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Abstract

We prove a theorem by Gromov which says that on every smooth, even-dimensional,
open and compact manifold that admits a non-degenerate 2-form, there exists a symplectic
form. The two main ingredients for the proof are Morse functions and Gromov’s telescope
construction.
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1 Introduction

1.1 Motivation and main result

A symplectic form on a smooth manifold M is a closed and non-degenerate differential
2-form on M [] Symplectic forms on manifolds originated from classical Hamiltonian me-
chanics. In classical Hamiltonian mechanics the state of a particle is described by its
position on a given manifold X and by its generalized momentum at a given position.
By physicists, the space of such pairs of positions and momenta is called phase space.
Mathematically this is the cotangent bundle T X, which naturally comes equipped with
a symplectic form ]| Using this symplectic form, Hamilton’s equation can be derived for
a specific Hamiltonian function. This equation fully determines a particle’s trajectory
through phase space in time.

So symplectic geometry is the natural mathematical setting to describe classical Hamilto-
nian mechanics. Symplectic geometry has also been applied in other areas within math-
ematics such as representation theory, partial differential equations, dynamical systems
and algebraic geometry. Gromov-Witten invariants are an example of an application in
algebraic geometry. [

This bachelor thesis is concerned with the following natural question.

Question 1.1. Under which conditions does there exist a symplectic form on a given
smooth manifold?

To begin with, symplectic forms can only exist on orientable, even-dimensional man-
ifolds. This is not sufficient, since they do for example not exist on S?* for n > QEI A
surprising answer was given by Mikhail Gromov in his doctoral thesis |Gro69]. This is
the main result of this thesis.

Theorem 1.2 (Gromov). Let M be a smooth even-dimensional manifold that is open
(its connected components are non-compact or have non-empty boundary). Given a non-
degenerate 2-form T € Q*(M) and any [a] € H2z(M;R) the following hold:

(i) There exists a smooth homotopy of non-degenerate 2-forms between T and a symplectic
form w on M which represents the class [a].

(i) If there exists a smooth homotopy of non-degenerate 2-forms between two symplectic
forms wg and wy on M that both represent the class [a], then there exists a smooth homotopy
of symplectic forms on M between wy and wy, that represents the class [a] at every time.

For open, even-dimensional, smooth manifolds it reduces Question 1.1 to the question
of existence of a non-degenerate 2-form. We will only prove part (i) of Theorem 1.2 in the

!The precise definition of a symplectic form on a smooth manifold is given in Section 2.1.

2For more details on this symplectic form see for example [dS01, Chapter 2].

3For a more elaborate discussion on the origin of symplectic geometry and its application in other
fields in mathematics, see [Wei81].

4The argumentation for these statements is given in Section 2.1.
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Figure 1: A zig-zag immersion

case that M is compact. The proof is mainly based on the theory of Morse functions and
on Gromov’s telescope construction. A key ingredient in the telescope construction is the
smooth immersion depicted in two steps in Figure 1. The immersion is a composition of
a map from the upper rectangle to the lower left figure, and a map from the lower left
figure, to the lower right figure.

From Gromov’s theorem the following corollary is immediate.ﬂ Let M be an open, smooth,
even-dimensional manifold and let [a] € H3(M;R). Denote by Q2 ,(M) the space of non-
degenerate 2-forms, by S, the space of symplectic forms on M representing [a] and by
mo(X) the set of path components of a topological space X.

Corollary 1.3 (Correspondence of path-components). The map mo(S,) — mo(Q2,(M))
induced by the inclusion map S, — Q2 (M) is a bijection.

In particular 7(S,) and 7o(Q2,(M)) are isomorphic. Are S, and Q2 (M) even ho-
motopy equivalent? In fact, Gromov proved that the inclusion map S, < Q2 (M) is a
homotopy equivalence. The proof of this is beyond the scope of this text. The interested
reader is referred to [EM02, Theorem 10.2.2].

1.2 Organization

In Section 2 we develop some basic definitions and theorems regarding symplectic geom-
etry and non-degenerate 2-forms. Furthermore, we show that Theorem 1.2 does not hold
if we do not assume that the manifold is open, by means of a counterexample. In Section
3 the theory of Morse functions is developed, which is one of the two main ingredients
for the proof of Gromov’s theorem. The second main ingredient is based on Gromov’s
telescope construction. Section 4 is devoted to this. Finally, in Section 5, Theorem 1.2(i)
will be proved for compact manifolds. For this proof we follow that of [MS99, Theorem
7.34].

5(i) Implies surjectivity and (ii) implies injectivity.
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2 Preliminaries

In this section some basic concepts regarding symplectic geometry and non-degenerate
forms are explained. After this section the reader should understand the statement of
Gromov’s theorem. Although we do not follow a treatment of one specific source, most
results in this section can be found in [MS99, Chapter 2].

Remark 2.1. Throughout this thesis by a manifold we will mean a smooth, real manifold
with (possibly empty) boundary, unless explicitly stated otherwise. We will sometimes
work with manifolds with corners. The definition of manifold with corners can be found
in [Leel2, Chapter 16]. Furthermore, by a vector space we will always mean a finite-
dimensional, real vector space.

2.1 Symplectic manifolds and vector spaces

The main theorem that will be proved is the symplectic analogue to the Gram-Schmidt
theorem. We will also show that the conditions posed on the manifold M are necessary
for Gromov’s theorem to hold.

Let us start by defining symplectic vector spaces and manifolds.

Definition 2.2. Let V be a vector space and w : V' x V' — R a bilinear map. w is called
symplectic if:

(i) w is anti-symmetric, i.e. w(v,u) = —w(u,v) for all u,v € V

(i) w is non-degenerate, i.e. if w(v,u) =0 for all u € V' then v =0
The pair (V,w) is called a symplectic vector space.
Definition 2.3. A differential 2-form w on a manifold M is called symplectic if:

(i) w is closed, i.e. dw = 0, where d denotes the exterior derivative
(ii) w is non-degenerate, i.e. the bilinear map w(z) : T,M x T,M — R

is non-degenerate for all x € M

The pair (M,w) is called a symplectic manifold.

Remark 2.4. (i) Note first that for every symplectic vector space (V,w), the pair (V,®)
is a symplectic manifold, where @(z) = w for all z € V. Here we identify 7,V and V
canonically. Closedness of w follows since its component functions in any global chart
for V' are constant. The other requirements for @ to be a symplectic form are obviously
satisfied.

(ii) Secondly, note that if (M,w) is a symplectic manifold, then for each x € M the pair
(T,M,w(x)) is a symplectic vector space. The converse statement does not hold, for a
differential 2-form can be non-degenerate and not closed, as is shown in the following
example.



Remark 2.5. By {0i],, ..., On|,} we will denote the standard basis for T,R" and by §;;
we denote the Kronecker delta. Moreover, for a smooth function f from an open U C R"
into an open V' C R™ we denote by D;f the partial derivative of f with respect to its *
variable.

Example 2.6. Let f € C®(R*) be such that f(z) # 0 for all z € R* and df # 0f] On
the smooth manifold R* with its standard smooth structure, define w € Q?(R*) by:

w=f-dry Ndry+ f-drs N\dxy

Then for every x € R*, we have:

4
w(@)(Y v Al 05,) = f(2)(118j2 — va651) + f(2) (3050 — vadja)
i=1
from which it follows that w is non-degenerate. Moreover:

4 2
dw =" Difdr; Ndwy Ndzy+ Y D;fda; Adrs Adey # 0

i=3 i=1
since df # 0. So w is not closed.

Example 2.7. On the vector space R*" we define wy : R?* x R?® — R by:

n

WO(U,U) = E Voi—1U2; — V2iU2i—1
i=1

Here v; and u; denote the j coordinate for v respectively u with respect to the standard
basis for R?". It is clear from its definition that wy is anti-symmetric and bilinear. Non-
degeneracy follows by the observation that:

WO(’U, egj) = VUgj-1 and WO(’U, egj_l) = —Uyj

Thus wy is symplectic. As in Remark 2.4(i) (R*", @) is a symplectic manifold. We denote
the symplectic form @ by wyq, like we did for the initial bilinear map, and will refer to it
as the standard symplectic form on R?". Note that in the standard smooth chart for R?"
we have: .
Wy = Z dxoi—1 N dxo;
i=1

In particular, we see that wy is exact.

6f(z) = €™ would be an example.



By Remark 2.4(i) it becomes clear that symplectic vector spaces can be considered
as a special, simpler class of symplectic manifolds. Moreover, by Remark 2.4(ii) it is
plausible that results about symplectic vector spaces will imply results about symplectic
manifolds. For this reason we’ll first focus our attention on symplectic vector spaces.

Definition 2.8. Let (V,w) be a symplectic vector space and W a linear subspace of V.
We define the symplectic complement of W in (V,w) to be:

W ={veV|w,u)=0forallue W}.

Proposition 2.9. Let (V,w) and W be as in Definition 2.8. Then:
(i) W* is a linear subspace of V' and dim(W )+dim(W* )=dimV
(ii) wiw xw s symplectic if and only if WNW* = {0}. In this case we have W @W* = V.

Proof. Define ¢, : V. — V* by 1,(v)(u) = w(v,u). ¢, is well-defined since w is linear
in its second component and linear since w is linear in its first component. By non-
degeneracy of w it is immediate that ¢, is injective. Since dim(V') = dim(V*) it follows
by the rank-nullity theorem that ¢, is a linear isomorphism. Now define T': V' — W* by
T(v) = tu(v)]y. Then T is linear since ¢, is, ker(T") = W* (in particular W* is a linear
subspace of V') and im(7") = W* since ¢, is surjective. So by the rank-nullity theorem we

have:
dim(V) = dim(W*) + dim(W*) = dim(W) + dim(W*)

The if and only if part of (ii) is immediate from the definition of non-degeneracy. To see
the last implication note that if (i) and W NW* = {0} hold, then by basic linear algebra
it follows that W & W« = V. O

Remark 2.10. A linear subspace such that WNW* = {0} is called a symplectic subspace.
By Proposition 2.9(ii), (W,wwxw) is a symplectic vector space if and only if W is a
symplectic subspace of (V,w).

Using Proposition 2.9 we will prove an important classification result about sym-
plectic vector spaces. In order to give meaning to this theorem’s statement, we need the
following definition.

Definition 2.11. Let (V,w) and (V’,w’) be symplectic vector spaces. A linear map
¢ : V. — V' is called linear symplectic if p*w’ := w'(¢-, ¢-) = w. If a linear symplectic
map is also a linear isomorphism, then it’s called a linear symplectomorphism. If a
linear symplectomorphism from (V,w) to (V' ,w') exists, then (V,w) is called linearly
symplectomorphic to (V',w’).

Remark 2.12. [t’s straightforward to check that one symplectic vector space being lin-
early symplectomorphic to another is an equivalence relation. In particular it’s a symmet-
ric relation, hence it makes sense to say that two spaces are linearly symplectomorphic,
without specifying direction.



Theorem 2.13 (Classification of symplectic vector spaces). Let (V,w) be a symplectic
vector space. Then there is an n € N and a basis {v1, ..., U, U1, ..., upn} of V', such that
w(v,u;) = 05 and w(v;,v;) = w(u;,uj) = 0 for all i and j. Moreover, (V,w) and
(R*™, wy) are linearly symplectomorphic. As a direct consequence, all symplectic vector
spaces of equal dimension are linearly symplectomorphic.

Proof. Note first that for any symplectic subspace W, W* is symplectic too. Too see this
apply Proposition 2.9(i) to both W and WY to find that dim(W)=dim((W*)*). Since
moreover W C (W%)“ is clear, equality follows. Hence we have:

(W) N W =W NI

so W% is symplectic if W is.

We now prove the first statement by induction on the dimension of V. If dim(V) = 0,
the statement is trivially true.

Now suppose dim(V) = k > 1 and suppose that the statement is true for symplectic
vector spaces of dimension < k. Since dim(V') > 1 there is a 0 # v € V and since w is
non-degenerate, there is a 0 # u € V such that w(v, u) # 0, hence w(vy,u;) = 1 for v; = v
and uy = 5. We define V) = span(vy,u1) and W = V¥, Note that w(z,z) = 0 for
every z € V by anti-symmetry, hence by bilinearity we have:

w(Avy + pug,v1) = —p and w(Avy + pug, ug) = A

for all A, u € R. It follows that u; and v; are linearly independent and that V; is sym-
plectic, thus W is symplectic too. Therefore (W, wpy«w) is a symplectic vector space of
dimension k — 2 so by the induction hypothesis there is a basis {ve, ..., Ug, ua, ..., ug } of W
such that w(v;, u;) = ;5 and w(v;, v;) = w(u;, u;) = 0 for all 7,7 > 2.

By Proposition 2.9(ii) it follows that {vy, ..., vk, u1, ..., ux} is a basis of V" and by construc-
tion it holds that w(v;, u;) = d;; and w(v;,v;) = w(w;, u;) = 0 for all ¢ and j.

