in the
non-parametric case.

Now let
F,: TV —TW, t € D*,

be any family of isotropic monomorphisms such that [f;w] = 0, and F} = dfy
for t € OD*, where f; is the map V — W underlying F;. Using Smale-
Hirsch’s h-principle for immersions we can deform the family F; into a family
of immersions. Moreover, the family F; could be kept unperturbed for ¢ €
OD*. Let N be the total space of the normal bundle to fo(V) in W. The
immersions f; : V. — W can be extended to immersions ﬁ : N — W so
that the family F; can be decomposed as F; = df; o Gy, t € D*. The
monomorphism G; : TV — TN is isotropic with respect to the induced
symplectic form &y = ffw, t € D*. By assumption these forms are exact,
wy = day. Unfortunately, now we cannot use 16.3.1 because our original
Lagrangian immersions f; : V. — (W,w), t € dD* may well be non-exact.
This is, however, a minor problem because instead of a; one can take a
new family of primitives {a; — &4 };cpr for Wy, where &; is a family of closed
1-forms on N such that

Qp = p*(ozth/) for t € 8Dk

where p : N — V is the projection. With respect to this new family of
primitives the Lagrangian immersions f; : V — (W,w), t € dD* are exact
and we can apply 16.3.1 to finish the proof. O

16.4. Isosymplectic immersions

Let now (V,wy) and (W, ww ) be two symplectic manifolds, dim W > dim V,
and A a subpolyhedron of positive codimension in V.

16.4.1. Let U be an open subset of the product V- x W such that the form
Q = wy ® ww is exact on U, Qy = da. Then all forms of the local h-
principle hold for Lagrangian (isotropic) sections s: Op A —U CV x W.
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Proof. As in the proofs of 16.3.1 and 16.3.2 above we can reduce the prob-
lem for Lagrangian (isotropic) sections Op A — U to the problem about
Legendrian (isotropic) sections Op A — (U x R,§ = Ker(dz — «)). The
differential relation which corresponds to the Legendrian problem is locally
integrable, microflexible and invariant with respect to a sufficiently small
neighborhood of the identity in the capacious group Ham(V,w). Hence,
according to Theorem 15.2.1 we deduce the required local h-principle. [

Let Risosymp be the differential relation corresponding to the problem of
isosymplectic immersions (V,wy) — (W,wyw ). For a polyhedron A C V
of positive codimension we denote by Secoop A Risosymp the subspace in
Secop A Risosymp Which consists of sections F' : Op A — J LY(V,W) which
satisfy the cohomological condition

[ffow] = [wv]op 4] ,

where f: Op A — W is the map underlying the section F'.

16.4.2. (Local h-principle for isosymplectic immersions) All forms
of the local h-principle hold for the inclusion

0
HOIOp A Risosymp - Sec@p A Risosymp

near any polyhedron A of positive codimension.

Proof. To spare the reader from extra indices we consider here only the
non-parametric case. Let F' be a section from Sec%p A Risosymp and f :
Op A — W its underlying map. Let us choose an open neighborhood U of
the 0-jet part of the section F, i.e. of the graph f(z) = (z, f(x)), = € Op A.
Note that isosymplectic immersions Op A — W can be characterized by the
property that their graphs are isotropic with respect to the symplectic form
Q= wy @ (—ww) on JOV,W) =V x W. By assumption the form Q|
is exact, and hence we can use Lemma 16.4.1 to C%-approximate f by an
isotropic section x — (z,g9(z)), © € OpA. Then g : Op A — W is the
required isosymplectic immersion. O

Theorem 16.4.2 and the microextension trick imply the following theorem

16.4.3. (Homotopy principle for isosymplectic immersions, Gro-
mov [Gr86]) All forms of the h-principle hold for isosymplectic immersions
(Viwy) — (W,ww) as long as dimV < dimW and the algebraic condi-
tion [f*ww]| = [wy] is incorporated in the definition of formal solutions of

Rsymp—iso .

Proof. Let U be the wy-normal bundle to F(TV) in TW. According to
9.2.2 a neighborhood OpV of the 0-section V in the total space of this
bundle admits a symplectic form wy such that wy|y = wy and the fibers of
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the bundle N are wy-orthogonal to TV in T N|y. Any formal isosymplectic
immersion
F:(TV,wy) — (TW,ww)
then canonically extends to a formal equidimensional isosymplectic immer-
sion
F:(T(OpV),wn) — (TW,ww).
Hence the result follows from Theorem 16.4.2. g

16.5. Generalized isosymplectic immersions

The h-principle for isosymplectic immersions can be generalized to the case
when the form on the source manifold is not necessarily non-degenerate.

Let o be a closed 2-form on a manifold V, and (W,w) be a symplectic
manifold. An immersion f : (V,0) — (W, w) is called isosymplectic if f*w =
o. A monomorphism F : (TV,0) — (TW,w) is called isosymplectic if F*w =
o and the equality f*[w] = [o] holds for the cohomology classes of the forms
o and w where f : V — W is the map which underlies the homomorphism F'.
Let us denote by Iso(V, o; W, w) and iso(V, o; W, w) the space of isosymplectic
immersions (V,0) — (W,w) and the space of isosymplectic homomorphisms
(TV,o0) — (TW,w), respectively. The derivation map defines a natural
inclusion D : Iso(V, 0; W,w) < iso(V, o; W,w).

16.5.1. Let (V,0) and (W,w) be as above and dimW > dimV. Then the
map
D : Iso(V,0; W,w) — iso(V, 03 W, w)

18 a homotopy equivalence.

To prove Theorem 16.5.1 we will need the following lemma, which is an
analog of Lemma 16.2.2 which we proved above in the contact case.

16.5.2. Let n be a closed 2-form on a manifold W and w7 : E — W a vector
bundle over W. Suppose that there exists a non-degenerate, not necessarily
closed 2-form Q on E with Q|w = n. Then there exists a symplectic form w
on OpW C E such that Q|rg, = w|rg), -

Proof of 16.5.1. The form Q can be presented as the sum Q = Q' + 7*n,
where |y = 0. Suppose first that the fibration £ — W is trivial, so that
E=W xR®. Let t,...,ts be the coordinates corresponding to the second

k
factor. The form Q' can be presented in the form Q' = > dt; A ;. Then the
1

closed 2-form .

w=m"n+ Z d(t;a;)
1
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coincides on TE|y with €, and hence it is non-degenerate in a neighborhood
Op W CE.

The case of a non-trivial fibration £ — W can be reduced to the just
considered case by choosing an appropriate partition of unity on W. O

Proof of Theorem 16.5.1. Let F : (TV,0) — (TW,w) be an isosym-
plectic immersion. Let £ — V be the normal bundle to the formal im-
mersion F', i.e. its fiber over a point v € V is the orthogonal comple-
ment to F(T,V) in Tju )W, where the homomorphism F' covers the map
f V. — W. The injective homomorphism F' canonically extends to an
isomorphism F:TE — TW. The 2-form ¢ = F*w is non-degenerate and
coincides with ¢ on v. Applying Lemma 16.5.2 we get a symplectic form 7 on
OpV such that &|ryy, = nlrn),- Then the local h-principle 16.4.2 allows
us to construct an isosymplectic embedding g : (OpV,n) — (W,w). The re-
striction of g to V' is the required isosymplectic immersion (V, o) — (W, w).
This finishes off the proof in the non-parametric case. The generalization to
the parametric case is straightforward. ([l
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Chapter 17

One-Dimensional
Convex Integration

17.1. Example
Let us call a path
L= [0,1] = B, r(t) = (a(t), y (1)),

short if ©2+7? < 1. The graph of a short path in the space-time R? = R x R?
(where the space is two-dimensional) is a time-like world line: its tangent
line at a point (tg,xo,yo) lies inside the light cone

(t —t0)? > (x — 20)* + (y — o),
assuming that the speed of light ¢ =1 (see Fig.17.1).

N

Figure 17.1. The graph of a short path.
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<« Exercise. Prove that any short path can be approximated by a solution
of the equation &2 + 9> = 1. In other words, the world line of a particle
can be CC-approximated by the world line of a photon. (Hint: any path of
length I can be C°-approximated by a path of length L for any L > 1.) »

The above exercise implies that the space of solutions I — R? of the differ-
ential equation #2492 = 1 is C%-dense in the space of solution of differential
inequality 22 + 7% < 1.

The exercise illuminates the following idea: given a first order differential
relation for maps I — RY, it is useful to consider a “relaxed” differential
relation which is the fiberwise convex hull of the original relation. A direct
implementation of this idea in the context of Ordinary Differential Equa-
tions is known to specialists in Control Theory as Filippov’s Relaxation
Theorem ([Fi67]). A far more subtle implementation in the context of Par-
tial Differential Equations is known to specialists in Differential Topology
as Gromov’s Convex Integration Theory ([Gr73], [Gr86]). It is interesting
to mention that for a long time specialists from both sides did not know
about the existence of a parallel theory. It was D. Spring who pointed out
the connection; see the discussion and historical remarks in [Sp98|.

17.2. Convex hulls and ampleness

A differential relation R C J!(R,R?) can be thought of, in the spirit of
Control Theory, as a differential inclusion

ye Q(t7y)7 tGR, yGRIa
where Q(t,y) = RN P, and P;, ~ R? is the fiber of the projection
JHR,RY) — JO(R,RY) =R x K

over a point (t,y) € R x RI. This fiber can be identified with the tangent
space T, (t x R?) = T, R?, which, by definition, consists of all vectors in RY
originating at the point y € RY.

<« Remark. We use here the letter ¢ for the one-dimensional independent
variable while reserving the letter x for the n-dimensional independent vari-
able in our further generalizations in 18.2. »

Given an affine space P, a set  C P and a point y € 2 we will denote by
Conny, € a path-connected component of 2 which contains y and by Conv,, €
the convex hull of Conn, 2. A set Q C P is called ample if Conv, Q = P for
all y € Q. Note that according to this definition the empty set is ample. A
differential relation R C J'(R,R?) is called ample if R is fiberwise ample,
ie. Q(t,y) C R? is ample for every (t,y) € R x K.
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Given a differential relation R C J1(R,R?) and a section F = (f,p) : R — R
we will use the following notation:

e Connp() R - the path-connected component of (f(t)) which con-
tains F'(t) in the fiber Py ¢ of the fibration pj : J'(R,R?) —
JO(R,R9) over the point (¢, f(t));

e Convp() R - the convex hull of Connp) R;

e Convp R - the differential relation |J Convpy R in J'(R,R?).

teR

We will call a formal solution F' = (f, ) of R C JL(R,R?) short, if f is a
solution of Convyp R.

Given a fiberwise path-connected differential relation R C J'(R,R?), we will
denote by Conv R the fiberwise convex hull of R.

17.3. Main lemma

17.3.1. (One-dimensional convex integration) Let R C J'(R,R?) be
an open differential relation and F = (f,¢) : I — R be a short formal
solution of R. Then there exists a family of short formal solutions

FT: (fTv(pT):I_)R7 T € [071]7
which joins Fy = F to a genuine solution Fy such that

(a) fr is (arbitrarily) C°-close to f for all T € [0,1];
(b) F-(0) = F(0) and F;(1) = F(1) for all T € [0,1].

<« Remark. If the formal solution F' is already genuine near 0I then the
homotopy F, can be chosen fixed near 9. Indeed, we can apply 17.3.1 to
a smaller interval [0,1 — §] C I. Strictly speaking, the constructed solution
f1 is only C''-smooth at the points 6 and 1 — . However, the relation R is
open and hence f; can be approximated by a C'°°-smooth solution. »

17.3.2. (Corollary) Let R C JY(R,R?) be an open ample differential
relation. Then for any formal solution F' = (f, ) : I — R which is genuine
near 01 there exists a homotopy of formal solutions, fixed near 01,

FT:(fT7SDT):I_>R7T€[071]7F0:F7

such that Fy is a genuine solution of R over I and fi is (arbitrarily) C°-
close to f.

Indeed, the ampleness of the relation R implies that any formal solution of
R is short, and hence we can apply 17.3.1. [
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17.3.3. (Corollary) Let R C JY(R,R?) be an open and fiberwise path-
connected differential relation. Then the space of solutions I — R? of R is
C-dense in the space of solutions of ConvR. If, in addition, R is ample
and fiberwise non-empty then the space of solutions I — R of R is C°-dense
in the space of all maps I — R?.

Indeed, the assumption that R is open and fiberwise path-connected guar-
antees the existence of a formal solution F' = (f,¢) of R for any solution f
of Conv R, and hence we can apply 17.3.1. [

17.4. Proof of the main lemma
A. Flowers

An abstract flower S is a union of a finite number of copies Ig, I, I3,... of
the interval I = [0, 1] with their left ends identified to one point denoted 0.
The interval Iy C S is called the stem of the flower, all the other intervals
Iy,... are called the petals.  The ordering of petals is not essential for

Figure 17.2. An abstract flower.

our purpose. We will denote by 9S the union of free ends of the petals I;,
i=1,... of the flower S.
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A map ¢ : S — RY, and sometimes also its image ¥ = ¢(S), will be called a
flower. The parametrizing map 1 : S — R? is a union of paths ¢; : I — R?,
1;(0) = ¢(0g). Let us point out that we do not assume the parametrizing
map to be one-to-one. In particular, the map 1 may contract some of the
petals or the stem into the point ¢(0g). Given a flower ¥ = 9(S) we set
a; =;(1),i=1,... and ¥ = ¢(95).

B. Reduction of Lemma 17.3.1 to its special case

Denote by D, the standard e-ball in RY.

17.4.1. It is sufficient to prove Lemma 17.53.1 for the case when
e R=R xDIx¥cCJ(RR,
where W =1(S) C R? is a flower such that 0 € Int Conv (0W¥);
o ['=(0,¢): I — R where ¢ = 1)y.

< Remarks
1. Here and in the sequel we identify the section
o: T —TIx0xR CJYR,RY), trs (t0,5(t)),
with the map ¢ : I — RY.
2. The relation R = R x D? x ¥ is closed.
3. The formal solution F' = (0, ¢) is automatically short. »

Proof. In the general case of Lemma 17.3.1 we can put z = y — f(¢) and
consider, instead of R ~ {g € Q(t,y)}, the “variation relation along f(t)”:

R~ {2€Q(t,2) = Qt, 2+ f(1) — (1)}

and its short formal solution (0, — f). For the further reduction we need
the following

17.4.2. (Sublemma) Let R C J'(R,R9) be an open differential relation
and

F=(0,0):I >R

be its short formal solution. Then there exists a number 6 > 0 such that for
any to € [0,1 — 8] one can choose a flower

U = U(tg) C Py =R
with the properties
(a) 0 € Int Conv (0¥);

(b) ho(t) = @(to +6t), t € I;
(c) [to,to+ 0] x D& x W C R for sufficiently small € > 0.
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Proof. Let ¢y € I. We can choose a finite set of points in Conn p(;,) R
such that 0 belongs to the interior of the convex hull of these points and
then connect the base point ¢(tg) with the chosen points by some paths
I — Conn g4,y R. These paths are petals of our flower ¥ = W(ty), while the
path ¥o(t) = p(tg + dt) is its stem. Then the flower ¥ has the properties
(a) and (b). Using the openness of the relation R and the compactness of
the interval I one can choose ¢ to satisfy (c). O

Using Sublemma 17.4.2 and an appropriate subdivision of the interval I we
reduce Lemma 17.3.1 to the required special case. O

C. Uniform and weighted products of paths

Let us define a (uniform) product
p:plo---opkilﬁRq

of k paths p; : I — R? in a natural way: p is a path of a particle which
consecutively passes every p;(I) in 1/k seconds, i.e.:

p(t) =pi(k[t — (i =1)/k]), t € ((i = 1)/n,i/n] p(0) = p1(0).
If p;(1) = p;i+1(0) then p is continuous, otherwise p is only piecewise contin-
uous.

We will need also a weighted product of paths. Let a1 +---4+ap =1,a; > 0.
The product p = p; e --- @ p;, weighted by (aq,...,ax) is a trajectory of a
particle which consecutively passes every p;(I) in «; seconds. In particular,
the uniform product of k paths is the product weighted by (1/k,...,1/k).
We allow «; to be equal to zero if p; is a constant path.

Given a path p : I — RY, we will denote by p~ the uniform product

pe---ep
of N factors, and by [ p(c)do the path

t»—>/0tp(0)da.

The path p: I — R? is called balanced if fol p(o)do = 0.

In what follows we will need the two following evident properties of the
uniform product:

17.4.3. (“Multiplicativity” of the integral) Let p; : I — RY, i =
1,..., N be paths such that the paths p1,...,pn_1 are balanced. Then

Jreem)@)dr = UN) [pi(o)do e [pn(o)do.
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17.4.4. (C%norm of the uniform product and convergence to zero)
Let p; : I — RY be as in 17.4.3. Then

| [1e-enx)io) do]

CO

[ oo o)

= (1/N)maX{H/p1(J) dada)”co,...,

In particular, if p is a balanced path then

/pN(a)da <.

N—oo

o)

D. Piecewise linear solution

Let us recall that we consider a special case of Lemma 17.3.1 described in
17.4.1.

By assumption we have 0 € Int Conv (0V), where 0¥ = {aq,...,ax}, so
we can write 0 as a convex combination 0 = aja; + -+ + agag, a; > 0.
Let 0 : I — W be the product of constant paths a; : I — a;, weighted by
(a1,...,qp), so that J is a piecewise constant discontinuous path. Then

1
/ 5(t)dt = 0.
0

In particular, § is a balanced path.

Let ¢ = dede---e be the uniform product of N factors. We define a
continuous piecewise linear path f{g : I — RY by the formula

t
£ = [ elordo
As follows from 17.4.4,

1
I1#llco = 5 llgllcn  where g = [ &(0)dor

Therefore, for N > 1{|g|[co the map f{ is a piecewise linear solution of R.

Now we want to realize the same idea in constructing a smooth solution.
We will approximate the section 4,0‘{ by a smooth section ¢;. In addition, we
need to satisfy the boundary conditions for Fy = (f1,¢1).

E. Smooth solution

Let v = {p,91,...,%r} be the parametrizing map for the flower U. To
ensure the smoothness of our further construction we will assume that
¥;(t) = ¢(0) near t = 0 and v;(t) = a; near t = 1.
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Consider the product

Yp=1prear ey e e ea et
where the weights of constant paths a; are equal to (1—p)a; and the weights
of all other paths are equal to p/2k.

For what follows we need to balance the loop 1, i.e. we need the equality

/lzp(t)dt =0.
0

This can be achieved by adjusting the weights of constant paths. Indeed,
let

1 1 1
—d:/ W(t) dt :/ w(t)dt—/ 5(t)dt € R
0 0 0
Then ||d|| < Cp, where
C =max]|[p(t)|], tel.

If p is sufficiently small then d € Int {(1—p) A} where A = Conv {a,...,ax}.
Here the multiplication by (1 —p) means the homothety centered at the ori-
gin. Note that

(1 =p)A =Conv{(l —p)ay,...,(1 —p)ag}.
Hence we can present —d as the convex combination
—d=ai(l-p)ar+-+a(l —p)ag.

Therefore, if we assign the new weights a;(1 — p), ..., ag+1(1 — p) to the
constant paths a;, then the integral of ¢(¢) will be equal to 0.

Let ¢1 =1 @1 e---01)ep be the uniform product of N factors, and f; be
| S A —

N-1
defined by the formula

t
f) = [ o)do.
0
Then 17.4.4 implies that

1
1f1lleo = 57 max{llgllco, llAllco},

where

gz/l/J(a)da and h:/gp(a)da.