To see the second statement, define ¢ : V' — R?" by:

SO(Z AiV; + ;) = Z Aiegi—1 + e
i=1

i=1
¢ is a well-defined linear isomorphism since {vy, ..., Uy, U1, ..., U, } and {ey, ..., €2, } are bases
for V respectively R?". Moreover, we find that:

W(Z Aiv; + i, Z )\;Uj + M;Uj) = Z ity = Nifti
i=1 j=1 i=1

= wo(z Ai€2i—1 + Hiea;, Z Niegj1 + jes;)

i=1 j=1
= Wo(‘ﬂ(z Aiv; + i), SO(Z A;‘Uj + M}Uj))
i=1 j=1
S0 *wy = w, which shows that ¢ is a linear symplectomorphism. O
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As a first consequence, Theorem 2.13 shows that all symplectic vector spaces are
even-dimensional. By Remark 2.4(ii) this implies that all symplectic manifolds must
have even manifold-dimension, since the manifold-dimension is equal to the vector space
dimension of the tangent space at each point in the manifold. This explains the condition
of even dimension in Gromov’s theorem. Another consequence of this theorem, which will
be used to prove Gromov’s theorem in Section 5, is the following.

Consequence 2.14. Let M be a smooth, 2n-manifold and let 7 € Q*(M) be non-
degenerate. For any p € int(M) there exists a smooth chart (U, ) around p such that

(¢*wo)(p) = 7(p) [

Proof. It is immediate from the definition of a non-degenerate differential 2-form that
7(p) : T,M x T,M — R is a symplectic bilinear map. Hence by Theorem 2.13 it follows
that there is a linear symplectomorphism 1 : (T,M,7(p)) — (R*",wy). Now let (U, o)
be a smooth chart around p, and let ¢ : R*® — TV,O(p)R% denote the canonical linear
isomorphism. Note that

Yod(py )pom 0t R — R™

is a linear isomorphism, being a composition of linear isomorphisms. Thus it is a diffeo-
morphism, and so (U, ¢), where we define

e =1 0d(py")eem) © Lo Po

is a smooth chart for M around p. Moreover, we have:

dpp, = d(y o d(‘:pal)wo(P) © L)soo(p) o d(@o)p =10 (o d(‘:pal)tpo(p) © L) oo d(QOO)p =10

where in the second step we use that the differential of a linear map is the map itself
when tangent space and the underlying vector space are identified via the canonical linear
isomorphism. From this we find:

(#"wo)(p) = (Lo ) (wo(e(p))) = ¥*wo = 7(p)

as desired. Here the first and second wy denote the form and the last denotes the bilinear
map. O

The second part of Theorem 2.13 has an extension which will be useful to us in the
proof of the telescope construction in Section 4.

Proposition 2.15. Let M be a smooth manifold (possibly with corners) and let w :
M x R?" x R?*™ — R be a smooth map such that w, is a symplectic bilinear map for every
p € MF| Then there is a smooth map ¢ : M — Aut(R*) such that w, = @(p)*wo for
every p € M.

"By int(M) we denote the manifold interior of a manifold M.
8Here we denote wy, := w(p, -, -).



Proof. We can explicitly construct a basis {v1 p, ..., Unp, Ut p, -+, Unp} of R*™, such that v;,,
and u;, depend smoothly on p for every i = 1,...,n and such that w,(v;p,u;,) = 0; ; and
Wp (Wi, Ujp) = wWp(Vip,v;,) =0 foralli,j =1,...,n and all p € M. For the details of this,
see |[MS99, Exercise 2.11, 2.12].

Using this basis, for every p € M we define (p) such that w, = ¢(p)*wp as in the proof
of Theorem 2.13. From its definition it is clear that ¢(p)~! is smoothly dependent on p,
so since inversion : Aut(R") — Aut(R"™) is smooth, it follows that ¢(p) depends smoothly
on p. O

2.2 Properties of non-degenerate 2-forms

In this subsection we will state and prove some properties of non-degenerate 2-forms.
Using these, we will give a counterexample which shows that Gromov’s theorem does not
hold if we remove the condition that M is an open manifold.

Proposition 2.16. Let V' be a 2n-dimensional vector space and w : V x V — R bilinear
and anti-symmetric. Then w is non-degenerate if and only if W™ # O.ﬂ

Proof. Suppose first that w is non-degenerate. Then (V,w) is a symplectic vector space,
so by Theorem 2.13 there is a basis {vy, ..., v, U1, ..., u, } for V such that w(v;, u;) = d;;
and w(v;,v;) = w(u;,u;) = 0 for all ¢ and j. Denote by {v',...,v", u',...,u"} the basis
dual to the one above. Now note that w = > | v Au’, since both sides are bilinear maps
which are equal on the basis {vy, ..., vy, u1, ..., u, }. From this it follows that:

n n
W = Z z:(vi1 AU A AU AU

11=1 in=1

Any term with ¢; = 7 for some j # k equals 0. Moreover, since interchanging any two
pairs v'* A u™ and v A u% is an even permutation we have that any term with i; # iy if
j # kis equal to v* Aul A ... Av™ Au". Since the latter case occurs n! times, it follows
that:

WM =nlot Aut A LAV AU # 0

For the converse statement, suppose w is degenerate, i.e. there is a non-zero v € V such
that w(v,u) = 0 for all uw € V. Choose a basis {vy,...,v,} for V such that v; = v and
denote by {v!,...,v?"} its dual basis. Denote by A?"(V*) the vector space of 2n-linear
anti-symmetric maps V2" — R.

Then since dim(V) = 2n we have dim(A"(V*)) = 1, so since clearly 0 # v! A ... Av?" €
A?"(V*) it follows that w™™ = Av! A ... A v?" for some A € R. Note that by definition of
the wedgeproduct w"(vy, ..., va,) is a sum of products, where in each product there is a
factor w(vy,vy) for some k # 1 or a factor w(wvg, vy1) for some k # 1. So since w(vy,u) =0
for all w € V this implies that w""(vy, ..., v9,) = 0. But v A ... Av*(vy, ..., v9,) = 1, S0
A =0 and so w""* = 0. O

9Here by w\™ = w A ... Aw we mean the n-fold wedgeproduct.
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Remark 2.17. From Proposition 2.16 it is immediate that for any symplectic form w on a
smooth 2n-manifold M, w"" is nowhere-vanishing. Recall that if a smooth n-manifold M
admits a nowhere-vanishing n-form, then M is orientable. Hence any symplectic manifold
is orientable.

Now suppose (M,w) is a symplectic manifold and suppose that M is closed (compact
without boundary). We’ll show that w cannot be exact. Let M have the orientation
induced by w"". Then w is positively oriented, hence [,, w"" > 0. Now suppose w is
exact, then w = do for some o € Q'(M). So:

W' =do AW\ = d(o A wm_l)

where we use that dw = 0. This would imply by Stokes’ theorem that | W' =0, since
OM = (b, which is a contradiction.

Definition 2.18. Let M be a manifold. A smooth bundle homomorphism J : TM — T'M
such that J |Tp vod |Tp v = —ldg,n for all p € M is called an almost complex structure
on M. The pair (M, J) is called an almost complex manifold.

Proposition 2.19. If a manifold admits an almost complex structure, then it admits a
non-degenerate 2-form.

In the proof of this proposition, we choose a Riemannian metric. Recall that a
Riemannian metric g on a smooth manifold M is a smooth section of L?(M) such that
gp : T,M x T,M — R is an inner product, for every p € M. Here L*(M) denotes the
vector bundle with fibres the vector spaces of bilinear maps 7,M x T,M — R. Further,
recall that any smooth manifold M admits a Riemannian metric.

Proof of Proposition 2.19. Let (M, J) be an almost complex manifold. Choose a Rieman-
nian metric g on M, and define w € Q*(M) by:

wp(u7 U) = gp(vu qu) - gp(ua Jpv)

Here by J, we mean J |Tp - Bilinearity of w, follows by bilinearity of g, and anti-symmetry
of w,, follows by symmetry of g,. That w is indeed smooth follows by smoothness of g and
J. Moreover, non-degeneracy of w follows by the observation that for every p € M and
every non-zero v € T,M:

wy(v, Jpv) = Gp(Jpv, Jyv) = gp(v, Jp(Jpv)) = gp(Jpv, Jpv) + gp(v,v) > 0
since g, is positive definite. O
We will now give the promised counterexample.

Example 2.20. S° is an even-dimensional closed manifold which admits an almost com-
plex structure. A proof of this can be found in [MS99, Example 4.4]. Thus by Proposition
2.19 it admits a non-degenerate 2-form. On the other hand, we have that H3,(S™) = {0}

9



for n > 2, so every closed 2-form on S™ must be exact for n > 2[/%] Therefore, by Remark
2.17, S?" does not admit a symplectic form for n > 1 and in particular S does not.
We conclude that the conclusions of Gromov’s theorem cannot hold for S°. Thus the
condition for M to be open is necessary.

In the remainder of this subsection, we will focus on some topological properties of
non-degenerate 2-forms. These properties will be applied in the proof of the main lemma
and main result in Section 4 and 5.

Proposition 2.21. Let V' be a vector space, {e1, ...,e,} a basis for V andw : V xV — R
bilinear. Then w is non-degenerate if and only if the n x n-matriz with (i, 7)™ coefficient
w(e;, e;j) is invertible.

Proof. Define ¢, : V-— V* by 1,(v)(u) = w(v,u), as in the proof of Proposition 2.9. As in
that proof, ¢, is a linear isomorphism if w is non-degenerate. The converse is immediately
clear. Now note that ¢, is represented by the matrix with (i, )" coefficient —w(e;, €;),
with respect to the basis {ey, ..., e, } for V and its dual basis for V*. So the statement
follows. O

Remark 2.22. Before stating the next proposition we introduce some notation.
(i) Let M be a manifold, p € M, f € C>°(M) and let (U, ) be a chart around p. We will
denote:

aﬂp = d(go‘l)w(p)(aﬂw(p)) and f,:=fo cp_l

Recall that {8ﬂp sy 8;f|p} is a basis of T,M. By

{dmp,..., da;,f\p}

we will denote its dual basis.

(i) Let M be a manifold and & € N. By A*¥(M) — M we denote the smooth vector
bundle with fibres the vector spaces A*(TyM) of anti-symmetric k-linear maps from the
k-fold cartesian product T, M x ... x T,M to R. Moreover, we denote:

A2 (M) = {(p,w) € A*(M)| w is non-degenerate }
Proposition 2.23. Let M be a smooth 2n-manifold. Then A?;(M) is open in A*(M).

Proof of Proposition 2.23. Let (p/,w’) € A?,(M), let (U, ¢) a chart for M around p’ and
let 7 : A2(M) — M denote the bundle projection. Define:

f:m N (U) = Mat(n x n,R) by f(p,w);; = w(

] |p7 a_;o‘p)
By Proposition 2.21, we have that:
(v, &) € f7H(GL(n,R)) € A74(M)

0For a proof of this see [Leel2, Theorem 17.21].
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We will show that f is smooth, so that by continuity of f it follows that f~'(GL(n,R))
is an open neighbourhood of (p/,w’) in #=!(U) and so in A?(M). Since we found such a
neighbourhood for arbitrary (p',w’) € A2,(M) it follows that A?,(M) is a union of opens
in A%2(M) and so is open itself. Thus it remains to prove that f is smooth.

Since ¢ induces a local frame for A?(M), there is a local trivialization ® : 7= }(U) —
U x R(5) such that:

(I)(p, Z Wiy ig dl’;ﬂp A dxz’; p) = <p> Z wi17i2€i17i2)

11 <t2 11 <12

Now note that for i < j we have : f;; 0 @7 (p, 3", ;. Wi ir€iriy) = Wiyj- S0 fijo @ 1is
smooth and so is f; j since @ is a diffeomorphism. By anti-symmetry we find that f;; =0
for all ¢ and f;; = —f;; for all ¢ and j, and so f;; is smooth for all ¢ and j, hence f is
smooth. O

Remark 2.24. Note that Proposition 2.23 can also be derived from Proposition 2.16
using a similar strategy, by showing that w”™ = 0 is an open condition.

We will also need the following topological fact.

Proposition 2.25. Let X, Y and Z be topological spaces, let S C X andlet H : X XY —
Z be continuous. Further, suppose that O is open in Z, that'Y is compact and that:

H(z,y) € O forallx € S and for ally € Y

Then there is an open neighbourhood U of S in X such that H(x,y) € O for all (x,y) €
UxY.

Proof. By continuity of H, H~'(O) is an open subset of X x Y, which contains {z} x Y,
for every x € S. So since Y is compact, by the Tube Lemma we find that for every
x € S there is an open neighbourhood U, in X of z, such that U, x Y C H~*(O). Hence
U := U,esU, is the desired open neighbourhood of S in X. O

Consequence 2.26. Let M be a smooth manifold (possibly with corners), S C M and
let w, T € Q*(M) be non-degenerate 2-forms such that 7(p) = w(p) for all p € S. Define
wr = (1 —t)7 + tw. Then there is an open neighbourhood U of S on which w; is non-
degenerate for all t € [0, 1].

Proof. Define H : [0,1] x M — A*(M) by:
H(t,])) = wt<x>

Then H is smooth, thus continuous. Moreover, H(t,p) = 7(p) € A%,(M) for all ¢ € [0, 1]
and all p € S. So by Proposition 2.23 and 2.25 we find the desired open neighbourhood
U of S. ]
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2.3 Homotopies of non-degenerate 2-forms

In this subsection we define homotopies of non-degenerate 2-forms and we prove some
facts about them, which will be applied in the proof of the main lemma and main result
in Section 4 and 5.