If N is sufficiently large, then F; = (f1, 1) is a genuine solution of R and,
moreover, F] satisfies the boundary conditions. The construction of the
homotopy (fr, p) is straightforward: the linear homotopy 7 f1(t) consists of
solutions of Conv R and together with the canonical homotopies ; o2, Lo
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vg = (0) it gives us the required homotopy F. = (7f1,¢;) in R. This
finishes off the proof of the Main Lemma 17.3.1. O

17.5. Parametric version of the main lemma

17.5.1. (Parametric one-dimensional convex integration) Let R C
I' x JYR,R?) be an open fibered differential relation (see 6.2.E) and

F=F(pt)=(f(p.t),e(p,t)) : ' x I = R
be a fiberwise short formal solution of R, i.e. for each p € I' the section
F(p,t):pxIT—R,=RNpx J'(R,RI)

is a short formal solution of R,. Suppose that f(p,t) smoothly depends
on p and consists of genuine solutions of R, when p € Op I'. Then there
exists a homotopy of fiberwise short formal solutions

Fr = Fr(p,t) = (f(pt), 97 (p,1) : I' x T = R, 7 €[0,1],
which joins Fy = F with a genuine solution Fy of R such that for all T
(a) f- is (arbitrarily) C°-close to f;
(b) Fy(p,0) = F(p,0) and F.(p,1) = F(p,1) for all p € I';
(¢) Fy is constant for p € Op (OI'), and
)

(d) the first derivatives of f1(p,t) with respect to the parameter p are
(arbitrarily) C°-close to the respective derivatives of f(p,t).

<4 Remarks

1. If the formal solution F' is already genuine near 91 then the homotopy
F. can be chosen fixed near dI . Indeed, we can apply 17.5.1 to a smaller
set I' x [6,1 — 6] Cc I' x I.

2. We will use Lemma 17.5.1 in order to extend the convex integration of
ordinary differential relations (n = 1) to the convex integration of partial
differential relations (n > 1). The property (d) will be crucial for this goal.
| 4

17.6. Proof of the parametric version of the
main lemma

The proof will follow the same scheme as in the non-parametric version.
A. Fibered flowers

A fibered flower is a fibered (over I') map
Y:I'x S — T xR
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(where S is an abstract flower), as well as the set

U=y(I'x8)cI'xR
parameterized by this map. Given a fibered flower ¥ we will denote by ¥,
the flower (p x S) CpxRI, peI'.

B. Reduction to a special case

17.6.1. It is sufficient to prove 17.5.1 for the case when
e the fibered relation R consists of fibers
Ry,=pxRxDIx¥,cpx J(RR), pel,

where W = (I' x §) C I' x RY is a fibered flower such that 0 €
Int Conv (0¥,) for each p € I';

o ['=(0,0): I' x I — R with ¢ = 1.

<« Remark. We identify here and further the fibered over I' section
@ I'x T —-I'xIx0xRIcI'x JYR,RY), (p,t)— (p,t,0,5(p,1)),
with the fibered map
I'xI—1"xR?, (p,t) = (p.o(p,1). »

Proof. As in the non-parametric case we may assume that f = 0. To make
the further reduction we need the following

17.6.2. (Sublemma) Let R C I' x JY(R,R?) be an open fibered differential
relation and

F=(0¢) :I'xI->TR
be a fiberwise short formal solution of R. There exists a number § > 0 such
that for any to € [0,1 — 6] one can choose a fibered flower

U =U(ty) CI'x Pyo~I' xR
such that for each p € I'
(a) 0 € Int Conv (0¥,);

(b) Yo(p,t) = @(p,to+6t), t € I;
(c) p X [to,to + 8] X DI x ¥, C R, for sufficiently small € > 0.

Proof. Let ty € I. First take a fibered flower which consists of just its stem
parametrized by the map g : (p,t) — @(p,to + dt) (the number ¢ will be
chosen later).

For every fixed py € I' we can choose a flower v, as in Sublemma 17.4.2,
and using the openness of R extend V¥, over a neighborhood U of pg € I !
such that for all p € U
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e ;(p,t) are paths in Conn g, ) R, and
e 0 € Int Conv (0%,).

Hence, we can chose a finite covering of I' by open sets Uj,j=1,...,L,
such that over every U; we have, as above, a flower fibered over U;, which
we denote by ¥Yi. Suppose that its petals are parametrized by the maps

G U x TR, i=1,...,N;, j=1,...,L.
Let U]’- CcU;,j=1,...,L, beslightly smaller open sets such that

L
U;-CUj and UU;DII.
1

For every j = 1,...,L choose a cut-off function 47 : I' — [0,1] which is
equal to 1 on U]’- and equal to 0 on I'\ Uj, and for i = 1,... N; set

W (p,t) = 07 (p, B (p)t) for p e Uj and

U] (p,t) = ¢(p, to) for pe I'\Uj,
The fibered (over I') flower with the stem wg(p,t) = @(p,to + t6,p) and
petals parameterized by all the maps wg foralli=1,...,N;, j=1,...,L,
satisfies the properties (a) and (b). Therefore using the the openness of the
relation R and the compactness of the interval I, one can choose d to satisfy
(c). O
Using Sublemma 17.6.2 and an appropriate subdivision of the interval I
one can reduce the Parametric Main Lemma 17.5.1 to the required special
case. O

C. Convex decomposition of a section

Let U be a flower fibered over I'. Let us set a;(p) = ¥;(1), i = 1,..., N,
A, =Convd¥,. Let d:p— Int A, be a section over I'. Then there exist
functions o; : I' —[0,1], i = 1,..., N, such that

a1(p) +---+an(p) =1 and a1(p)ai(p) + - + an(p)an(p) = d(p) .

Indeed, we can construct such a set of functions locally over a neighborhood
of each point p € I' and then globalize the construction using a partition of
unity.

D. Construction of the homotopy F

We can apply the proof of the Main Lemma parametrically, working with
convex decompositions of the sections 0 and d(p) instead of convex decom-
positions of the vectors 0 and d, and with weights a;(p), &;(p) which depend
on the parameter p. This way we construct a family of (balanced) paths
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¥ (p,t) and then a family of functions ¢, (p,t) such that the respective fam-
ily of sections F’; satisfies properties (a) and (b). In order to satisfy property
(c) it is sufficient to set Fr := Fj(,),, where the function § : I' — [0,1] is
equal to 0 near OI' and equal to 1 on a slightly smaller cube I { c I', so that
Fy(p,t) = F(p,t) is a genuine solution of R,, for all p € I' \ I,

Let us now turn to property (d), which is specific for the parametric case
and which is crucial for further generalizations. For F' = (0, ¢) this property
means that the derivatives 0, fi(t,p) are arbitrarily close to 0. Take the
uniform product

p1(p,*) = (p) @ --- @ 1h(p) & p(p)

of N factors and set .
filp,t) = / p1(p,0)do
Then ’
O f1(p,t) 3/@119, do—/(‘?pcplp,

where

Op p1(p,*) = Opb(p) @~ @ Dp1h(p) @ Dy 0(p) -
The path 9,1 (p) is balanced because

/8p¢p, 8p/0 Y(p,o)do =0,0=0.

Hence, according to 17.4.4 we have

1
10y filloo = o max{[|G, gllco. [18p hlloo}
where
t t
0= [ vpo)do, and hip.t) = [ op.0)do
0 0
Therefore, 0, fi — 0 when N — oo.
E. Remark.

The same proof is also valid in the case when F' consists of genuine solutions
over a neighborhood of a closed subset A C D' (instead of the whole D).
In this case the homotopy F; is constant for p € A (instead of p € AD").



Chapter 18

Homotopy Principle
for Ample Differential
Relations

18.1. Ampleness in coordinate directions

A coordinate principal subspace in a fiber Mgy, = (R?)"™ of the fibration
JHR™,R?) = JO(R",R?) x Myyn — JO(R",R?) = R" x R

is any ¢g-dimensional affine subspace parallel to one of the factors R? in the
product (R?)™ or, what is the same, the set of all ¢ x n matrices with fixed
(n — 1) columns. Thus for every point z € J1(R®, RY?) there are n coordi-
nate principal subspaces P!(z),..., P"(z) which go through z. A particular
coordinate principal subspace P*(z) over a point (, f(z)) € JO(R*,R?) can
be interpreted as the space of all possible vector-derivatives Oy, f under the
condition that all the other vector-derivatives Oy, f ,j # i, are fized.

Let us recall that a set 2 C P where P is an affine space is called ample
if the convex hull of each path-connected component of ) is P or if  is
empty.

A differential relation R C JY(R™,R?) is called ample in the coordinate
directions if R intersects all coordinate principal subspaces along ample sets.

<« Examples

1. If n < g then the immersion relation Rimm C J* (R™,R?), which consists
of all matrices of rank n, is ample in the coordinate directions. Indeed, for

159
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any z = (x,9,a) € Rimm and any coordinate principal subspace P = P%(z)
we have PN'R = P\ L where L is an (n — 1)-dimensional linear subspace in
P ~ R? spanned by all the columns of the matrix a except the i-th column.
The codimension of L in P is less than 1 and hence Conv (PNR) = P.

2. If n > ¢ then the submersion relation Rgy, C J(R™,R?), which consists
of all matrices of rank ¢, is not ample in the coordinate directions. Indeed, for
any z = (x,,a) € Ry, and any coordinate principal subspace P = P%(z)
we have PN'R = P\ L where L is a (¢ — 1)-dimensional linear subspace in
P ~ R? spanned by all the columns of the matrix a except the i-th column.
Therefore P NR consists of two open half-spaces, and thus is not ample. »

<« Exercise. Prove that the differential relation Rj_mers C J'(R?,R?)
which consists of all matrices of the rank > k is ample if & < ¢. »

A singularity
¥ JHRY,R?) = JOR™,RY) x Myxn

is called thin in the coordinate directions if it intersects all the coordinate
principal subspaces along stratified subsets of codimension > 2. In this case
the complement R = J!(R*,R?) \ ¥ is a differential relation ample in the
coordinate directions.

18.2. Iterated convex integration

18.2.1. (Convex integration over a cube) Let R C J'(R",R?) be an
open differential relation ample in the coordinate directions and

F=(f¢):I"—RCJ(R"R!) x Myxp

a formal solution of R which is a genuine solution near OI™. Then there
exists a homotopy of formal solutions

Fr=(frpr): I" =R, 7 €[0,1],
which joins Fy = F with a genuine solution Iy of R such that for all T
o f. is (arbitrarily) C°-close to f;
o [ coincides with F' near OI™.

Proof. Let (¢!, ...,¢") be the columns of the matrix ¢. We will integrate
the formal solution F' = (f,¢) coordinate-wise, using Lemma 17.5.1.

At the first step we consider the cube I" as a family of intervals I x p, p €
I"~1, parallel to the x-axis. Let us form a relation R* C I"~! x J1(R,R?),
fibered over I"~!, which is defined over a small neighborhood of the graph
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of the section f in I"™ x R? in the following way. For t = z1, p = (x2,...,2y,)
we define the set

O (f(t,p)) =RyN f(t,p) x R Cp x J'(R,RY)

as the path-connected component of RNP!(F(t,p)) which contains the point
F(t,p). Here we use the canonical identification P1(F(t,p)) ~ R?. In order
to expand R, to a small neighborhood of the graph of f one can slightly
decrease the (open!) sets ,(f(t,p)) in such a way that the new sets are
still ample and for a sufficiently small € the product

DI(f(x)) x Qp(f(x)) € J'(R,RY)
is contained in R. Here DZ(f(x)) denotes the e-ball in R? centered at f(z).

Now we can apply Lemma 17.5.1 to the fibered relation R' and its fibered
formal solution (f(t,p), '), which is automatically short because the rela-
tion R is ample. As a result we will have a genuine solution (f1(¢,p), 9, f(t, p))
of the relation R! and hence the new formal solution

F' = (f5 00 f' @)
of the relation R. This formal solution is homotopic to F' in R, coincides

with f near OI", while the section f! is C-close to f. But what is most
important, the section F'! is holonomic with respect to the coordinate 1.

At the second step we consider the cube I™ as a family of intervals parallel
to the axis x9, form a relation R?, fibered over I"~!, and construct a new
formal solution

F? = (fz; 8901f17 8902f2’ (1037"'790n)
of R. This formal solution is holonomic with respect to the coordinate
T9, ie. p? = 04, f%. According to property 17.5.1 (d) the section 0, f
is (arbitrarily) C%-close to the section 9,, f! and hence we can deform the
formal solution F2 by a linear homotopy in R into a formal solution

ﬁ2 = (f2; 8$1f27 8$2f27 (7037 M '7(70n)

which is holonomic with respect to both coordinates, x1 and x-.

Thus using the parametric version of one-dimensional convex integration we
can realize the following chain of homotopies (each arrow denotes a homo-

topy; fo = f):
(fo; "0 @) = (F55 Ou fr 0% @) —
N (fZ, axlfi7'”781‘1..]('7;7902'-‘1-17(‘02'-%2’”. ’(pn) N
N (fi—i—l; 6m1fi+1’. B ,8xi+1fi+1790i+27 B "(’Dn) N

s (Y Ou M O 1)
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Property 17.5.1 (d) is crucial here: it allows us to realize each homotopy in
the chain as a homotopy in R. O

<4 Remark The same proof is valid in the parametric case (for families of
sections over the cube I™) and also in the case when F' is a genuine solution
near a neighborhood of a closed subset A C 9I™ (instead of the whole 0I"™).
In this case the homotopy F, can be chosen constant near A (instead of
ort). »

18.2.2. (Corollary: h-principle for differential relations over a cube)
Let R C JYR™,RY) be an open differential relation over the cube I™ ample
in the coordinate directions. Then all forms of the relative h-principle hold
for R over the pair (I",0I"™) and also over the pair (I™, A), where A C OI"™
18 any closed subset.

18.3. Principal subspaces and ample differential
relations in X"

Let p: X — V be a fibration. Let us recall that the fiber
E, = (p)) Yz), z€X,

of the projection

pé XM o xO = x
can be identified with Hom(7T,V, Vert,), where v = p(z) and Vert,, is the
tangent space to the fiber of the fibration p : X — V at the point z € X.
Given a hyperplane 7 C T,V and a linear map [ : 7 — Vert,, let us denote
by P! an affine subspace of E, defined as

P! = {L € Hom(T,V, Vert,)| L|, =1} .

Affine subspaces of E, of this type are called principal.  Note that the
direction of the principal subspace PTl is determined by the hyperplane 7 €
T,V , and thus the principal directions at a given fiber E, are parameterized
by the projective space P(TV) = RP""! where n = dimV.

Alternatively the 1-jet space X2 can be considered as the space of all non-
vertical n-planes £ in T X. In this interpretation principal subspaces are
non-vertical n-planes which contain a fixed non-vertical (n — 1)-plane in
T.X.

If X =R* xR - R* =V is a trivial fibration, so that we have X(1) =
JY(R™,R?), then our previously defined coordinate principal subspaces are
the principal subspaces directed by hyperplanes {x; = const} in R".

Any principal subspace in X () has a natural affine structure, but no natural
linear structure, even in the case of a trivial fibration X =V x W — V.
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A differential relation R C J1(R",RY) is called ample if R intersects all
principal subspaces along ample sets.

<« Remark. The ampleness in coordinate directions looks like a less re-
strictive property than ampleness. However, for Diff V -invariant relations
the two notions of ampleness coincide. In fact we do not know any geomet-
rically interesting examples when the less restrictive notion of ampleness is
satisfied but the other one is not. »

< Examples. The immersion relation Rimm € X is ample if n < g. The
submersion relation Reupm C X @ is not ample. The k-mersion relation
Rie—mers € X1 is ample if k < ¢. »

A singularity ¥ ¢ X is called thin if for any @ € ¥ and any principal
subspace P through the point a the intersection P N ¥ is a manifold or,
more generally, a stratified subset of codimension > 2 in P. If ¥ is thin
than the complementary differential relation R = X @ \ X is ample.

18.4. Convex integration of ample differential
relations

18.4.1. (Homotopy principle for ample differential relations) Let
R c XU be an open ample differential relation. Then all forms of the
h-principle hold for R.

Proof of Theorem 18.4.1. The induction over skeleta of a triangulation
of the base V reduces the h-principle 18.4.1 to the relative h-principle 18.2.2.
O

18.4.2. (Corollary: removal of a thin singularity) Let ¥ ¢ X be a
thin singularity. Then all forms of the h-principle hold for ¥-non-singular
sections of XW).

In particular, the k-mersion relation R j_ e is ample if & < ¢ (the respective
singularity ¥ = XM \ Rj_jers is thin) and hence 18.4.1 implies the h-
principle for k-mersions V. — W, k < dimW. The case k = n gives us
the h-principle for immersions V. — W, dimV < dimW. Note that the
h-principle for submersions (of open manifolds) does not follow from 18.4.1
because the relation Rgypm is not ample.

<4 Remarks

1. We will discuss further applications of the convex integration method in
Chapters 19 and 20 below. In all these examples we will verify the ampleness
of the respective differential relations. The ampleness will then imply all
forms of the h-principle (relative, parametric, C°-dense).
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2. Suppose that the manifold V is covered by coordinate charts U;, i =

1,...,N. We can relax the ampleness condition for the differential relations
R C XM in Theorem 18.4.1 by requiring instead that over each neighbor-
hood U;, i = 1,..., N, the relation R is ample only in respective coordinate

directions. However, as we already pointed out above, we do not know any
interesting examples where this formulation of the h-principle 18.4.1 is really
stronger. »



Chapter 19

Directed Immersions
and Embeddings

19.1. Criterion of ampleness for directed
immersions

Let us recall the definition of directed immersions from 4.5.

Let Gr, W be the Grassmanian bundle of tangent n-planes to a g-dimensional
manifold W, g > n. Let V be an n-dimensional manifold. Given a monomor-
phism F' : TV — TW , we denote by GF the corresponding map V" — Gr,W.
Let A C Gr,W be an arbitrary subset. An immersion f : V — W is called
A-directed if Gdf sends V into A. If V is an oriented manifold then we can
also consider A-directed immersions where A is an arbitrary subset in the

Grassmanian (A}}HW of oriented tangent n-planes to a g-dimensional mani-
fold W.

Given a subset A C Gr, W we will denote by R 4 the differential relation in
Rimm C J1(V, W) which corresponds to A-directed immersions V' — W, by
Ay the fiber AN Gr,(T,W), w € W, and by Gr,_1A4,, the set

J Graoa(L) € GrpaTuW.
LeAy

19.1.1. (Ampleness criterion) The relation R4 is ample if and only if
for every w € W and every S € Gr,_14A,, the set

Qg = {v € T,W |Span{S,v} € Ay} C T,W

is ample.

165
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Proof. Let us check that the above condition implies the ampleness of R 4.
Note that any principal subspace is a coordinate principal subspace for a
certain local coordinate system, and by choosing a local coordinate system
we can work in JY(R? R?). For s = (z,y,a) € Ra let P = P¥(a) be a
coordinate principal subspace over (z,y). The subspace P can be canonically
identified with T, R?. The intersection PNR 4 consists of all vectors v € T} R?
such that Span{S,v} € A, where S C T,R? is the (n — 1)-dimensional
linear subspace spanned by all the columns of the matrix a except the i-
th column. Thus this intersection is equal to 2g, and hence ample. The
opposite implication follows from the Diff V-invariance of the relation R 4.

O

Condition 19.1.1 can be reformulated in the following way:

19.1.2. The relation R4 is ample if and only if for every w € W and every
S e A, the set

's = {v e St |Span{S,v} € A} c S+,

where ST is the orthogonal complement to S C T, W, is ample.

For an oriented manifold V' we can consider
a}n—lAw = U é}n—l([/) C E}\-I,‘n—lTwI/V
LeAy
and the oriented version of the above criterions.