Definition 2.27. Let M and N be smooth manifolds (possibly with corners), let B C
C>*(M,N) and let a < b. A smooth B-homotopy is a smooth map ¢ : [a,b] x M — N
such that ¢, € B for every t € [a, b]["]]

Remark 2.28. (i) There are a few special cases of Definition 2.27. For example, take
B = Q2,(M), i.e. B is the set of non-degenerate 2-forms on M, and N = A2, (M).
Then we also call ¢ a smooth homotopy of non-degenerate 2-forms, instead of a smooth
Q2 ,(M)-homotopy. Similarly, if B is the set of smooth immersions M — N, we also call
¢ a smooth homotopy of immersions. The only exception to this rule of thumb is when
B is the set of diffeomorphisms. In this case we also call ¢ a smooth isotopy.

(ii) Let M and N be smooth manifolds (possibly with corners) and let S C M. We will

say that a homotopy ¢ : [a,b] x M — N is constant in time on S, if ¢;(p) = wo(p) for all
t € [a,b] and all p € S.

Smooth homotopies of non-degenerate forms can be concatenated, as follows.

Proposition 2.29. Let M be a smooth manifold (possibly with corners) and let f,g :
0,1] x M — A%(M) be smooth homotopies of non-degenerate 2-forms such that fi = go.
Then there is a smooth homotopy of non-degenerate 2-forms h : [0,1] x M — A*(M) such
that hg = fo and hy = g;.

If in addition there is a subset S C M such that f and g are constant in time on S, then
h can be chosen to be constant in time on S.

Proof. By smoothness of f; and ¢; we can choose ¢ > 0 and smooth extensions fy, G; :
]—&,1+¢e[xM — A%(M). Choose a smooth bump function 3 : R — [0, 1] such that 3 =1

on [, oof and is supported in |0, oo[. Define o : R — [0,2] by:

o) =50+ 5 (¢ - )
Now define h :Je, 1+ e[x M — A*(M) by:

hy(z) = Jfa(t) (z) %f t €] - e 3]
Jay—1(z) ifte€];, 1+¢]

By our choice of @ and the fact that f; = §o, this is well-defined. & is smooth since
it is smooth on the opens | — ¢, %[XM and ]}l, 1 + e[xM, which form an open cover of

"We denote ¢; := ¢(t,-). Moreover, by smoothness of a map f : [a,b] x M — N we mean that there
is an € > 0 and a smooth extension f :Ja —e,b+e[xM — N of f.
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| —e,1+e[xM. Moreover, ho = fo and hy = ¢;. Since f and g are homotopies of non-
degenerate 2-forms, it now follows that h := B|[0,1]>< 18 the desired smooth homotopy of
non-degenerate 2-forms. In case of the additional statement it follows that h also suffices
by the observation that go(z) = fi(z) = fo(z) for all z € S. O

The next proposition will also be used in the proof of Gromov’s theorem.

Remark 2.30. Before stating the next proposition we introduce some more notation.
(i) We will allow ourselves an abuse of notation when dealing with differential forms.
Suppose that M is a smooth manifold and that S C M is a submanifold of codimension
0. By definition of submanifold, the inclusion ¢ : S — M is a smooth embedding, so in
particular ¢ is an immersion. By the rank-nullity theorem, ¢ is a submersion too, so di,
is a linear isomorphism for every p € S. Hence dv : T'S — T M| is a canonical smooth
bundle isomorphism. This induces a canonical linear isomorphism:

@ QF(S) = {7 € C™(S,A\*(M))| 7, € AM(T; M) for all p € S}
Explicitly, we have ¢(7)(p) = ((di,)™")*(7(p)) and ¢~ (7)(p) = (d,))*(7(p)). To avoid
such notation, we will just write 7 for (1) and »~!(7) in the respective cases.

(ii) Let M and N be smooth manifolds, let S be a submanifold of M and of N and let
7€ QF(M) and 7 € Q¥(N). Denote by tpy : S — M and 1y : S — N inclusion. By
saying that 7 = 7" on S, we mean that ¢}, 7 = (7"

Proposition 2.31. Let M be a smooth manifold, let f € C°(M) and let ¢ be a reqular
value of f such that f~1(] — co,c]) C int(M)[ Let e > 0 such that c — ¢ is a regular
value of f too. Moreover, let

h:]0,1] x f71(] = o0,]) = A*(f (] — o0, (]))

be a smooth homotopy of non-degenerate forms and let T € Q2 (M) such that hg = T on

S7H] =00, d]).

Then there is a smooth homotopy of non-degenerate forms
h:]0,1] x M — A*(M)
such that hg = 7, and hy = hy on f~'(] — 0o, c —¢]).

Proof of Proposition 2.31. Choose a smooth cutoff function 5 : R — [0, 1] such that 3 = 1

on]—oo,c— %] and # =0 on [c— £,00[. Now define h : [0,1] x M — A*(M) by:

) hi(z) if fz) <c—%
hi(x) = § hugpp(x) ife—e < f(z) <c
7(x) if f(z)>c—%

121t is a consequence of the rank theorem that f~!(] — oo, c]) is a submanifold of the manifold without
boundary int(M) (i.e. that inclusion is a smooth embedding), if ¢ is a regular value of f. It follows that
f~(] — oo, ¢]) is also a submanifold of M.
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This is well-defined by our choice of 8 and the fact that 7 = hy on f~1(] — oo, ¢c]). h
is smooth since it is smooth on [0,1] x (] — oo,c — %£[), [0,1] x f~'(Jc — €,¢[) and
[0,1] x f~!(Je— £, 00[), which form an open cover of [0, 1] x M. Moreover, h is a homotopy
of non-degenerate 2-forms since h is and since 7 is non-degenerate. Finally, we have that
ho = 7 since 7 = hg on f~(] — o0, ¢]) and we have hy = hy on f~'(] — co,c — €]) by
definition of h. O
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3 Morse functions

Morse functions form one of the main tools in the proof of Gromov’s theorem. In this
section we develop the theory about Morse functions that will be used. Since this theory
is only used in Section 5, the reader could safely decide to read Section 4 first.
In subsections 3.1 and 3.2 we mostly follow the treatment of [Mil63, Part 1.2], respectively
[Mil63, Part 1.3]. In subsection 3.3 we mainly follow that of [Mil65, Section 2].

3.1 Basic definitions and Morse’ Lemma

In this subsection we define Morse functions and prove Morse’ Lemma.

We will first define the Hessian of a smooth function at a critical point. Let M be a smooth
manifold and f € C°°(M). Recall that a point p € M is called a critical point of f if
df, = 0. Let oy € Q' (M) be defined by o4(¢q) = (g,df,) and let p be a critical point of f.
Then oy(p) = (p,0) and so its differential at p is a linear map doy|, : T,M — T(,0)(T"M).
We also have:

Proposition 3.1. Let E = M be a smooth vector bundle of rank k and p € M. Then
there is a canonical linear isomorphism 1 : T,M X E, — T(,0)E.

We postpone the proof of Proposition 3.1. Let pry : T, M x TyM — Ty M denote the
projection.

Definition 3.2. Let M be a manifold, f € C*°(M) and let p € M be a critical point of
f. In the notation of the above discussion, we define the Hessian of f at p to be the linear
map:

Hyf : T,M —T;M, H,f=pry ot lo daf|p

Proof of Proposition 3.1. Define 7 : T,M x E, — T{, 0 E by:

7(0ar, 0)[f] = Oaa[f (-, 0)] + Do f (p, -)(0)

for f € C*(F). Here the last term denotes the directional derivative of f(p,-) at the
point 0 in the direction v. It is easily checked that f(-,0) € C*(M), f(p,-) € C>*(E,)
and by using standard product rules for differentiation that 7(d,s,v) is a derivation at
(p,0). Thus 7 is well-defined. Further, 7 is clearly linear. So since

dim(7T{p,0)E) = dim(M) + rank(E) = dim(T,M x E,)

it suffices to show that 7 is injective, to show that 7 is a linear isomorphism.
To this end, suppose 7(dpr,v) = 0. First, let ¢ € C®°(M). Define f : E — R by
f(g,v) = g(q). Clearly, f € C*(E), and so:

0= 7(0ar,v)[f] = dumrlg] + 0 = durlg]



Since g € C*°(M) was arbitrary, §p; = 0. Now choose a local trivialization ® : 7= (U) —
U x R¥ such that p € U. Denote by m; : U x R¥ — R the projection onto the i + 1%
component. By a standard use of the extension lemma for smooth functions on manifolds
applied to m; 0 ® for i = 1,..., k, there is an open neighbourhood U of p in M such that
U C U and there are functions hy, ..., h, € C(E) such that hil p-1(@y = mi 0 @ for all i.
By the latter property it follows that h;(p, ) = m; o ®(p,-) and so we have:

0 = 7(0ar, 0)[hs] = Dy(mi 0 ®(p,-))(0) = (S (p, v))

where we use that m; o ®(p,-) is linear. This holds for all i = 1,....;k so ®(p,v) = (p,0)
and ®(p,-) is an isomorphism so v = 0, which proves that 7 is injective. O]

We are now ready to define Morse functions.

Definition 3.3. A critical point p of a function f € C*(M) is called non-degenerate if
H,f is a linear isomorphism. A function f € C'°(M) is called a Morse function if every
critical point of f is non-degenerate.

The following proposition can be used to compute the Hessian and to check whether
a smooth function is Morse.

Proposition 3.4. Let M be a smooth n-manifold and f € C°(M). The following state-
ments hold:

(1) p € M is a critical point of f if and only if D;(f,)(e(p)) =0 for alli =1,...,n, for
some (or equivalently every) chart (U, ) around p.

(i) If (U, ) is a chart around a critical point p of f then:

Hyf(971,) = > DiDs(f,)(0(p) ],

(i1i) For a critical point p of f it holds that: H,f is a linear isomorphism if and only if
the matriz with (i,7)" coefficient D;D;(f,)(¢(p)) is invertible for some (or equivalently
every) chart (U, ) around p.

Proof. Statement (i) follows since for every chart (U, ¢) around p we have:
dfp(aﬂp) = Di(f)(0(p))

and {8f|p ey 8Tf|p} is a basis of T,,M.

For (ii), let (U,¢) be a chart around p. Let v € T,M, then in the notation of the
above discussion we have H, f(v) = pry(7~!(doy|, (v))). Write 77! (doy|, (v)) = (0m,7) €
T,M x T;M, then H,f (v) = 0. First we derive an expression for 0. To this end, let
® : 771 (U) — U x R™ denote the local trivialisation corresponding to the local frame
induced by ¢, so that:

=1 =1
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Define m; and h; (for this @) as in the proof of Proposition 3.1. Then ¢ = 3", m;(®(p, 0)) dzf|,.
Further, note that since
hi|7r*1(f]) (', O) = T; O CD(, 0) =0

and 7—'(U) is an open neighbourhood of p it follows that dy[Ri(-,0)] = 0. So as in the
proof of Proposition 3.1 we have 7(dxr, 0)[h;] = m(P(p, 0)), hence:

n n

U= ZT(5M,?7)[}M] dxf|p = Z d0f|p (v)[hi] dxf|p = Zv[hl o af] dxﬂp
i=1

i=1 =1

which is the promised expression. Combining all of this it follows that:

H,f(0f],) =Y 0f| [hjooay dzf| = > " Di(hjoasop ") (p(p)) daf|

j=1 j=1

p

Now note that for all ¢ € U we have that

n

or(q) = (a.df,) = (g, ZDi(f@)(QD(Q)) dzf|,)
and so that
hjoorop™(x) =m0 ®oasop ' (x) = Di(f,)(z)

for all x € p(U). Since ¢(U) is an open neighbourhood of ¢(p), statement (ii) now
follows.

To see statement (iii), note that from statement (ii) it follows that this matrix is the
matrix representation of H,f with respect to the bases {8f]p e G,f|p} for T, M and

{dxﬂp s dxﬁ|p} for Ty M. Hence (iii) follows. O

Recall that we have defined the Hessian at a critical point p of a smooth function as
a linear map H,f : T,M — T7M. We can also view H,,f as a bilinear map, by the next
proposition.

Proposition 3.5. Let V' be a vector space. The vector space L(V;V*) of linear maps
V' — V* is canonically isomorphic to the vector space L*(V) of bilinear maps V xV — R.

Proof. Define the maps:

P L(V; V) = LA(V) by p(a)(v,w) = (a(v))(w)
Y LA(V) = (V3 V) by ((8)(v)(w) =

Alv,w)

It is easily checked that these maps indeed map into their prescribed codomain and that
they're linear and mutually inverse. O]
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Next we will define the index of a critical point of a Morse function.

Definition 3.6. Let V' be a vector space and 3 : V' x V' — R bilinear. The index of f is
defined as the maximum of the dimensions of subspaces W of V' such that g(v,v) < 0 for
all v € W\ {0}.

The (Morse) index of a critical point p of a smooth function f is defined as the index of
H,f, viewed as a bilinear map. It will be denoted by I(p).

The following propositions allow us to compute the Morse index of a critical point.