<« Exercise. Suppose that V is oriented and W = R"*!. Prove that the
oriented version of Condition 19.1.2 means that for every

ac Ac Gr,W =R x gn

and every great circle S' C yx S™ through a the intersection S'N A contains
an arc of length > 7. »

19.2. Directed immersions into almost
symplectic manifolds

Let us recall that an almost symplectic structure on a manifold W of di-
mension ¢ = 2k is a non-degenerate but not necessarily closed 2-form w.
One can define symplectic, Lagrangian, isotropic and coisotropic immersions
V — (W,w) as A-directed immersions where A C Gr,, W is the respective
(symplectic, Lagrangian, etc.) Grassmannian of n-planes tangent to W. We
denote the corresponding differential relations in J!(V, W) by Rsymps Riag,
Risot and Reoisot -

The relation Rgymp is open, while Riag, Risot and Reoisot are closed. We can
take open neighborhoods of these relations considering for any positive ¢,
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e < m/2, e-Lagrangian, e-isotropic and e-coisotropic immersions V — (W, w)
as A®-directed immersions, where A€ is the e-neighborhood of the respective
set A in Gr,W. We assume here that W is endowed with a Riemannian
metric. The respective differential relations in J*(V, W) will be denoted by

iag, Rior and RS

iso coisot

<« Exercise. Prove that the relations Riag and R:,, are ample and hence
all forms of the h-principle hold for e-Lagrangian and e-isotropic immersions
V- (Ww). »

<« Remark. The proof of the h-principle for isotropic and in particular
Lagrangian immersions into symplectic manifolds which we gave in Part 111
of the book fails when we try to generalize it for immersions into almost
symplectic manifolds. On the other hand, the ampleness which is needed
for the application of convex integration does not depend a priori on the
closeness of the form w and hence convex integration equally works for a
symplectic or almost symplectic target manifold W. »

< Exercise. Show that the relations Reymp, Regieor and Rfsosymp are not
ample. »

<« Problems. Is there any form of the h-principle for

(a) Lagrangian and isotropic immersions into an almost symplectic
manifold?

(b) isosymplectic immersions between almost symplectic manifolds?

(c) coisotropic and isometric coisotropic immersions into almost sym-
plectic manifolds?

Comments to the problems. We do not know the answer to most of
these questions. However, it seems to us that the positive answer to (a)
should not be difficult to prove. The answer to (b) is obviously negative
in the most general set-up, even locally in a neighborhood of a point. On
the other hand, when the source manifold is 2-dimensional, then Theorem
16.4.3 remains true even when the target manifold is only almost symplectic.
The problem in (b) is to find the conditions under which some kind of the
h-principle may hold. Theorem 16.5.1 implies the h-principle for isometric
coisotropic immersions into symplectic manifolds. We do not know whether
it remains true when the structure on the target manifold is not integrable.

19.3. Directed immersions into almost complex
manifolds

Let us recall that a subspace S C C" is called
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e compler, if 15 = S,

e real or totally real, if SNiS = 0; in other words a subspace is totally
real if it contains no complex subspaces of positive dimension;

e co-real, if S+iS = L.

Let (W,J) be an almost complex manifold of (real) dimension q = 2k.
One can define complex and real immersions V. — (W, J) as A-directed
immersions where A C Gr,W are the respective Grassmannians Acomp,
Aeal and Acorear of complex, real and co-real n-planes in TW. Denote the
corresponding differential relations in J(V, W) by Reomps Rreal, and Reoreal-
For any positive €, ¢ < 7/2, we also define e-complexr immersions V' —
(W,w) as AZ,,,-directed immersions where A, is the e-neighborhood
of Acomp in Gr,W. The corresponding differential relation in J1(V, W) is
denoted by RE

comp*
< Exercise. Prove that the differential relation R¢,,,, is not ample. »

19.3.1. (Gromov [Gr86]) The relations Ryeal and Reoreal are ample and
hence all forms of the h-principle hold for real and co-real immersions V. —

(W, J).

Proof. Let n < k. For a particular (n — 1)-dimensional subspace S C L €
A,eq1 Over a point w € W we have

Qg = T,W\ (S +iS),

where dim (S + iS) = 2n — 2 < 2k — 2, and hence R ¢y is the complement
of a thin singularity.

For n > k the set Qg is the complement of S if S +iS = T,W or is a
complement of S + ¢S if S+ S # T,W. In both cases the codimension
of the singularity is > 2 and hence Rigreal is the complement of a thin
singularity as well. O

19.4. Directed embeddings

19.4.1. (Directed embeddings) Suppose that A C Gr,W is an open
subset and the corresponding (open) differential relation Ra C JH(V,W) is
ample. Then every embedding fo: V — W whose tangential lift

Go =Gdfy : V — Gr,W

is homotopic over V to a map Gy : V — A can be isotoped to an A-directed
embedding f1 : V. — W. Moreover, such an isotopy f; : V. — W can be
chosen arbitrarily CO-close to the constant isotopy.
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Here homotopy over V means that the underlying homotopy g; : V. — W
for Gy is constant (i.e. Gy is a tangential homotopy, as in 4.4). In fact, the
theorem is also true, with an obvious modification of the proof, in the case
when Gy is a homotopy over embeddings g; : V- — W. In this case f; can be
chosen arbitrarily C%-close to g;. We restrict ourselves to the case g; = fo
only to clarify the main idea of the proof.

Theorem 19.4.1 also holds (with the same proof) in the relative and para-
metric versions. Here is, for example, the parametric version of Theorem
19.4.1.

19.4.2. (Families of directed embeddings) Suppose that fP:V — W,
p € D!, is a family of embeddings which are A-directed for p € OD', and
GV :V — Gr,W, t € [0,1], is a homotopy of tangent lifts, constant over
dD', such that G = Gdf? and GY sends V to A for each p € D'. Then
there exists a family of isotopies ff : V. — W, constant over D', such that
1V is an A-directed embedding for all p € Dl

Proof of Theorem 19.4.1. Assuming that the manifold W is endowed
with a Riemannian metric we can cover the homotopy G; by a homotopy
of fiberwise isomorphisms ®; : T(W) — T(W), bs®; = Idy. Then the
existence of the required isotopy f; follows from

19.4.3. Let A C Gr,W be an open subset such that the corresponding dif-
ferential relation R4 C JY(V,W) is ample. Let ®' : TW — TW, t € [0,1],
be a homotopy of fiberwise isomorphisms such that bs ®; = Idw for all t.
Then for every A-directed embedding fo : V. — W there exists an isotopy
fr 2V — W, t €0,1], such that fi is an A'-directed embedding, where
Al = ®LA. Moreover, such an isotopy f; can be chosen arbitrarily C°-close
to the constant isotopy.

Proof of Theorem 19.4.3. We begin with the following lemma which is
an immediate corollary of the Ampleness Criterion 19.1.1.

19.4.4. Let A C Gr,W be an open subset such that the corresponding dif-
ferential relation R4 C JY(V,W) is ample. Let V.C W be an embedded
manifold and X o tubular neighborhood of V. C W, fibered over V. Then
the differential relation 7254( c XM which defines the A-directed sections of
the fibration p: X — V is open and ample.

Now we can proceed in the following way. Chose a sequence of maps ®(*) =
P, 0 =ty < t; < --- < ty = 1, such that the angle between ®®(L)
and ®CHD (L) is less than, say, w/4 for all n-planes L € Gr,W. Set A; =
®"WA. Consider a tubular neighborhood X of the submanifold fo(V) C
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W and the differential relation R§1 in X This relation is open and
ample and hence we can apply convex integration to its formal solution
F = ®W(dfy(V)). Let fr, : V. — X C W be the resulting embedding.
Now we can apply the same construction to a tubular neighborhood X of
f, (V) € W, the differential relation sz c XM and its formal solution

F = ®®@(df;, (V). We can continue this way. The embedding fin = f1 will
have the required properties. The approximation property follows from the
possibility to approximate at each step. O

19.4.5. (Corollary: real embeddings, Gromov [Gr86]) Let (W,.J) be
an almost complex manifold. Then

(a) Every embedding fo: V — (W, J) whose tangential lift
Go =Gdfy: V — Gr,W
1s homotopic over embeddings to a map
Gi1:V — Apea C Gr,W
(resp. Gy :V — Acoreal C Grp,W)
can be isotoped to a real (resp. co-real) embedding f1 : V — W.
(b) Let fy : V — (W,J), t € [0,1], be an isotopy which connects two
real (resp. co-real) embeddings fo and f1. Suppose that there exists

a family of real (resp. co-real) homomorphisms Fy : TV — TW
which covers the isotopy fi, t € [0,1] and such that the families

dfy, B, : TV - TW, t€l0,1],
are homotopic via families of monomorphisms fized at t = 0,1.
Then there exists an isotopy of recil (resp. CO-T€~al) embeddings f; :
V — W, t €[0,1] which connects fo = fo with fi = f1, is CO-close
to the isotopy fi, and such that the families

dfy, F,: TV - TW, te[0,1],

are homotopic via families of monomorphisms fixed at t =0, 1.

<« Remark. Itisimportant to realize that just the existence of the family of
real monomorphisms F; : TV — TW which covers the isotopy fi, t € [0, 1],
is not sufficient for the existence of a real isotopy connecting fo and fi,
see [Fd87] and [Pt88]. Thus the existence of “homotopy of homotopies”
is crucial and cannot be omitted. Algebro-topological consequences of this
condition were computed in several examples by Borrelli (see [Bo01]). »



Chapter 20

First Order Linear
Differential Operators

All the examples below fit into the philosophy of Y-non-singular solutions,
see Section 5.2. The singularity ¥ ¢ X in these examples will have the
form ¥ = D71(S) where D is the symbol of a first order linear differential
operator D : Sec X — Sec Z and S C Z is a subset of the total space of the
vector bundle Z.

20.1. Formal inverse of a linear differential
operator

Let X and Z be vector bundles over V. Note that in this case the fibration
X® — V has a natural linear structure. A first order linear differential
operator

D :SecX — SecZ

can be written as a composition

Sec X e Sec X (1) 2 Sec Z
where the map D is induced by a fiberwise homomorphism
x0 2z
of vector bundles over V. The vector bundle homomorphism D = Symb D

is called the symbol of the operator D.

Suppose D = Symb D is a fiberwise epimorphism. Then D can be viewed as
an affine fibration D : X — Z. and thus we have a homotopy equivalence
Sec X ~ Sec Z. In particular, any section s : V. — Z can be lifted in a

171
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homotopically canonical way to a section F : V — X such that DoF, = s.
It is useful to think of Fy as a “formal inverse” of s. Thus we can say that
the differential operator D with a surjective symbol is formally invertible. If
in addition the operator D is pure differential in the sense that D depends
only on derivatives of a section of X and does not depend on the values of
the section, i.e. the symbol D can be written as the composition

x0O2 xW/x 7,

then D is formally invertible over every fized section v : V. — X, i.e. the
formal inverse F for s : V' — Z can be chosen in a such way that bs Fy = 7.

< Example: Formal primitive of a differential form (compare 4.7).
The symbol D of the the exterior differentiation
d : Sec AP~V — Sec APV
is a fiberwise epimorphism
(AP~ s APy,

Therefore, d is formally invertible. Moreover, d is pure differential and hence
it is formally invertible over any differential (p — 1)-form. »

20.2. Homotopy principle for D-sections

Let D : Sec X — Sec Z be a differential operator. A section s:V — Z is
called D-section if s = Df for a section f: V — X. For example if D is the
exterior differentiation

d:Sec AP~V — Sec APV,

then the D-sections are exact differential p-forms.

Given a subset S C Z we will denote by Secp(Z \ S) the space of all D-
sections V. — Z'\ S.

Let us point out the following important but trivial A-principle.

20.2.1. (Homotopy principle for D-sections) Let D : Sec X — Sec Z be
a linear differential operator such that D = SymbD is a fiberwise epimor-
phism. Let S be a subset of Z. If the h-principle holds for YX-non-singular
sections V. — X, where ¥ = DUD(S) ¢ XU, then it also holds for the
inclusion

Secp(Z\ S) — Sec (Z\ 5),
i.e. for any section so € Sec (Z \ S) there exists a homotopy

st : I — Sec(Z\95)
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such that sy € Secp(Z \ S). The same is also true for all forms of the
h-principle, except the C°-dense one (which is not defined for the inclusion
Secp(Z \ S) — Sec(Z\ 9) ).

If the operator D is pure differential, then the C°-dense h-principle for
Y -non-singular sections V. — X implies that for any section fo: V — X
one can choose the homotopy s; in such a way that s = Dfy, where fi is
arbitrarily CO-close to fo (and similarly for all other forms of the C°-dense
h-principle).

The proof follows immediately from the homotopy equivalence
Sec (XM \ ©) ~ Sec(Z\ 9).

The C°-dense version follows from existence of a formal inversion over any
fixed section f:V — X.

20.3. Non-vanishing D-sections

A section s : V — Z is called non-vanishing if s(v) # 0 for all v € V.

We say that a linear differential operator D has principal rank > 2 if
dim D(P) > 2 for each principal subspace P in X (1), The following theorem
was first proved in [GET1] using the method of removal of singularities.

20.3.1. (Homotopy principle for non-vanishing D-sections) If the
linear differential operator D has principal rank > 2 and D = Symb™D is
a fiberwise epimorphism then all the forms of the h-principle (excluding the
C-dense one) hold for the inclusion

Secp(Z \ 0) — Sec (Z\ 0),

where 0 C Z 1is the zero-section. In particular, any non-vanishing section
s : V. — Z can be deformed via a homotopy of non-vanishing sections to
a section Df. Moreover, if D is pure differential then we can choose f
arbitrarily CO-close to any fized section fo:V — X.

Proof. According to Proposition 20.2.1 it is sufficient to prove the h-principle
for ¥-non-singular sections V' — X, where ¥ = D~}(0) = Ker D. The in-
equality dim D(P) > 2 is equivalent to the inequality

codimp (P NKer D) > 2
and hence the singularity ¥ is thin. Therefore we can apply Theorem 18.4.2.
O

20.3.2. (Corollary) Let n > 3 and 2 < p < n — 1. Any non-vanishing
differential p-form on an n-dimensional manifold V can be deformed via a
homotopy of non-vanishing forms to a non-vanishing exact form.
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Proof. Let us check that the inequalities n > 3 and 2 < p < n — 1 im-
ply that the principal rank of the exterior differentiation d is > 2. Let
X = APV, Z = APV and D be the symbol of d. Let P be a coordinate
principal subspace which corresponds, say to the first coordinate z; of a
local coordinate system x1,...,x, on V. The dimension of P is equal to

cht = Wl_pﬂ)!. If the intersection (Ker D) N P is not empty, then in

local coordinates it is defined by the system of Cﬁj equations
aill...ip,l =const, 1 ¢ {i1...ip—1},

where the coordinates {az‘ll...i,,, .} correspond to the derivatives d/0x1 of the
coefficients of (p — 1)-forms. Hence for 2 < p <n —1 and n > 3 we have

rank D = C’g:} > 2,
and therefore Theorem 20.3.1 applies. O

20.3.3. (Corollary) Let n > 3 and V be endowed with a volume form
Q. Then any non-vanishing vector field L on V is homotopic through non-
vanishing vector fields to a divergence free vector field.

Proof. By Cartan’s formula we have
L1Q=d(LiQ)+ LidQY=d(Li9).

Therefore the flow of the field L preserves Q if and only if the (n — 1)-form
L. is closed. The correspondence v — w, = vi{) is a fiberwise isomor-
phism TV — A" V. Thus Theorem 20.3.2 implies that w;, is homotopic
through non-vanishing forms to an exact form w = wr,,, and then L; will be
a divergence free vector field. O

< Exercise. Let n >3, 2 < p <n-—1and a € HP(V). Prove that
any non-vanishing differential p-form on an n-dimensional manifold V' can
be deformed via a homotopy of non-vanishing forms to a closed form which
represents the class a. Hint: consider the singularity ¥ = D~!(—w,), where
wq is a closed p-form which represents a. »

20.4. Systems of linearly independent D-sections

In all applications of convex integration which we considered so far the
relation R was a complement of a thin singularity. In this chapter we will
consider an example when the singularity

> =D7'(5)cxW
is not thin.

The sections of a vector bundle are called linearly independent if they are
pointwise linearly independent. Gromov proved in [Gr86] the following
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20.4.1. (Homotopy principle for systems of linearly-independent
D-sections) Let D : Sec X — SecZ be a differential operator of principal
rank > 2 such that its symbol D = Symb D is a fiberwise epimorphism. Then
any system {s;} = {s1,...,sk} of linearly independent sections of the vector
bundle Z can be deformed via a homotopy of systems of linearly independent
sections to a system of sections {Df;}.

Proof. It is sufficient to consider the case when Z is a trivial bundle and
{s;} is a trivialization of Z. Write
X=X¢---®X, Z=Z®---®Z and D=Dd---®D.
—_—— —_—— —_————
q q q

Let ¥ = ﬁ_l(S) C Y(l), where D is the symbol of D, and S C Z is given

in the fibers of the fibration Z — V by the equation z; A--- Az, = 0. Then
the singularity > C X @) is defined in the fibers L, = L, ® --- @ L, of the
fibration X" — V by the equation

D(y') A~ AD(y?) =0,
where y!,...,y? € L,.

According to Proposition 20.2.1 we just need to check that the differential

relation R = 7(1) \ ¥ is ample. A principal subspace P in X W over a

point v € V' is the Cartesian product of ¢ principal subspaces Pi,..., F, in

X over v. These spaces are parallel affine subspaces in the fiber L,, of the
bundle X — V. Therefore the images

P{=D(P),..., P, = D(P,)

are parallel affine equidimensional subspaces in the fiber Z, of the bundle
Z. The operator D has principal rank > 2 and hence

r=dimP] = --- =dimP, > 2.

To simplify the notation, we will further assume that » = 2; the case r > 2
can be considered in a similar way.

Choose a basis w1, ... w, in Z, such that wy and wy are parallel to P!. For
eachi1=1,...,q set

a" = P/ N Span{ws,...,w,}.
The coordinates of a’ in wy, ... ,wq are (0,0, ak, ... ,afl).

For each ¢ = 1,...,q fix an origin 0 in the affine subspace P; such that
0 € D~!(a'), and choose a basis v},..., v} in (P;,0) such that

D)) =da' +w;, D) =a’+ws,
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and the vectors fué, .. ,vé belong to the kernel of the map
D|Pi : (Plv 0) - (Pilv ai) :

Let {a%} and {f;} be the coordinates in P and Z, which correspond to
the basis {v;} in P and to the basis {w;} in Z,. In these coordinates the
non-empty intersection R N P is given by the non-equality

12 q
oz% oz% ozé
oz% a22 ozg
detA=|az a5 ... ... az|#0,
12
a, ag ag

where a;'» are constants, i.e. they do not depend on the coordinates {af}.
Therefore,

RNP = (R*\ {det A =0}) x R1472) |

The complement R?? \ {det A = 0} consists of two (non-empty) path con-
nected components: a positive one where det A > 0, and a negative one
where det A < 0. We need to prove that the convex hull of each of these
components coincides with R24. Let {A; };lezq be the matrices which cor-
respond to the standard basis in R?¢. For every matrix Ay there exists a
constant a such that Ay belongs to the interior of the convex hull of 4¢
matrices {+a - Aé} Each of the matrices +a - A; belongs to the quadric
{det A = 0}. These matrices can be slightly moved into, say the positive
component so they would still contain Ay in the interior of their convex
hull. O

20.4.2. (Corollary: systems of exact forms) Let {w;}i=1,. 4 be a system
of linearly independent differential p-forms on V. If 2 < p < n — 1, where
n=dimV, then {w;} can be deformed via a homotopy of systems of linearly
independent form to a system of exact linearly independent forms.

20.4.3. (Corollary: system of divergence free vector fields) Let
n = dimV > 3 and V be endowed with a volume form Q. Any system
of linearly independent vector fields on V' can be deformed via a homotopy
of systems of linearly independent vector fields to a system of divergence free
vector fields. In particular, every parallelizable manifold supports n = dim V'
linearly independent divergence free vector fields.
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20.5. Two-forms of maximal rank on
odd-dimensional manifolds

As we already had seen in Chapter 10.4 above, Gromov’s h-principle for sym-
plectic forms on open manifolds implies McDuft’s A-principle for closed 2-
forms of maximal rank on closed odd-dimensional manifolds. McDuff proved
in [MD87a] this h-principle using the convex integration technique by show-
ing that the corresponding differential relation is ample. We reproduce her
argument in this chapter.

Let V be a manifold of dimension n = 2m + 1. For a fixed 2-form wg on V'
we define S, C A%V by the equation

(z +wo(v))™ =0
for each v € V. Let D be the symbol of the exterior differentiation
d:Sec A'V — Sec AV .

20.5.1. (McDuff, [MD87a]) For any differential 2-form wy on V' the dif-
ferential relation R = (A'V)M\ S, where ¥ = D7Y(S,,,) , is ample.