Proposition 3.7. Let V' be a vector space and 5 : V XV — R a symmetric bilinear map.
Let {by,...,b,} be a basis of V and let L : V' — V be the linear map represented by the
matriz with (i, j)™ coefficient B(b;, b;), with respect to this basis. Then the index of 3 is
equal to the dimension of the negative eigenspace of L.

Proof. Denote by I the index of $ and by (-,-) the standard inner product for V' with
respect to the basis {by,...,b,}. Note first that M is symmetric, since 8 is. So there is
an orthonormal basis {vy,...,v,} for V' with respect to (-,-) of eigenvectors of L. De-
note the eigenvalue of v; by \; and the dimension of the negative eigenspace of L (i.e.
span{v;|\; < 0}) by D~. Bilinearity of § shows that: (v, w) = (v, Lw) for all v,w € V.
Thus:

Bvi, v;) = Aj(vi, v5) = Ajdiy

for all < and j, hence from bilinearity of 3 it follows that:

ﬁ(z Nz‘Ui7ZMjUj) = Z)\W? (3-1>
i=1 j=1 i=1

From (3.1) it follows that S(v,v) < 0 for any non-zero v in the negative eigenspace of L,
hence I > D~.

On the other hand let W be a subspace of V' such that 5(v,v) < 0 for every non-zero
v € W. Note that 5(v,v) > 0 for every non-zero v € span {v;|\; > 0} by (3.1), hence

W N span {v;|A; > 0} = {0}
and so W @ span {v;|\; > 0} is a linear subspace of V' of dimension
dim(W) + dim(V) — D
Thus it follows that dim (W) < D~. This shows that I < D~ which finishes the proof. [

Proposition 3.8. Let p be a critical point of a Morse function f on a smooth n-manifold
M and let (U,p) be a chart around p. Then I(p) is the dimension of the negative
etgenspace of the linear map T,M — T,M represented by the matriz defined in Proposi-

tion 3.4 (i11), with respect to {(9f|p ey 8;1”\17}.
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Figure 2: The height function is a Morse function on the torus

Proof. In this proof, we view H,f as a bilinear map. Note that from Proposition 3.4(ii)
it follows that:

H,f(0F1,. 05| ) = DiDy(£) (2(p)

for all 4,7 = 1,...,n. Since {8f|p e 8n"9]p} is a basis for T, M, this implies that H, f is
symmetric. Applying Proposition 3.7 to this basis yields the desired. O

Example 3.9. Let the torus be embedded in R? as in Figure 2. By applying Proposition
3.4 it is straightforward to compute that the height function is a Morse function with 4
critical points one at each of the critical values ¢y < ¢; < ¢y < c3. Using Proposition 3.8
one can compute that the lowest critical point has index 0, the highest has index 2 and
the others have index 1.

Next, we shall prove an important lemma often referred to as Morse’ lemma. It
describes the behaviour of Morse functions at critical points in terms of the Morse index.

Lemma 3.10 (Morse). Let f be a Morse function on a smooth n-manifold M and let p
be a critical point of f in int(M). Then there is chart (U, ) around p such that o(p) =0
and:

fol@1, yzn) = f(p) — a7 — ... — yc?(p) + gﬁ(p)ﬂ +o a2l
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Proof. To begin with, note that if there is a chart (U, ) around p such that ¢(p) = 0
and f,(z1,...,x,) = f(p) £ 23 + ... & 22 where the number of minus signs is A, then
by Proposition 3.8 this A must be the Morse index I(p). A reordering of the component
functions of ¢ would then give the desired chart, hence it suffices to prove that such (U, ¢)
exists.

We will prove by induction that for every k = 0, ...,n there is a chart (Ug, ) such that
vr(p) = 0 and:

for(T1, .0 20) —l—Zix + Zxxj (21, ey )

1,5>k

for some smooth map H* : ¢, (Uy,) — Sym(n, R) such that H"(0) is diagonal and H};(0) =
0if i < kand HJ;(0) # 0if ¢ > k. In the case k = n, f,, is of the desired form and so
this would prove the lemma.

For the case k = 0 choose (U, ¢) to be a chart around p such that ¢(p) = 0 and ¢(U) =
B}(0). By Taylor’s theorem we have{™|

folz1, ..y )+ Z x; a:j/ t)D; D, fo(tay, ..., tay)dt

1,7>0

using that D;(f,)(0) = 0 for all ¢, by Proposition 3.4(i). Set

H,L'j<l'1, ,l’n) = /01<1 — t)DZD](pr)(tl'l, ,tl’n)dt

Then H;;(0) = 5D;D;(f,)(0), so H(0) is invertible by Proposition 3.4(iii). Moreover, H
is smooth, and symmetric at every point. From this we’ll construct a new chart and H°,
so that HY(0) is diagonal and only has non-zero diagonal elements.

To this end, note first that since H(0) is a symmetric n X n matrix, there is a basis
of orthonormal eigenvectors {vq,...,v,} in R™. Define the linear map 7" : R" — R" by
T(e;) = v;, where {ey,...,e,} is the standard basis for R™. Then since {vy,...,v,} is a
basis for R" too, T is a linear isomorphism, hence a diffeomorphism, and so (U, @) :=
(U, T7' o p) is a smooth chart around p such that ¢o(p) = 0. Next, define

H) == v} (Ho T)v;

by matrix multiplication. Then H? is smooth and symmetric on o (Uy), since H is so on
©(U). Further, note that since H(0) is invertible it only has non-zero eigenvalues, and note
that HY;(0) = \ids;, where \; denotes the eigenvalue for v;. From this it follows that H°(0)
is diagonal and only has non-zero diagonal elements. A straightforward computation

13Here we use that ¢(U) is convex and contains 0. See [Leel2, Theorem C.15] for a proof of Taylor’s
theorem.
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shows that the pair (U, ¢o) and H° satisfies the remaining requirement.

Now suppose that the statement is true for some k € {0,...,n — 1} and let (U, ) be a
chart as in the induction hypothesis. Then by continuity of H* and by possibly shrinking
U we may assume that Hj,, . (z) # 0 for all z € o(U). Hence /|Hf ;4| is smooth

and nonzero on ¢(U). Now define ¢ : p(U) — R"™ by ¢(x); = z; if i # k+ 1 and:

HE (x
b@hn = — = _§:%Eg@%%
|Hl’§+1,k+1(95)| i>k+1 k+1k+1\T

Then 1 is smooth. Further, since Jy(0);;=0 for i > j we find that{”]

Det(1,(0)) = Dsathn(0) = ——t— #0
H 14 (0

so by the inverse function theorem there are open neighbourhoods U’ and V of 0 such
that ¢ : U’ — V is a diffeomorphism. Thus (Ugy1, pri1) = (0 H(V), ¥~ o) is a smooth
chart around p such that ¢g1(p) = 0. We set:
Hfy o Hjy
e = gy - ol
k41,k+1
A straightforward computation shows f o gp,;il has the desired form, and that H**! has
the desired properties. This proves the induction step. O

Remark 3.11. (i) Let M be a manifold and f a Morse function on M. Note that from
Morse’ Lemma and Proposition 3.4(i) it follows that the critical points of f in int(M) are
isolated. Since the set {p € M|df, # 0} is open in M, it follows that if M is compact and
f has no critical points on OM, then f must have finitely many critical points.

(ii) Let M be a smooth manifold and f € C*(M). Note that from Morse’ Lemma and
Proposition 3.8 it follows that a point p € int(M) is a local minimum of f if and only of
I(p) =0 and a local maximum of f if and only if I(p) = n.

3.2 Gradient flow

Having developed the definitions and most basic properties of Morse functions, an outlook
on how this theory will help us prove Gromov’s theorem seems in order. Roughly speaking,
a Morse function keeps track of the homotopy type of a smooth manifold. Moreover, they
allow an exhaustion of a manifold by submanifolds of the form f~!(—oc,a]. This will
allow us to construct the homotopy in Gromov’s theorem step by step. In this section
we will prove a theorem by means of which we can extend the homotopy between critical
level sets of f.

Here J,(0) denotes the Jacobian of ¢ at 0.
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Remark 3.12. Given a smooth manifold M and f € C*°(M) we will use the notation:
M* = f_l(] - OO,(I])

It is a consequence of the rank theorem that M* is a submanifold of M, if a is a regular
value of f and M® C int(M).

Theorem 3.13. Let M be a smooth manifold without boundary and f € C*(M). Let
a < b such that f~'([a,b]) is compact and contains no critical points of f, and such that
M® # (). Then there is a smooth isotopy ¢ : [0,1] x M — M such that @y = Idy and ¢y
maps M® onto M®. In particular, the submanifolds M® and M are diffeomorphic.

To prove this we need a Riemannian metric again. Given a smooth Riemannian
manifold (M, g), we define:

G:TM — T*M by §(p,v) = gp(v,-)

Since g, is positive definite, it follows that g restricts to a linear isomorphism 7),M — T7M
for every p € M. Using this, it follows that g is a smooth bundle isomorphism.

Definition 3.14. Let (M, g) be a smooth Riemannian manifold and f € C*(M). The
gradient of f with respect to g is defined as the smooth vector field grad(f), = g~ *(df,).

Remark 3.15. Since grad(f) is a composition of smooth maps it is indeed smooth.
Further, note that grad(f) is the unique vector field X such that df, = g,(X,, ) for all
p e M.

We are now ready to prove Theorem 3.13.

Proof of Theorem 3.13. The isotopy will be constructed using the flow of a vector field.
Note first that since the set {p € M|df, # 0} isopenin M and f~*([a,b]) C {p € M|df, # 0},
for every p € f~([a, b]) there is an open neighbourhood U, of p such that f has no critical
points on U,. Since M has a basis for its topology of pre-compact sets, we can choose
these U, to be pre-compact, and by compactness of f~!([a,b]) we can cover f~*([a,b]) by
finitely many such U,. Define U to be the union of these U,. Then U is an open neigh-
bourhood of f~!([a,b]) and it’s pre-compact being a finite union of pre-compact sets.
Next, choose a Riemannian metric g on M. Note that since g restricts to a linear isomor-
phism on the fibres of TM, grad(f), # 0 for all p € U. Thus since g, is positive definite
it follows that g,(grad(f),, grad(f),) > 0 for all p € U. Therefore, the vector field X on

U defined by
s grad(f),

i gp(grad(f),, grad(f),)

is well-defined and smooth on U. Now define X to be a smooth vector field on M such
that X, = X, for all p € f~([a,b]) that is supported in U. This exists by a standard
extension lemma for vector fields, since f~([a, b]) is closed in M. Let ¢X be the flow of
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X, which is a global flow since X is compactly supported, as U is pre-compact. We call
this the normalized gradient flow of f with respect to g. Now we define:

©:10,1] x M — M by ©:(p) = ©ia_t)(p)

Then ¢ is a smooth isotopy since ¢~ is a global flow and ¢y = ¢ = Idy;. For the last
property, note that on one hand:

d
Xoxsplf] = pr (f o p¥(p)) for all (s,p) € R x M
t=s

since X is the flow of X. On the other hand we have:

grad(f),[f] = dfp(grad(f),) = gp(grad(f),, grad(f),)
for all p € M by Remark 3.15, and so X,[f] =1 for all p € f~!([a,b]). So it follows that:

fowr(p)=fled(p)+t=f(p)+t (3.2)

for all (¢,p) such that X (p) € f~!([a,b]) for all s between (and including) 0 and ¢. Using
this it is not hard to show that for every p € f~([a, b]):

max {t € Ruo| 02 (p) € f'([a,b]) for all s € [0,¢]} =b— f(p)
min {t € Reo| ¢ (p) € f~'([a,b]) for all s € [t,0]} =a— f(p)

It follows that if p € f~!([a,b]), then ¢X(p) € f~*([a,b]) for all s € [a — f(p),b— f(p)].
Thus if p € f~!([a,b]), then (3.2) holds for all t € [a — f(p),b— f(p)].
We will now show that ¢ , maps M® into M° and that . , maps M? into M®. Noting
that ¢ , and ¢ , are mutually inverse, the last property follows.
For the first statement, let p € M?. Suppose that f o ;X (p) > b. By the intermediate-
value theorem there is a t € [0,b — a[ such that f o ¢X(p) = a. It now follows by (3.2)
that:

Fowiap)=fowiailpi(a) =atb—a—t<b
which is a contradiction. Thus ;- (p) € M°.
For the second statement, we claim that if f(p) < a then f o ¢ (p) < a for all t < 0.
Suppose f(p) < b. If f(p) < a then by the claim it follows directly that f o X ,(p) < a.
If a < f(p) < b, then f(p) —b < 0 and by (3.2) we have f o gpfffﬂp)(p) = a. So by the
claim it follows that:

fooi y(p) = foviy (s ;) <a

as desired.
It remains to prove the claim. To this end, suppose f(p) < a and define:

T={t<0| fops(p) <aforallselt0]}
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Now suppose 7" is bounded from below. Since 0 € T it then follows that s := inf(7) is
finite. Define v: R — R by v(t) = f o ¢ (p). By continuity of v it follows that v(s) < a.
If v(s) = a then by (3.2) we find that (;—Z(s) = 1 and so we find an € > 0 such that v(t) < a
for all t €]s —¢,s]. If 7(s) < a we find such an £ by continuity of v. In any case, this is
in contradiction with s = inf(7"). We conclude that 7" is not bounded from below, which
shows the claim. ]

Theorem 3.13 has the following useful extensions to manifolds with boundary.