According to Theorem 20.2.1 the ampleness of R implies that

all forms of the h-principle (excluding the C°-dense one) hold for the inclu-
ston

Secg (A*V '\ S.,) < Sec (A2V'\ S,,),
where Secqg (A?V '\ S,,,) is the space of evact sections V — A2V \ S, .

This is equivalent to the h-principle 10.4.1. In particular, if V' supports a
2-form of maximal rank then every two-dimensional cohomology class of V
can be represented by a (closed) non-degenerate form.

Proof of Theorem 20.5.1.

To simplify notation we assume that wg = 0. The proof can be easily
rewritten for any wg. In local coordinates the singularity 3 is defined by the
equation

Q= Yal; = [Bicj(yij — yji)da; ANdx;]™ =0,

where the coordinates {y;;} correspond to the derivatives da;/dz; of the
coefficients of the 1-forms Ya;dz; and ; is the exterior product of all basic
1-forms dzj, j = 1,...,n, excluding dz;. In a coordinate principal subspace
P which corresponds, say, to the first coordinate in V', only the y;; are
variables; all the other y;; = y?j are constants. In particular, the coefficient
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a1 is constant. If ag # 0 then X N P is empty. Otherwise > N P is defined
by the system of (n — 1) linear equations

{a; =0}i=2,.. n,

which can be written as AZ = 0, where A is a constant matrix, Z =
(22,...,2,) and z; = y1; — y?l. The condition ¥ # P implies A # 0.
It is easy to check that a;; = 0 and a;; = f+aj;. Hence, the rank of A is at
least 2 and thus the singularity 3 is thin. Therefore R is ample. O

20.6. One-forms of maximal rank on
even-dimensional manifolds

Let V = V2™ be an even-dimensional manifold. As we already have shown
above in Chapter 14, McDuff’s h-principle 14.2.3 for maximally non-integrable
hyperplane distributions can be deduced from two of Gromov’s h-principles:
10.3.2 for contact structures on open manifolds, and 14.2.1 for mappings
of closed manifolds transversal to a contact structure. In this section we
reconstruct McDuff’s original argument based on the convex integration
technique.

Let us recall that a 1-form « on V is called mazimally non-degenerate if the
differential (2m — 1)-form a A (da)™ ! never vanishes. A pair of differential
forms (o, 3) on V', where « is a 1-form and [ is a 2-form, is called mazimally
non-degenerate if the differential (2m — 1)-form o A 8™~ ! never vanishes. A
pair («, ) is called ezact if 5 = da.

Let the linear differential operator
D = (id,d) : Sec A'V — Sec (A'V @ A%V)
be defined by the formula a +— («, da). Then the D-sections
V = AV e AV S,
are exact pairs (o, da). Note that the symbol
D:(A'V)D S AWV @ A%V
of the operator D = (id, d) is fiberwise epimorphic.

For an even-dimensional manifold V' = V2™ let a subset S C A'V @ A?V
be defined in the fibers of the fibration A'V @ A2V — V by the equation

21 N\ (22)771—1 =0.

20.6.1. (McDuff, [MD87a]) The differential relation R = (A'V)M)\ 2,
where ¥ = D™Y(S), is ample.
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According to Theorem 20.2.1 the ampleness of R implies that

all forms of the h-principle (excluding the C°-dense one) hold for the inclu-
ston

Secp (A'V @ A2V \ S) < Sec (A'V @ A*V \ S),
where Secp (AV @ A2V \ S) is the space of D-sections

V- AV @A VS, .

This is equivalent to the h-principle 14.2.3, and in particular, every non-
degenerate pair of forms (a,3) on V can be deformed via a homotopy of
non-degenerate pairs to an exact non-degenerate pair (&, da). The C-dense
h-principle holds in the following version: one can choose a to be arbitrarily
CYclose to o (and similarly for all other forms of the C'°-dense h-principle).

Proof of Theorem 20.6.1.

As in the proof of Theorem 20.5.1 the key observation is that the matrix
of a system of linear equations which defines the intersection of a principal
subspace with X is almost skew-symmetric: a;; = *aj; and a; = 0. Hence
its rank cannot be equal to 1, and thus the corresponding singularity 3 is
thin. To clarify the computation we consider only the case m = 2. The
general case can be treated in a similar way (see [MD87a]).

Let the coordinates {y;;} correspond to the derivatives da;/0x; of the co-
efficients of the 1-forms Yaj;dx; and z;; = y;5 — yji, @ < j. For m = 2 the
singularity X is defined in local coordinates by the equation wq A we = 0,
where
w1 = a1dz1 + asdxy + agdxrs + agdry ,
wo = z12dx1 A dxo + z13dx1 A dxs + z14dxy N dxg+
+ z93dxo A dxg + 294dxo N dxy + 234dx3 N dTy .

This equation is equivalent to the system of equations

a4z23 — azza4 + a234 = 0

0 + agz13 — azzy = —a123
aqz12  + 0 — agz14 = —a1224
agziz — agziz + 0 = —ajzo3

In a principal subspace P which corresponds, say, to the first coordinate in
V', only the z1; are variables; all the other z;;, and also a;, are constants. In
particular, the first equation does not contain unknowns and hence X NP =
@ if this equation is not an identity. If ¥ # P then the system of the last
three equations, which contain three unknowns z19, 213, 214, has rank > 2
and hence the singularity > is thin. O






Chapter 21

Nash-Kuiper Theorem

21.1. Isometric immersions and short
immersions

Recall that a C"-smooth family g = {g, , * € V'} of positive quadratic forms
on T, V, x € V, is called a Riemannian C"-metricon V, r =0,1,.... The
pair (V,g) is then called a Riemannian C"-manifold. In what follows the
class of the Riemannian metric is not essential and we will write Riemannian
manifold instead of Riemannian C"-manifold and so on.

We will consider also, as a technical tool, families of non-negative quadratic
forms on V. Such a family will be called a semi-Riemannian metric on V.

Let (V™ g) and (W49 h) be Riemannian manifolds. A C''-smooth map f :
V — W is called isometric if f*h = g, i.e. dpf : T,V — fo(T:V) C TpyW
is a linear isometry for every x € V. Any isometric map is automatically
an immersion. Locally with respect to a frame of independent vector fields
{0;},i=1,...,n, the isometry condition can be described by the system of
equations
where f.0; = df(0;) = 0;f. Note that this system is overdetermined when
q< n(n+1)

.

A Cl-map f:V — W is called strictly short if

frh<g, ie [ fevlln <|lvllg

for all tangent vectors v € TV. A Cl-map f : V — W is called short if
f*h < g. A (strictly) short map is not necessarily an immersion.

181
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< Example. Given an arbitrarily C'-map f : (V, g) — R, the composition
Huof : (V,g) — R?, where H,(xz) = ax is a homothety centered at the origin,
is strictly short for all sufficiently small a > 0. »

21.2. Nash-Kuiper theorem

It is well known from classical differential geometry that for » > 1 the C'"-
smooth isometric immersions of two-dimensional Riemannian C *°-manifolds
into R? are very specific and rigid maps. For example, any isometric C?-
immersions of the standard sphere S C R? into R? is congruent to the stan-
dard embedding S? < R3. Till the middle of 1950’s mathematicians mostly
believed that C''-smooth isometric immersions V™ — W7 are also rigid and
hard to construct, and, in particular, the aforementioned uniqueness sur-
vives also for isometric immersions S? — R? which are only C'-smooth.

It was discovered by J. Nash in 1954 that the situation is, in fact, drastically
different when one passes to C''-smooth immersions. On contrast with C2-
immersions they appeared to be extremely flexible:

21.2.1. (Nash-Kuiper) If n < q then any strictly short immersion
f(V"g9) — (R, h),

where h is the standard metric on R, can be C°-approzimated by isometric
C'-smooth immersions. Moreover, if the initial immersion f is an embed-
ding then f can be approzimated by isometric C'-embeddings.

For example there exists a C'-isometric embedding of the standard sphere
52 and the standard disk D? into an arbitrarily small ball in R3.

Nash proved in [Na54] this theorem for n < ¢ — 2 and later Kuiper in
[Ku55] extended the theorem to the case n = g — 1. The parametric version
of the theorem is also true and implies (together with the Example in 21.1)
the following

21.2.2. Isometric Cl-immersions V* — RY, n < q, satisfy the parametric
h-principle for all Riemannian manifolds V = (V,g).

<« Remark. The C%-dense h-principle will also hold if the shortness con-
dition is incorporated in the definition of a formal isometric immersion. »

The rest of this chapter is devoted to the proof of Theorem 21.2.1. We will
consider only the case when V' is compact and f is an embedding. The case
of immersions follows formally from the case of embeddings. The proof can
be easily adjusted for non-compact manifolds and also for the parametric
case. Moreover, it can be generalized for a general target manifold (W, h)
without employing any additional ideas.
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21.3. Decomposition of a metric into a sum of
primitive metrics

A quadratic form Q is called primitive if Q = 1? where [ is a linear form. A

semi-Riemannian metric g on R" is called primitive if g = a(x)(dl)?, where
[ = I(z) is a linear function on R™ and « is a non-negative function with
compact support.

A semi-Riemannian metric ¢ on a manifold V is called primitive if there
exists a local parametrization u : R® — U C V such that suppg C U and
u*g is a primitive metric on R".

21.3.1. (Lemma) Any Riemannian metric g on a compact manifold V' can
be decomposed into a finite sum of primitive metrics.

Proof. Choose a set of local parametrizations {u; : R* — U; C V} and a
partition of unity {a;}, > «; =1, on V such that suppa; C U;.

Let A; = supp (o o u;) and §° = (u}g)|a,. For every i we can find positive
quadratic forms
Qijy j=1,....N(i),
on R" such that for every x € A; the positive quadratic form
9% =G, rr—pn
belongs to the interior of the convex hull of the forms Q;;, j =1,...,N(i).