Theorem 3.16. Let M be a smooth manifold and f € C*®(M). Let a < b such that
I~ Ya, b)) is compact and contains no critical points of f, and such that M® # ().

(i) If f=Y([a,b]) C int(M), then there is a smooth isotopy o : [0,1] x M — M such that
o = Idy and o1 maps M® onto M®. In particular M? is diffeomorphic to M®.

(ii) If OM = f=1({b}) and b is the maximum of f, then there is a smooth homotopy of
injective immersions ¢ : [0,1] x M — M such that o = Idy and @1 maps M onto M*®.
In particular, M is diffeomorphic to M.

Proof. For (i), we apply Theorem 3.13 to int(M) to find a smooth isotopy % : [0, 1] X
int(M) — int(M) such that 1o = Idiu(ar) and ¢; maps M® onto M. Further, from the
proof of Theorem 3.13 it is clear that ¢;(z) = x for all x outside the compact set supp(X)
and all t € [0, 1], where X is the vector field on M that was constructed in that proof.
By construction we have 0M C M\supp(X). Now define ¢ : [0,1] x M — M by:

= Jue) it a € nt(a)
@ () {x if x € M\supp(X)

This is well-defined since both maps agree on the overlap, by the above. Further, ¢ is

smooth on the opens [0, 1] x int(M) and [0, 1] x (M\supp(X)), which cover [0,1] x M,
thus ¢ is smooth on [0, 1] x M. Note that for every ¢, the inverse of ¢, is given by:
ol (x) = Y (z) if o € int(M)

x if x € M\supp(X)

which is well-defined and smooth by an analogous argument. Thus ¢ is indeed a smooth
isotopy.

To prove part (ii), we define a vector field X on M as in the proof of Theorem 3.13.
Note that M = M°. The main difference with the situation in Theorem 3.13 is that since
M has non-empty boundary, X need not have a global flow. However, note that X is
compactly supported and X, is outward-pointing for all p € OM H We postpone the
prove of the latter fact. By similar techniques as used in [Leel2, Theorem 9.12-9.16] to

15We use the convention that boundary charts map into H” = R"~! x R>( and so v € T,M is outward
pointing if and only if its n‘® component in some (or equivalently every) chart is strictly negative.
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prove that a compactly supported vector field on a smooth manifold without boundary
has a global flow, it can be shown that a compactly supported vector field X such that
X, is outward-pointing for all p € M, has a flow ¥ such that:

(i) for every p € M, the maximal integral curve through p is defined on R and
©;* (p) € int(M) for all t € R, or there is a unique ¢, > 0 such that the maximal inte-
gral curve through p is defined on | — o0, t,,] and such that @fg (p) € OM and
@7 (p) € int(M) for all t < t,,.

(ii) o : M — M is a smooth injective immersion for every ¢ < 0.

Hence we can define ¢ as in the proof of Theorem 3.13, to obtain a smooth homotopy of
injective immersions ¢ : [0,1] x M — M. Then ¢y = o = Idy; and it remains to show
that ¢, (M) = M® or equivalently that X , (M) = M®.
As in the proof of Theorem 3.13, it can be shown that (3.2) holds for all (¢, p) such that
t <t, and such that ¢X(p) € f~'([a,b]) for all s between (and including) 0 and ¢. Using
this it is not hard to show that for every p € f~([a, ]):

max {t € Rxg| t < ¢, and ¢} (p) € f~'([a,b]) for all s € [0,t]} =1,
min {t € Reo| ¢ (p) € f~'([a,b]) for all s € [t,0]} =a— f(p)

It follows that if p € f~*([a,b]), then ¢X(p) € f~([a,b]) for all s € [a — f(p),t,]. So if
p € f~([a,b]), then (3.2) holds for all ¢ € [a — f(p),t,]. In particular it follows that: if
p € f~([a,0]), then b = f o (p) = f(p) +tp, 50 t, = b— f(p). Just as in the proof of
Theorem 3.13, it now follows that ¢ , (M) C M“. To show the other inclusion, it suffices
to show that ;- (p) is defined for all p € M.

To this end, let p € M®. If ©X(p) is defined for all ¢ € R there is nothing to prove so
suppose otherwise. Since f o got)i (p) = b it follows by the intermediate-value theorem that
there is a to € [0,¢,[ such that f o ¢ (p) = a. Then by the above the maximal integral
curve through ¢} (p) is defined on | — o0, b—a] and so the maximal integral curve through
p is defined on | — 00, b — a + to]. So ¢; ,(p) is defined since o > 0.

It now remains to prove that X, is outward pointing for all p € 9M. To this end, let
p € OM and let (U, ) be a chart around p. Write X, = 37", vi(p) 97],. Then:

n

1 =df,(X,) = X,[f] = Zvi(p)Di(f¢)(gp(p)) — on(p) - ln fo(ten +tgo(p)) —b

Here in the first step we used that p € f~!([a,b]) and in the fourth step we used that f
is constant on OM so that D;(f,)(¢(p)) = 0 for all ¢ = 1,...,n — 1. Now since b is the
maximum of f, the limit on the right is < 0. Thus v,(p) < 0 as required. This finishes
the proof of the theorem. O
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3.3 Existence of a Morse function

Of course, to use the theorems about Morse functions on a given manifold M, we need
one to exist on M. This is the content of this subsection and of the following theorem.

Theorem 3.17. Let M be a compact, connected, smooth n-manifold with non-empty
boundary and suppose n > 2. Then there exists Morse function f € C(M) that has the
following properties:

(i) OM = f~*({c}) for some c € R

(i) If p and q are different critical points of f then f(p) # f(q)

(#i) f has no critical points of index n

(iv) f has 1 critical point of index 0

(v) The critical points of f lie in int(M).

To prove Theorem 3.17 we need the following.

Definition 3.18. Let WW be a smooth, compact n-manifold with boundary OW = VUV,
where Vy and V] are disjoint, and both open and closed submanifolds of OW. Then the
triple (W, Vg, V1) is called an n-triad.

Moreover, a Morse function on W with the properties:

(i) fF(W) C [a,b], Vo = f*({a}) and V; = f~*({b}) for some a < b
(i) All critical points of f lie in int(W)

is called a triad Morse function on (W, Vg, V4).

Theorem 3.19. On every n-triad (W, Vo, V1) there exists a triad Morse function.

Theorem 3.20. Let (W, Vy, V1) be an n-triad such that V; # 0 fori =0 and i = 1. Given
a triad Morse function f on (W,Vy, Vi) there is a triad Morse function f on (W, Vy, Vi)
which agrees with f on an open neighbourhood of OW and has the same critical points
with the same Morse index as for f, and is such that:

f(p) = fla) if I(p) = 1(q) and f(p) < f(q) if I(p) < I(q)
for all critical points p and q of f

Theorem 3.21. Let (W, Vy, Vi) be an n-triad such that V; # 0 for i =0 and i = 1 and
Ho(W,Vy) ={0}. Let f be a triad Morse function on (W, Vy, V1) with the property that:

f(p) = f(q) if I(p) = I(q) and f(p) < f(q) if I(p) < I(q)

and let k; denote the number of critical points of index i of f.
Then there is a triad Morse function f on (W, Vo, V1) which agrees with f on an open
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neighbourhood of OW , such that f has the same critical points with the same Morse index
as for f, except for the critical points of f of index 0, 1 and 2. For such critical points
we can choose [ to be as in one of the following three cases:

(1) If ko < k1, we can choose f so that f has no critical points of index 0,
k1 — ko critical points of index 1 and ks critical points of index 2.

(17) If ko > k1, we can choose f so that f has no critical points of index 0
and 1, and has ko + ko — k1 critical points of index 2.

(131) If ko > ki, we can also choose f so that f has ko — k1 critical points of indez 0,

no critical points of index 1 and ko critical points of index 2.

Lemma 3.22. Let f be a triad Morse function on an n-triad (W, Vo, Vi). Then there is
a triad Morse function f on (W, Vo. V1), with the same critical points and Morse indices
such that f(p) # f(q) for all different critical points p and q of f.

Remark 3.23. In the statement of Theorem 3.21, by Hy(W, V) we mean relative singular
homology. Recall that Ho(W, V) = {0} if and only if Vj intersects all path-components
of W.

Unfortunately, the proofs of Theorem 3.20 and 3.21 are beyond the scope of this
thesis. They can be found in [Mil65, Theorem 4.8], [Mil65, Theorem 8.1] and [Mil65|,
Lemma 8.3][f] We will however prove Theorem 3.19 and Lemma 3.22. Before we do this,
we prove Theorem 3.17.

Proof of Theorem 3.17. Note first that from the proofs of Theorem 3.19 and Lemma 3.22,
it is clear that these statements hold in the case V5 = ) and Vi = OW. Hence we find
a Morse function f on M such that all critical points of f lie in int(M), f(M) Cla,b],
f7Y({b}) = OM and such that f attains different critical values on distinct critical points.

By Morse’ Lemma it is seen that f is not constant. By compactness of M, f attains a
global minimum ¢y in some py € M. Since f is not constant, py cannot lie in W, hence
po € int(W) is a critical point of index 0, by Remark 3.11(ii).

Because py is the only critical point with critical value ¢q and ¢j is the global minimum of
f and f has finitely critical points (Remark 3.11(i)), we can choose € > 0 small enough
such that py is the only critical point of f that is contained in f~*(] — 00, ¢o +¢]) and such
that ¢y +¢e < b.

Claim 1. We can choose ¢ > 0 small enough such that in addition f~'([co + ¢,b]) is
path-connected and f~!'({co +&}) # 0.

6These theorems are not formulated precisely as in [Mil65], but they can be deduced from the proofs
of the theorems in [Mil65].
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Now define W = f~!([cy + €,0]). Since ¢y + € is a regular value of f, (W, Vy, V;) is
an n-triad, such that Vo = f~'({co +¢}) and Vi = f~1({b}), and f]; is a triad Morse
function on W. Since W is path-connected, by Remark 3.23 it follows that:

Ho(W, Vo) = {0} = Ho(W, V1)

Now note that — f|,, is a triad Morse function on (W, Vy,V/) such that —f(W) C
[=b,—(co + )], Vi = Vo = (=) (—{co+2}) and V{ = Vi = (—f)}(~ {b}). Hence
combining Theorem 3.20 and 3.21 we obtain a triad Morse function f" on (W, V,V))
which agrees with — f on an open neighbourhood of OW and which has no critical points
of index 0. Now — f” is a triad Morse function on (W, Vj, V}) which agrees with f on an
open neighbourhood of 0W. By Proposition 3.8 it follows that p € W is a critical point
of f" of index i if and only if p is a critical points of — f" of index n — . Thus —f’ has no
critical points of index n.

Now assume first that n > 2 or that kg < k; and n = 2, where k; is the number of critical
points of —f’ of index i. Again applying Theorem 3.20 and 3.21 to — f/, we obtain a triad
Morse function f which has no critical points of index n and no critical points of index
0, and which agrees with f on an open neighbourhood U of OW'.

We choose V' open in M such that U =V N'W, and define g : M — R:

g(z) = {f;(w) if v € f1(] —o00,co+e)UV
flx) ifxe (e +e,00])

Then g is well-defined by our choice of V. g is smooth since it is smooth on f~*(] — o0, ¢g+
e)UV and f~'(]cy + €, 00[) which form an open cover of M. Further, the critical points
of ¢ are py and those of f. Thus ¢ has one critical point of index 0 and none of index n.
Since g agrees with f on an open neighbourhood of OM it follows that the critical points
of g lie in int(M) and that M C ¢g~'({b}). By compactness of M, g attains a maximum
on M, and since g has no critical points of index n this maximum must lie on M, so
it follows that OM = ¢g~1({b}) and that b is the maximum value of g on M. Applying
Lemma 3.22 again we may assume that g takes different values on distinct critical points.
Thus g is as desired.

Now assume n = 2 and kg > k;. Applying Theorem 3.20 and 3.21(iii), we obtain a triad
Morse function with no critical points of index 1 and no critical points of index 2, which
agrees with f on an open neighbourhood of OW. As in the first case, we define a Morse
function g on M which agrees with f on an open neighbourhood of OM, and such that
OM = g~'({b}) and b is the maximum value of g. In particular, g has no critical points
on M. On the contrary, in this case g only has critical points of index 0. By Lemma
3.22 we may again assume that g attains different values at distinct critical points. We
will now show that g must have only 1 critical point.

Let p be the critical point of g with the highest critical value, say ¢. We choose a Morse
chart (U, ) around p, and choose 6 > 0 such that By (0) C ¢(U) and ¢ + % < b. Define:

D = ¢ }(B(0)) and O = ¢~ (B§(0))
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By our choice of chart we have: g(x) = ¢+ |¢(z)|? for all z € U. From this it follows that:

2 2
g7 —oeret S = DU (g™ — o0+ L NO)

which is a union of two closed, disjoint subsets of g7'(] — oo, c + %]). By Theorem
3.16(ii) we have that g~!(] — oo, c + %]) is diffeomorphic to M, hence it is connected.
Therefore we find ¢g7!(] — oo, ¢+ %]) = D. We conclude that g has only 1 critical point
on g (] — oo, c+ %) and so on M. This shows that g is the desired function in this case,
which proves the Theorem, up to our claim.

To prove the claim, we choose a Morse chart (U, ) around py and choose £ > 0 small
enough such that f=*(] — oo, ¢y +¢]) C U and B_?ﬁ(()) C ¢(U). Such € can be chosen as
follows. Since U is open, M\U is compact, hence f attains a minimum, say s, on M\U.
Since the global minimum c¢; is only attained by f in pg, it follows that s > ¢y. Now every
e €]0, s — ¢ satisfies f7!(] — 00,y +¢€]) C U. Since p(U) is an open neighbourhood of 0
we can choose € > 0 as desired.

Since f(x) = co + |p(x)|? for all x € U it follows that:

Vo= f""({eo +¢}) = 9 (0B(0)) # 0

which is path-connected since n > 2 and ¢ is a homeomorphism. Therefore, to show that
W is path-connected, it suffices to show that every point in W is connected to a point in
Vb by a continuous path in W.

Let p € W. M is connected, thus path-connected, so there is a continuous path v :
[0,1] — M such that v(0) = p and y(1) € V. We define:

T={tel0,1]] foy(z)>cy+eforalxel0t}

T is bounded above by 1 and 0 € T  thus s = sup(7T) exists. Note that s € T by continuity
of for,sov(t) e W for all t € [0,s]. If s <1 then by continuity of f o~ it follows that
fo7(s) = co+¢. Since the same holds if s = 1, we find that 7|, is continuous path in
W from p to a point in Vj, which proves the claim. E O

The remainder of this section will be devoted to the proof of Theorem 3.19 and
Lemma 3.22. We will first prove Theorem 3.19, by using three lemmas.

Lemma 3.24. On every n-triad (W, Vy, V1) there exists a smooth function f with the
following properties:

(&) FOV) C [0,1], Vo = f1({0}) and Vi = f~({1})
(12) All critical points of f lie in int(W)

171f s = 0, then p = v(s) € V; so there is nothing to prove in this case.
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Proof. Since W is compact, it can be covered by finitely many charts (Uy, ©1), ..., (Um, ©m)-
Using that every open U is a union of the opens UN(W\V;) and UN(W\V;) we can choose
the charts such that every chart domain intersects at most one of V) and V;. Further by
possibly shrinking the chart domains and composing with a translation and dilatation, we
can choose the charts so that for every boundary chart (U, ¢) we have o(U) = H*N B} (0).

On each chart domain U; define f; € C*°(U;) by:

o if U; intersects Vj
fi= 11— if U; intersects V;
% otherwise

Choose a smooth partition of unity {¢;} subordinate to {U, ..., U,,} and define:

F=Y_uifi
i=1

Here, as usual, by v; f; we mean its smooth extension to W by defining it to be 0 outside
Ui. Then f € C*(W).

Since p(U) = H" N B}(0) for every boundary chart, it follows that 0 < f; < 1 for all
i = 1,...,m, from which it follows that f(W) C [0,1]. Further, using that for every
boundary chart ¢"(x) = 0 if and only if x € OW, it is straightforward to check that
fle) =0ifxz e V, flx) =1ifxz € Vy and 0 < f(z) < 1 if z € int(W). Hence
Vo= f71({0}) and V; = f~1({1}). Tt remains to check (ii).

To this end, let p € OW and choose a boundary chart (U;, ;) around p such that ¢;(p) > 0.
Note that:

Do) = > Dul(f)e) (0i()5(p) + f5(0) Du((¥5),) (0i(p))

j:p€supp(¢;)

For all j such that p € supp(¢;) we have f;(p) =0if p € Vp and f;(p) =1ifp € V3, s01in
any case f;(p) is constant over such j. Therefore:

> HDa((¥)e)(@i(p) = fi(p) D > Wi)e | (ilp) =0

j:pEsupp(¥;) J:pEsupp(v;)

where the last equality follows since >/ coon(¥j)p, = 1 on an open neighbourhood
of i(p), because for every j such that p & supp(¢;) there is an open neighbourhood of
©;(p) on which (¢;),, = 0 and the finite intersection of these is open.

Now note that if p € Vj then D,,((fi)y,)(pi(p)) = 1 and if p € V4 then D, ((f)y,)(wi(p)) =
—1. Further, if p € V; then:

D). )edp) = 1 PO TIER))
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for all j such that p € supp(v;). Analogously, D,((f;)e:)(pi(p)) < 0 for all j such that
p € supp(y;) if p € V4. Combining all this we find D, (f,,)(¢i(p)) > 0if p € V; and
D, (fs:)(pi(p)) < 01if p € Vi, so by Proposition 3.4(i) p is not a critical point of f. So (ii)
follows. O

For the next two lemmas we need two more definitions.

Definition 3.25. Let M be a manifold, let X' C M be compact and let (U, ¢) be a chart
for M. We will call such a pair (K, ¢) a compact chart pair if K C U.

Definition 3.26. Let M be a compact, smooth n-manifold, f,g € C*°(M) and let K =
{(K1,¢1)s s (K, ©m)} be a finite collection of compact chart pairs. We say that ¢ is
C2-close to f with respect to K if: [

’fsok_g@k‘@k(f(k) <g, |Di(f‘19k)_Di(gS@k>’<Pk(Kk) <e and |D’5Dj(f$0k)_DiDj(gSDk)‘@k(Kk) <é
foralli,j=1,...nandall k =1,...,m.

Lemma 3.27. Let M be a smooth n-manifold and (K, ) a compact chart pair. For every
f € C>®(M) that is Morse on K,lﬂ there is a 0 > 0 such that all smooth functions that
are C%-close to f with respect to (K, ), are Morse on K too.

Proof. Let U be a chart domain for ¢ such that K C U. For g € C*°(M) we define
M, : U — Mat(n x n,R) by (My(p))i; = DiD;(g,)(¢(p)). The function:

IV(fe) o ol + [Det(My)|

is continuous and strictly positive on K since f is Morse on K (apply Proposition 3.4(i)
and 3.4(iii)) | Hence it takes a minimum value € > 0 on the compact set K.

Since f is smooth, My is continuousﬂ thus My(K) is compact. In particular, there
is an R > 0 such that My(K) C BE*"(0). Since EE:Z(O) is compact, Det is uniformly

_NXn

continuous on this set and so there is a dp > 0 such that if A, B € By, (0) and |A—B| < do,
then |Det(A) — Det(B)| < £. Now choose § = min(Z, %, 5.

If g is C3-close to f with respect to (K, ), then the (reverse) triangle inequality shows
that

IV (£)(0(0))] = IV (g5) (D)) < =

2
—=nxn

for all p € K since § < £ and that My(K) C By 1(0) since § < . From the latter it
follows that c

[Det(M;y(p))] = [Det(My(p))ll < 3

8Here | - |y, denotes the supremum norm on C* (¢ (Kx)).

19i.e. All its critical points p € K are non-degenerate.

20For an open U C R™ and g € C°°(U) we denote Vg := (D1g, ..., Dng) : U — R™.

2IThe topology on Mat(n x n, R) is induced by the Euclidean metric, by identifying Mat(n x n, R) with

2

R™ .
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for all p € K, since § < %;—. Therefore we find:

[V(90) ()] + [Det(M,(p))] > [V (o) (p))] = % + [Det(My(p))| = 5 =0

DO | ™

for all p € K. If p € K is a critical point of g then |V (g,)(¢(p))| = 0 (Proposition 3.4(i)),
so Det(M,(p)) # 0 by the above, thus H,g is an isomorphism by Proposition 3.4(iii). This
proves the lemma. O

Lemma 3.28. Let M be a smooth n-manifold, f € C*(M) and let K = {(K1, 1), .., (Km, ©m)}
be a collection of compact chart pairs with K; contained in the chart (U;, ¢;). For every

e >0 and every i = 1,...,m such that U; C int(M), there is a g € C°(M) which agrees

with f outside U; and a & > 0 such that every smooth function that is C3-close to g with
respect to K, is Morse on K; and C?-close to f with respect to K.

Proof. Let ¢ > 0 and ¢ = 1,...,m such that U; C int(M). Since K; is compact it is
closed in M and since manifolds are normal there is an open neighbourhood V; of K; such
that V; C U;. Choose a smooth bump function 3 : M — [0, 1], such that 3 = 1 on V;
and is supported in U;. We will prove that there is a linear map L : R® — R such that
g=[f+pB (Loy)is C?close to f with respect to K and is Morse on K;. Then by
Lemma 3.27 we find a § > 0 such that every smooth function that is C}-close to g with
respect to IC, is Morse on K;. From Definition 3.26 it is clear that we can possibly choose
this 6 > 0 smaller so that, in addition, the triangle inequality implies that every smooth
function that is C3-close to g with respect to K is also C2-close to f with respect to K.

For a linear map L € (R™)* denote by [y, ..., [, its coefficients with respect to the standard
dual basis for (R™)* and set [ = (l4,...,1,) € R".

Claim 2. For every r > 0 there is an L € (R™)* such that |[| < rand f+ (- (Lo ;) is
Morse on Kj;.

We postpone the proof of Claim 2. Let L € (R™)*. First note that 5 (Lo y;) =0
on the open M\supp(/3). Secondly, for every k = 1,...,m and for all z € ¢, (U; N Uy) we

have:
n

(B (Logi))p(x) = By (x Z Li(pi o ‘Pk T));
7j=1

A straightforward calculation now shows that the partial derivatives of this are expressions
that are polynomials in 3, , (piop;'); and their first and second order partial derivatives,
with coefficients in {/y,...,l,} and no constant term. Using this and the fact that §,,,
(iop; ') and their first and second order partial derivatives are continuous thus bounded
on the compact set @i (supp(5) N Kj) it is clear that we can find r > 0 such that if |I| < r
then f+ - (Lo ;) is C?-close to f with respect to K. Combining this with Claim 2, we
get the desired L.

To prove the claim we show that the set {{ € R"| f + (L o ;) is not Morse on V;} has
Lebesgue measure 0, from which the claim follows since a set of measure 0 cannot contain
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an open set and since § = 1 on V;. To this end, note that by Proposition 3.4(i): z € V;
is a critical point of f + (L o ;) if and only if —V(f,,)(¢i(z)) = . Further note that
by Proposition 3.4(iii): f + (L o ¢;) is Morse on V; if and only if D(V(f,,))(pi(x)) is
surjective® for all critical points x € V; of f 4 (L o ¢;). Combining these two statements
yields: f + (L o ¢;) is Morse on V; if and only if [ is a regular value of —V(f,,) i (Vi)
Contraposition, the fact that ¢(V;) is an open submanifold of R” and Sard’s theorem
now imply that {{ € R"| f + (L o ¢;) is not Morse on V;} has Lebesgue measure O@ This
proves the claim and the lemma. O

We can now prove Theorem 3.19.

Proof of Theorem 3.19. Let (W,Vy, V1) be an n-triad. Let f € C°°(W) be a function
as obtained in Lemma 3.24. We will approximate f step by step to obtain the desired
triad Morse function. Note that O := {p € W| df,, # 0} is an open neighbourhood of
OW on which f has no critical points. Since manifolds are normal, we can choose an
open neighbourhood V' of OW such that V' C O. Now by compactness of W we can
choose a finite open cover of chart domains U such that U € O or U C W\V for every
U € U. Finally, by compactness of W we can choose a finite refinement {Ky, ..., K}
of U, such that K; C O for all i < k and K; ¢ W\V for all i > k, for some k. Since
{Ky,..., K} is a refinement of U, we can choose charts (Uy, 1), ..., (Un, ¢m) such that
K = {(Ki,¢1), ..., (K, om)} is a finite collection of compact chart pairs, {Ky, ..., K, }
covers W and U; C W\V if i > k.

We will prove by induction that: for every [ = 0,...,m — k, there is a smooth function f;
on W such that fi|,, = f|,, and there is a § > 0 such that every smooth function g that
is C2-close to f; with respect to K is Morse on U{*{K; and satisfies g(W\V) C]0, 1[.

For the base step, choose fo = f. By applying Lemma 3.27 k£ times to K,..., K} we can find
do > 0 small enough such that all smooth functions that are C’(?O—close to f with respect
to K, are Morse on UX_| K;. Since f is bounded from above and below on the compact
WAV and f(int(W)) C]0, 1], we can choose dy > 0 even smaller such that in addition: all
g € C=(W) that are Cj -close to f with respect to K satisfy g(W\V) C]0,1[. This will
be our choice of dj.

Now suppose f; as above exists, for some 0 < [ < m — k. By Lemma 3.28, there is an
fi+1 which agrees with f; outside Ug.;11 and there is a d;417 > 0 such that every smooth
function that is Cgm—close to fi11 with respect to K is Morse on Ky, ;41 and is C’l?l-close
to f; with respect to K.