Every positive quadratic form @;; is a sum of some primitive forms (l,-jk)2 , k=
1,...,n. Therefore,

9= cigiji where gijr = (u; )" (dliji)?
ijk
is the desired decomposition. [J
<« Remark. For any positive function 5 on V we can decompose a metric ¢

which is sufficiently C°-close to 3(z)g into a sum of primitive metrics using
the same set of forms g;jz. »

21.4. Approximation theorem

A. The functions r(g,g) and dg(]f"'v7 f)

Given a pair of metrics g and g on V' we will denote by 7(g,g) the function
_ vl

[ ollg
The function 7(g, g) is defined also in the case when g is a semi-Riemannian
metric on V. Note that

TV\V =R, v—r(g,9)(v)
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r(g,92) if g1 >go and
g+ 91,9+ g1) if 7(g,9) <1.

(r1) r(g,q1)
(r2) r(9,9)

Given a pair of maps f,f : (V,g) — R?, we will denote by dg4(f, f) the
function

<
<

|| ||g ’

TV\V =R, v—dy(f,f)v) =
where h is the standard metric on R?. Note that

(d1) dg, (f, f) < dg, (. f) if g1 > go.

The functions r(g, g) and dg(f, f) do not depend on the lengths of v and in
what follows we will consider the restriction of these functions to the g-unit
tangent bundle T1V.

We will need the following lemma

21.4.1. (Convergence Lemma) Let f; : V — R? be a sequence of (smooth)
maps. If flng and
dg(fi, fir1) < ci,

— 1__
with > ¢; < 0o, then f is a C'-smooth map and fzc—>f
i

Indeed, the convergence of the series Z dg(fi, fi+1) is just the Cauchy con-

dition for first derivatives of the sequence fi-

B. Approximation theorem

An embedding f : (V,g) — (R?,h) is called e-isometric if
(1—e)g< ffh<(l+4e)g

Instead of the theorem about C'-isometric embeddings we will first prove
the following

21.4.2. (Approximation Theorem) Let n < q. For anye > 0, any short
embedding f : (V" g) — (RY,h) can be C-approzimated by e-isometric
embeddings. Moreover, we can also control the C-closeness in the following
sense: given a fixed decomposition of the semi-Riemannian metric

A=g—f*h
into a sum of N primitive metrics then for any constant p > 0 we can choose
an approximating embedding f which satisfies the inequality

dg(f»]?) < NT(A79)+p
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Our proof of the Nash-Kuiper theorem will consist of two parts. First we
will use the first part of the Approximation theorem 21.4.2 to construct a
sequence of embeddings f; such that

0 _ 0
ST and  fihSyg.
Then we will refine our choice of the sequence f; in order to have

> dg(fi, firr) < 0.

Then according to the Convergence Lemma 21.4.1 f will be a C'-limit and
fh=g.

The next three sections are devoted to the proof of the Approximation Theo-
rem 21.4.2.

21.5. One-dimensional approximation theorem

21.5.1. For any € > 0 any short embedding f : (I,g) — (R?,h) can be
C-approzimated by e-isometric embeddings. Moreover, for any p > 0 the
approximating map f can be chosen in such a way that

dg(fvf) < T(Avg) +p

where A = g — f*h.
Proof. Let f: (I,g) — (R%, h) be a strictly short embedding. Let 7 be the
orienting g-unit vector field on I, i.e. 9.t > 0 and || 7|[g = 1.
The isometry condition

Riso C JHI,RY) =T x RY x R
over a point (t,y) € I x R? is the unit sphere

Oft,y) = {w € BRI, |Jwlly =1}

Choose a normal vector field n to f(I) C R?. Instead of the relation Rig,
over I x R? we consider a smaller relation Ry C Ris, over f(I) C I x R,
which consists of vectors w € Q(t,y) such that

w e Span {f*T7 n} and <w7f*T>h Z H f*TH%L

(see Fig.21.1). The pair (f, f«7/|| f«7||n) is a short formal solution of R ¢.
Let ﬁf C JY(I,R?) be a small open neighborhood of Ry C J'(I,R?). Ap-
plying one-dimensional convex integration (Lemma 17.3.1) one can construct
a solution fof R ¢ which is arbitrarily C O_close to f.

If the map fis sufficiently C?-close to f, then fwill also be an embedding,
because the angle between fi7 and f.7 is less then § — const.
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Figure 21.1. The relation R, and ﬁf

For any p > 0 we can choose R ¢ and fsuch that

dg(fvf) < T(Avg) +p
Indeed, using the Pythagorean theorem (see Fig.21.1) we have

do(f, )(1) = || for = furlln < AJ1 = || flI} +p,

where p — 0 if ﬁf — Ry . On the other hand,
V1=l = Vg = fR)(T) = [ 7llg—pen = (A, 9)(T).

21.6. Adding a primitive metric

21.6.1. Suppose that n < q. Let f: (V,g9) — (R?,h) be a short embedding
such that A = g — f*h is a primitive metric on V. Then for any ¢ the
embedding f can be C-approzimated by e-isometric embeddings. Moreover,
for any p > 0 the approzimating map fcan be chosen to satisfy the inequality

dg(fvf) < T(Avg) +IO
Proof. It is sufficient to consider the case (V,g) = (R",g).

We are going to reduce this version of the approximation theorem to the
parametric one-dimensional convex integration lemma (see 17.5.1). Let

g— f*h=a(z)(d)?.

The map f is isometric on each leaf of the (n—1)-dimensional affine foliation
P = {l(x) = const}. Let v be the vector field on R"™ normal with respect
to the metric g to the leaves of P. Integral trajectories of v form a one-
dimensional foliation £ normal (with respect to the metric g) to the foliation
P (see Fig.21.2).
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Figure 21.2. The foliations P and L

We can choose a global frame 0;, i = 1,...,n, on V = R" such that 9; is
tangent to £ and 9;, i = 2,...,n, are tangent to P. Therefore

(f«0s, [0 >h— <awa>g 2<i<j
<f*817f* ]> <(91, > 0 S
(f+O1, foO1)n = (O1,01)g — (01, 01) aa)(a)?

=n
=n

Choose a normal vector field n to f(R") C R?. The map f can be considered
as a family of maps f, : £, — R, where £, are the leaves of £, and
hence we can apply the parametric version of the previous proof using the
parametric one-dimensional Lemma 17.5.1. According to property 17.5.1(d),
the derivatives 0; f = f* i1 = 2,...,n of the new map f can be made
arbitrarily close to the respective deNrivatives Oif = fs0;,i=2,...,n, of the
initial embedding f. In particular, f will be an embedding if f is sufficiently
CO-close to f. On the other hand, the scalar products

<f*817f* >h7 2<]<TL

can be made arbitrarily small by choosing the relations R 1, sufficiently close

to Ry,. Therefore one can construct fsuch that f*h will be arbitrarily close
to g.

As in the one-dimensional case, for any p > 0, by choosing R 1, sufficiently

close to Ry,, we can construct fsuch that
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21.7. End of the proof of the approximation
theorem

Let g — f*h = Zi:17___7Npi be a primitive decomposition of the metric
g— f*h. Let
g1 =f"h+p
g2 = f"h+p1+p2

gn=f"h+p1+-+pyn=g.
Using 21.6.1 we can construct embeddings f1, fo, ... fnv = fsuch that fh
is arbitrarily close to ¢g;, ¢ = 1,..., N, and, in particular, f*h = fyh is
arbitrarily close to ¢ = gn. Moreover, given a constant p > 0 we can
construct embeddings f1, fo, ... fy such that for ¢ = 1,..., N we have

dg,(fi=1, fi) < r(pirgi) + ¢,
where p' = p/N and we set fo = f. Using the inequalities
g>gi,i=1,...,N—=1, and r(p,g9;)<1l,i=1,...,N,
and the properties (72) and (d1) from Section 21.4 we get:
dg(fo, f1) < dg, (fo, f1) <r(p1,g1) +p' <
<r(pr+petoFpNgrFp2 e pn) o = (A ) + 0
dg(f1, f2) < dg,(f1, f2) < 7(pa, g2) +p' <
Sr(p2+pst++pNg2tps+oFpn) o < (A g) + 0

dg(fN—lqu) S dgN(fN—lmfN) < T(pN7gN) +p/ S T(Amg) +p,
On the other hand,

dg(f, f) = dg(fo, IN) < dg(fo, f1) +dg(f1, f2) + -+ dg(fn-1, fN) -

Therefore,

dg(f7f) < NT(A79)+p

21.8. Proof of the Nash-Kuiper theorem

o0

Choose constants p; > 0 such that Y p; < oo and choose a constant k > 0
1

such that k2f*h > g.

Fix a decomposition of A = g — f*h into a sum of N primitive metrics.
According to the shortness condition A is a family of positive quadratic
forms. Fix a positive increasing sequence §; — 1 such that

Vo1 + /0y — 01 +V/03 — s+ -+ < 00.
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Note that g; = f*h + §;A — g. On the other hand, f*h < g; and thus the
embedding fo = f : (V,¢1) — (R?, h) is strictly short. Using Theorem 21.4.2
we can CU-approximate the embedding fy by an e;-isometric embedding
fi:(V,g1) — (R, h) such that
d(fo, /1) < Nr(818, 1) + p1 = N1 r(A, g1) + p1 <

< NG (A, £7g) + pr = NEV/61r(A K f7g) + p1 <

< Nk\/617(A, g) + p1.
If € is sufficiently small then f{h ~ fjh + 014, and hence

fih < fGh+ 028 = ga,

which means that the embedding f; : (V,g2) — (R?,h) is strictly short.
Hence, for any €5 > 0 we can C’-approximate the embedding f; by an
g9-isometric embedding fo : (V,g2) — (R?,h). Moreover, choosing ¢ suf-
ficiently small at the previous step of the construction we can make the
difference go — fi'h arbitrarily close to (d2 — d1)A. Hence,

d(f1, f2) < Nr((62 = 01)A, g2) + p2 = N\/d2 — 017(A, g2) + p2 <
< N6y —01r(A, f*g) + po = Nkn/b2 — 51 7(A K> f*g) + pa <
< Nk+/d9 —(517‘(A,g) + p2,

and so on. Note that according to the Remark to Lemma 21.3.1 the constant
N does not depend on 1.

The sequence {f;} can be chosen C°-converging to a continuous map f. On
the other hand,

> d(fi, fir1) < Nkr(A, g)(Vo1+ /62 — 01485 —da+... )+ pi < 0.

Therefore, according to Lemma 21.4.1 the limit map f will automatically

1__
be a C'-smooth isometric embedding and f; N f.
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