Note first that since f; agrees with f on V and Uy 1 C W\V it follows that f;; agrees
with f on V. Moreover, if a smooth function ¢ is C§l+1—close to fi41 with respect to IC, it is
Cgl—close to f; with respect to IC, so by our induction hypothesis it satisfies g(W\V') CJ0, 1|
and it is also Morse on Ut K. So g is Morse on US*[ " K(;. This finishes the inductive

22Recall that surjectivity and bijectivity are equivalent for linear maps between finite-dimensional
vector spaces of equal dimension.
2For the statement and proof of Sard’s theorem, see [Leel2, Theorem 6.10].
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step.

Finally, we note that f,,_ is the desired triad Morse function. To see this, note first
that fm_x is certainly C§ _ -close to itself. So it is Morse on Uj”; K; = W and it satisfies
fm—k(WA\V) CJ0, 1]. Since f,,_ agrees with f on Vit follows that f,,_x also has properties
(i) and (ii), as desired. O

We end this section with a proof of Lemma 3.22.

Proof of Lemma 3.22. By Remark 3.11(i) f has finitely many critical points, say p1, ..., Dm.
We argue by induction over the number of critical points of f for which there is at least
one different critical point for which f has the same value. Call this the agreement number
of f. If this number is 0, then f(p) # f(q) for all different critical points p and ¢ of f, so
we can choose f = f.

Now let k& € {1,...,m}, suppose that the statement is true for all triad Morse functions
on (W, Vp, V1) with agreement number strictly smaller than &, and let f be a triad Morse
function on (W, Vi, V1) for which this number is k. Fix i such that f(p;) = f(p;) for some
j # 1. Using Lemma 3.10 we can find a chart (U, ) and an open V' around p; such that
U is pre-compact and contains no critical points of f other than p;, and such that V c U
and U C int(W). The last property can be achieved since by assumption p; € int(W).
Choose a smooth bump function 8 : W — [0, 1] supported in U, such that 3 =1 on V.

Note that supp(3) is compact since it’s contained in the compact U. Hence by continuity
IV(B,) o ¢| attains a maximum value, say s, and |V(f,) o ¢| attains a minimum value,
say &', on supp(f). Set &g = si—ll

Since f has finitely many critical values we can find d; > 0 such that [f(p;) — 01, f(p;) + 01]
contains no critical values other than f(p;). Further, since U is compact f attains a max-

imum on it, say s*, and since U C int(W) it follows that s* < 1. Set 5 = 1=

Finally, set § = min(dp,d1,02) and define ¢ = f + §5. By our choice of dy it eas-
ily follows that ¢g=1(0) = V4, ¢7'(1) = V; and g(W) C [0,1]. By our choice of di,
9(pi) # g(p;) = f(p;) for all j # i.

Further, if p is a critical point of f, then 8 = 0 in the open neighbourhood W\supp(53)
of p if p # p;, and f =1 in the open neighbourhood V of p if p = p;. So it follows that p
is a critical point of g and by applying Proposition 3.8 the Morse index of p for g is equal
to that for f.

If p € W\supp(5) is not a critical point of f, then f and g agree on the open neighbour-
hood W\supp(f3) of p, so p is not a critical point of g by Proposition 3.4(i).

If p € supp(p) is not a critical point of f, then |V (f,)(¢(p))| > 0 (Proposition 3.4(i)) and
so by our choice of dy:

IV(92) ()] = [V (o) (e(0))] = o[V (Bo) ((p))] > 0

thus p is not a critical point of g. We conclude that g is a triad Morse function on
(W, Vh, V1) with the same critical points and Morse indices as f, but with agreement
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number strictly smaller than k. The desired triad Morse function on (W, Vp, V;) with
agreement number 0 now exists by the induction hypothesis applied to g. This finishes
the inductive step. O
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4 Main lemma

In this section we prove the main lemma that will be used to prove Gromov’s theorem.
The main ingredient will be the telescope construction. For the proofs of Lemma 4.4 and
4.8 we follow that of [MS99, Lemma 7.35]. For the remainder of this section, no particular
source has been used.

4.1 Proof of the main lemma

In this subsection we prove the main lemma, up to the proof of Lemma 4.4, which will
be proved in the next subsection.

Remark 4.1. (i) In the remainder of the text we will denote:
B! ={z e R"||z| <e} and D!=DBr

(ii) Let 7 € Q%(M) be a k-form on a smooth manifold M, and let S C M be a smooth
manifold such that the inclusion ¢ : S — M is smooth. By saying that 7 is exact on S we
mean that *7 € QF(S) is exact.

Lemma 4.2 (Main Lemma). Letr,s > 0, let 1 < m < 2n, let O be an open neighbourhood
of (OD™) x D*"=™ and let

7€ Q*(DM x D)
be a non-degenerate 2-form that is exact on O. Furthermore, let o € QY(O) such that
T =do on O. Then there exists a smooth homotopy

h:[0,1] x D™ x D>"™ — A*(D™ x D**™™)

of non-degenerate 2-forms, an open neighbourhood O’ C O of (OD™) x D*™™ and a
oy € QD™ x D*™) such that:

(i) ho =T

(i) hy = doy

(iii) hy =7 on O for all t € [0, 1]

(v) o =01 on O
Remark 4.3. (i) Let M and N be manifolds, f : M — N smooth, let S be a submanifold
of N such that f~*(S) is a submanifold of M and let 7 € QF(S). If flp-1(s) is smooth
when viewed as a map into S, then we allow ourselves an abuse of notationF_I] We will

write f*7 instead of the longer (f];-1.5)"T.

(ii) Let M and N be smooth manifolds of equal dimension, let 7 € Q*(N) be a non-
degenerate 2-form and let ¢ : M — N be a smooth immersion or submersion. Then
by the rank-nullity theorem, di, is a linear isomorphism for every p € M. From this it
follows that ¥*7 is a non-degenerate 2-form.

24This is true, for instance, if S C int(N) or if S is open in N.
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The proof of this Lemma is based on the following.

Lemma 4.4. Let I = [-1,1], let 1 < m < 2n, let O be an open neighbourhood of
(OI™) x D*™™™ and let

T e Q*(I™ x DI"™)
be a non-degenerate 2-form that is exact on O. Furthermore, let o € QY(O) such that
T =do on O. Then there exists a smooth homotopy

ho[0,1] x I'™ x D™ — AX(I™ x D¥™™)

of non-degenerate 2-forms, an open neighbourhood O' C O of (0I™) x D™ and a
o1 € QY™ x D™ such that:

(Z) hOIT
(ZZ) hl :d(fl
(iii) hy =7 on O for all t € [0, 1]

(w) o =01 on O

Proposition 4.5. Let D be a smooth manifold diffeomorphic to D} and denote by p € D
the point corresponding to 0 € R™ by a given diffeomorphism. Let U be a neighbourhood of
0D and let S be a submanifold (possibly with corners) of int(D) such that int(S) contains
an open neighbourhood of p in int(D). Then there is an embedding v : S — int(D) such
that D\ (int(S)) C U.

We postpone the proofs of Lemma 4.4 and Proposition 4.5 and prove the main lemma
first.

Proof of Lemma 4.2. Let 7 as in the statement of the lemma be given, let O be the open
neighbourhood of (9D™) x D?"~™ on which 7 is exact and let o € Q'(O) such that 7 = do
on O.

First we choose r’ €]0, 7| such that A, . x D?*"~™ C O, where A,/ , = {x € R™| v’ < |z| < r}
denotes the annulus, as follows. The function f : D™ x D*=™ — R defined by f(z,y) =
|z| is continuous, hence by compactness of (D™ x D*»~™)\QO it follows that f attains a
maximum, say s, on (D™ x D?>"~™)\O. Since (0D™) x D?"~™ C O, it follows that s < r,
hence we can choose ' = .

By applying Proposition 4.5 we obtain a smooth embedding ¢ : I"™ — int(D!™) such that
D™\ (int(I™)) C A, . Now note that

U ™ x D™ — D™ x D™ defined by U (x,y) = (¢¥(x), sy)

is a smooth embedding such that D x D?"~™\ W (int(I™) x D¥*~™) C O. Hence ¥~1(0)
is an open neighbourhood of (9I™) x D™ and U*r is a non-degenerate 2-form on
I™ x D" which is exact on ¥~1(0).
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The latter statement can be seen as follows. Let
1:O — D™ x D> ™ and 15 : VHO) = I™ x D™
denote inclusion. Further, let Wq be the map ¥ o ¢y viewed as a map into O. Then
LoWy = Wo and since O is open in D™ x D?"~™ W, is smooth. Therefore:
LT = (Lo Wy) 't = Vo't = d(Vgo)
as required.

Now we can apply Lemma 4.4 to obtain a smooth homotopy of non-degenerate 2-forms:
ho:[0,1] x I™ x D™ 5 A2(I™ x D>™™),

an open neighbourhood U C ¥~1(0) of (0I™) x D{" ™ and a &, € Q'(I™ x D;"~™) such

that hg = U*r, hy = d&y, hy = ¥*7 on U for every t € [0,1] and 61 = Yo on U.

Finally, we define h : [0,1] x D™ x D*=™ — A2(D™ x D*=™) by:

h(x) = (UY*hy(z) if 2 € U(int(I™) x DI~™)
e if . € D" x D2\ W(I™ x DI"™MU)

It’s straightforward to check that h is well-defined. Further, note that W(int(1™) x DI"*~™)
and D7 x D=\ ([™ x D" "™\U) form an open cover of D™ x D*~™_ They form a
cover because (OI™) x D3"~™ C U. The latter set is open because W(I™ x D?*""™\U) is
closed in W(I™ x D"™™) which is compact and so is closed in D™ x D?"~™. To see that
the first set is open, it suffices to see that ¢ (int(/™)) is open in int(D]"), since:

U(int(1™) x D™ = (int(I™)) x D>"~™
But this follows since 1 is an open map into int(D!"), as it is a smooth immersion into
int(D).
Now it follows that & is smooth, since it is smooth on [0,1] x ¥(int(I™) x D?*~™) and
[0, 1] x (D7 x D=\ W (I™ x D?"~"™\U)) which form an open cover of [0, 1] x D" x D*"=™.
Moreover, since ¥~! is a diffeomorphism, it follows that h; is non-degenerate for every
t € ]0,1]. Properties (i) and (iii) are clearly satisfied, where for (iii) we take
O' = D" x D> "™\ Y (I™ x D" "™\U)

Note that O" C O. Thus it remains to check properties (ii) and (iv).
We define oy € QY(D™ x D*=™) by:

( (U1 (z) ifz € U(int(I™) x D*™™)

o1(x) =

' o () if z € DM x D2=m\§(I™ x DX mM\T)

From the fact that 61 = Vo on U, it follows that o, is well-defined. By an argument

analogous to that for h it follows that oy is smooth. Moreover, since the exterior derivative

acts locally, we see that h; = doy. Finally, it is clear that oy = o on O'. This proves (ii)
and (iv). O
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Next, we prove Proposition 4.5.

Proof of Proposition 4.5. By the assumptions on D and S we can reduce to the case in
which D = D} and S is a submanifold of int(D) such that int(S) contains an open
neighbourhood of 0 in int(D).

We will define a smooth embedding ¢ : S — int(D), by means of the flow of a smooth
vector field, as follows. Choose € €]0, 1] such that D? C int(S). As in the proof of Lemma
4.2, we can choose r €]e, 1] such that {z € R"| r < |z| < 1} C U. Next, choose ro,7; >0
such that r < rg < 7 < 1 and choose a smooth cutoff function g : R — [0, 1] such that
B =1onRs, and =0 on R>,,. We define:

X, = B(|z]) sz i,
=1

It is clear that X defines a smooth, compactly supported vector field on int(D), hence X
has a global flow ¢~ on int(D). We define:

¥ = Plog(z) ¢
where ¢ : S — int(D) denotes inclusion. ¥ is a smooth embedding, being a composition

of smooth embeddings. It remains to check the last property.

Note that, by our choice of r, it suffices to show that {z € R"| |z| < r} C ¢(int(5)). To
this end, let p € int(D) such that |p| < ro. It is straightforward to check that

Yp 1] — 00, log (%) [~ int(D) defined by 7,(t) = e'p

is an integral curve for X through p.

Now suppose [p| < r. Then £[p| < |p| < 7y and log( g’“]’0|) > log(£), so:

5 ox(T)E
Y(=p) =€ -p=p
T T

Furthermore, note that £|p| < e. This shows that {z € R"| |z| <r} C (D7), which
implies the desired. O

4.2 The telescope construction

This subsection will be devoted to the proof of Lemma 4.4. The main technique that we’ll
use is known as the telescope construction. We will need the following.

Proposition 4.6. Let (X,d) be a compact metric space, let A C X be closed and let U
be an open neighbourhood of A. Then there is an € > 0 such that B4(x) C U for every
x € A
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Proof. We define f : X — R by:

f(z) = inf{d(z,y)| y € A}

Using the triangle inequality it follows that f is continuous. Since U is open in X and
X is compact it follows that X\U is compact. Therefore f attains a minimum, say s, on
X\U. Since A is closed it follows that f~1({0}) = A. Hence f~'({0}) C U and so s > 0.
Now ¢ = s is as required. O

Remark 4.7. Let M;,M; and Mj be smooth manifolds (possibly with corners) and sup-
pose that for every p € M; we have a smooth map f, : My — Ms. We will say that f, is
a smooth family over My, if the map M; x My — M; given by (p,q) — f,(¢) is smooth.

Lemma 4.8. Under the assumptions of Lemma 4.4, there is a smooth family
o, € QYI™ x DI"™™) over I™

and an open neighbourhood V of (0I™) x D" ™ such that do,(x,0) = 7(z,0) for every
x € 1™ and o, = o on V, for all x in an open neighbourhood of OI™. Moreover, there is
an € > 0 such that for every x € I"™ it holds that:

tdo, + (1 —t)T
is non-degenerate on ((x + [0,3g]™) N I™) x D?**=™ for every t € [0, 1].

Proof. Since 7(+,0) is smooth, it follows by Proposition 2.12 that there is a smooth map
@ : I™ — Aut(R?*") such that

((@(2)|jm pin—m ) wo) (2, 0) = 7(z, 0)

for every x € I™. We choose oy € Q}(R?") such that wy = doy, and for every x € I™ we
define o’ € Q' (I™ x D?"~™) by:

U;: = (90(33)|1me§”*’”)*00

Then do!, = (gp(a:)|lme%n7m)*wg for every # € I"™, hence dol(z,0) = 7(z,0) for every
x € I"™. Moreover, by smoothness of ¢, o¢ and wy it follows that the maps:

I™ x I™ x D™ — AL (I™ x D™™), (2, z,y) — ol(z,y)
I™ < I™ x D™ — A*(I"™ x D3"™™), (2,2, y) — do’,(z,y)

are smooth.

Next, we define:
Vs := {x € I"™] there is an i = 1,...,m such that |z;| > 1 —§}
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We choose §; > 0 such that V_(;O X D%i’m C O and choose a smooth bump function
p o I™ — [0,1] such that = 1 on Vs, and f§ is supported in Vy,. Furthermore, let
2

& € Q'(I™ x DI*™™) be such that & = o on V3, x D" ™. Now for every x € I"™ we define
o, € QYI™ x D?"™™) by:
0o = B(x)6 + (1 = B(z))0,
Then o, is indeed a smooth family over I™, and o, = ¢ on Vs, x D"~ for all x in the
open neighbourhood Vs, of 0I™. Note that for every x € I"™ we have:
2

do, = B(2)d6 + (1 — Blx))do,

Therefore, do, € Q?(I™ x D}"™™) is a smooth family over I™. Thus it follows that the
map ¢ : [0,1] x I™ x I"™ x D?"~™ defined by:

g(t,{L’l,.CE,y> = (1 - t)T(.Z',y) + Zde'xl(l',y)

is smooth and in particular continuous.

Note that d6 = do = 7 on Vs, x D}" ™, hence do,(x,0) = 7(x,0) for all z € I"™.
Therefore, g(t, ', x,y) is non-degenerate for all ¢ € [0,1] and all (2/,x,y) € S, where S is
defined as:

S={(,2,y) eI x " x D" ™| z=21"and y = 0}

Hence by Proposition 2.23 and 2.25 there is an open neighbourhood U of S in I™ x [ X
D?"~™ such that g(t,2’,z,y) is non-degenerate for all ¢+ € [0,1] and all (z/,2,y) € U.
Applying Proposition 4.6 we can find € > 0 such that for every z € I"™, g(t,2',2",y) is
non-degenerate for all ¢ € [0, 1] and all (2/,2",y) € (z+ [0, 3g]™) x (z+ 0, 3g]™) x D2"~™.
Hence € is as required. O

We are now ready to prove Lemma 4.4

Proof of Lemma 4.4. The proof goes by induction over m. We will prove the base case
m = 1. For m > 1, the same arguments used to prove the case m = 1 can be used to
reduce to the case m — 1, which would prove the induction step.

So suppose that m = 1. Let o, € Q'(I' x D?"!) be a smooth family over I, let V be an
open neighourhood of (0I) x D} ™ and let ¢ > 0 all be as obtained in Lemma 4.8. By
possibly choosing € > 0 even smaller, we may further assume that o, = ¢ on V, for all
1 €[-1,-1+3¢]U[l —3¢,1], and that ([-1, -1+ 3e]U[1 —3¢,1]) x D" ™ C V.

Now, let a : R — [0, 1] be a smooth bump function such that & = 0 on | — 00, 0] and
o =1on [g,00[. Wedefine 3:1 x I x D' —1[0,1] by Bi(z,y) := B(t,z,y) = a(z —t)
and 0, € QY (I x D) by:

Og.z! = (]- - Bac’)a-a; + ﬁx’o-x’
where z, 2’ € I. Note that:

do_a},z’ = dﬁx’ A (Ux’ - Ucc) + (1 - /6$’)de + Bz’do-a:’
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Therefore, the map [0,1] x I x I x (I x D" ') = QY(I x D?""1) defined by
(ta Z, *Tlap) = tdaw,x/(p) + (1 - t>T(p)

is smooth and for every x € I we have that:

tdog .(p) + (1 = t)7(p) = tdo,(p) + (1 —t)7(p)

is non-degenerate for all ¢ € [0,1] and all p € [z,z + 3¢] x D?"~!. Hence, by applying
Proposition 2.23, 2.25 and 4.6 in a similar way as in which we obtained ¢ in Lemma 4.7,
we can find 6 €]0, ] such that: if z, 2" € [ such that x < 2’ < x+, then tdo, ,» + (1 —t)7
is non-degenerate on [z, z + 3¢] x D2"~! for all ¢ € [0, 1].

By our choice of € > 0, for every z € [—1,1 — 3¢], 7 is homotopic to the exact form do,
by a homotopy which is non-degenerate on [z, x + 3¢] x D?**~1. We will show that by our
choice of §, we can patch the 1-forms o, together, to obtain a 1-form on I x D?"~!. This
is called the telescope construction.

The exterior derivative of this 1-form will then (by construction) be homotopic to 7 by
a homotopy of non-degenerate 2-forms on I x D?**~! which is constant in time on an
open neighbourhood of (9I) x D?"~!. Finally, we will show how to replace I x D**~! by
I x D" 1,

To this end, we choose a sequence
—l=xpy<n<..<azy=1—-3<zy1=1—¢

such that ;41 —2; < 0 < eforalli € {0,...,N -1}, We set A = I x DZ*"™ and
A =10, (2N +3)e] x D21 for notational convenience, and we let ¢ : A — A be the affine

diffeomorphism defined by 1 (z,y) = ((2N—3—3)ax —1,y). Next, for i € {0, ..., N} we define:

@i [2ig, (20 + 3)e] x D" — [z, 241 + €] x D21
to be a smooth immersion for which there is a ¢’ €]0, 5[ such that:
(2.9) (x — 2ie + x;,y) if x € [2ie,(2i+ 1)e+ 0] and i > 1
i\ Ty = . . . .
sy (x—(2i+2)e+xip1,y) fzel(20+2)e—0d,(20+3)e]and i >0
x—1ly ifxele—0¢e40
po(z,y) = ( ) . | , |
dlx,y) e e[0,8]
(2.) = (x+1— (2N +3)e,y) ifz€[2Ne, (2N + 1)e+ 0
VDY e, y) it 2 € [(2N +2)e — &, (2N + 3)¢]

Such an immersion as in the case i < N can be constructed as in Figure 3, which depicts
two stages of the immersion@ In Figure 3, the vertical dimension is a dimension in D?"~,

25This figure was copied from [MS99, Lemma 7.35] .
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Figure 3: The immersion ;, for i < N.

This is where we use that 2n —m > 0. For ¢; to coincide with ¢ near {0, (2N + 3)e} in
the boundary cases ¢ = 1 and « = N we can use smooth cutoff functions.

Since ¢; and ;11 agree on [(2i+2)e, (2i+3)e] x D?=1 the maps @y, ..., px patch together
to a smooth immersion ¢ : A — A such that ¢(x,y) = p;(z,y) if © € [2ie, (2i + 3)e].

For notational convenience, we define Oy = ([0, §'[U](2N + 2)e — &, (2N + 3)e]) x D1,

Now, there is a smooth homotopy of immersions ¥ : [0,1] x A — A such that ¥; = ¢,

Uy =1 and V¥ is constant in time on Og. It follows by Remark 4.3(ii) that the map:
0] x A= A (A), (t,p) = Ti7(p)

is a smooth homotopy of non-degenerate 2-forms which is constant in time on Oy .

We will construct a & € Q'(A) such that & = p*o on Og and such that:
g9:[0,1] x A= A*(A), (t,p) > tdé(p) + (1 — )¢ 7(p)
is a smooth homotopy of non-degenerate 2-forms. Then ¢ is constant in time on Oy.

So by Proposition 2.25 we obtain a smooth homotopy of non-degenerate 2-forms h :
0,1] x A — A%(A) such that hg = 1*7, hy = d& and h is constant in time on Og.

Then the map [0, 1] x A — A%(A) defined by (¢, p) — (¢ "1)*h(p) is the promised smooth
homotopy of non-degenerate forms from 7 to the exact form d(¢)~!)*¢, on A = I x D**~1
which is constant in time on the open neighbourhood (Og/) of (01) x D**~1.

We define & as follows:

0 02 (T, Y) if z € [0, 2¢]
3 ) 0e ai(myy) i 2 €]2ie =0, (20 +1)e+ [ and i > 1
5(@.9) = ooy, (T, y) if x €](20 +1)e, (20 +2)e[and 0 < i < N
0 oy (2,Y) if z €](2N + 1), (2N + 3)¢]
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By our construction of ¢ and our definition on o, ,, it follows that ¢ is well-defined.
Since every p € I x D>"™™ has an open neighbourhood on which & is smooth, & is smooth
itself. By our choice of €, § and ¢, it follows that g; is indeed non-degenerate for every
t € [0,1]. Moreover, our choice of £ implies that ¢ = ¢*0,, = p*c on [0,d'] x D**~™ and
that & = p*0,, = ¢*o on [(2N +2)e — &', (2N + 3)e] x D*"~™ so indeed ¢ = ¢*o on Og:.
It remains to replace I x D?>*~™ by I x D?"~™. To do so, we define r € C>(I x D"~
by r(z,y) = |y|?. Although r~*(] — 0o, c]) is not contained in int(I x D?"~1), it does hold
that 7~1(] — 00, ¢]) is a submanifold of I x D"~ for every ¢ €]0, 1]. Note that for ¢ = &2,
we find that r=1(] — 0o, ¢]) = I x D?*"~! and so by the same proof as for Proposition 2.31
it follows that there is a smooth homotopy of non-degenerate forms

h:[0,1] x I x D1 — Q*(I x DY)

such that hy = 7, and hy = d(y~1)*6 on I x D2"~*. Moreover, note that by the construc-
- 2
tion of h it follows that it is constant in time on an open neighbourhood of (9I) x D" !

Let Vs = {(z,y) € I x D{"7'| |z| > 1 — ¢}, and choose §y > 0 such that h is constant in

time on V3, and such that Vs, N (I x D>**1) C 4(Oy) and Vs, C O. Note that hy = do’
on Vs, U (I x B 1), where o' € Q' (Vs, U (I x B2"™ 1)) is defined by:
2 2

N Ko () if p € Vs,
T\ yew) itpe s xBr

which is well-defined since & = ¢*o on Og and |, , = ¥, -

Finally, note that there is a smooth homotopy of injective immersions
®:[0,1] x I x D' =[x D!
such that ® = Id, ®;(I x D"~ ') C V5, U(I x B ') and ®,(p) = p for all p € Vs, and all

t € [0,1]. Such a homotopy can for instance be constructed using the flow of the vector

field:

2n—1

Xay) = Po(x) Z —Yi 8i+1|(a:,y)
i=1
where 3y : R — [0, 1] is a smooth bump function such that 8y = 1 on [—1 + 3% 1 — 3%]
and [y is supported in | — 1 + %0, 1— %0[
The map [0,1] x I x D?**™™ — Q2(I x D**™) defined by (¢, p) — ®Fhy(p) is the required

smooth homotopy of non-degenerate forms from 7 to the exact form ®7h;. To see that
®*hy is exact, let ¢ : Vs, U (I x B2"™ 1) — I x D! denote inclusion and let ® denote the
2

map ®; viewed as a smooth map into the open submanifold Vj, U (I x B2""!'). Then we
2

have: } o .
(I)Thl = q)*[,*hl = d(q)*O'/)

It is straightforward to check the remaining properties. This proves the lemma. O
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Remark 4.9. For the proof of Lemma 4.4 we followed that of [MS99, Lemma 7.35]
In [MS99, Lemma 7.35], the details of the inductive step are left to the reader and unfor-
tunately I was unable to completely work out these details. The same goes for the smooth
homotopy of immersions V.

26 Although the statement of [MS99, Lemma 7.35] is not precisely the same as that of Lemma 4.4, their
proofs are the same up to minor details.
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5 Proof of the main result

Using the theory we have developed in the preceding sections, we will prove part (i) of

Gromov’s theorem in this section, in the case of a compact open manifold. We follow the
proof of [MS99, Theorem 7.34].

Proof of Theorem 1.2(i). To begin with, note that we may reduce to the case that M is
a connected, compact manifold with non-empty boundary. To see this, note that every
connected component of M is closed in M and so is compact. Therefore, since M is an
open manifold, every connected component is a connected, compact manifold with non-
empty boundary. So, if the theorem holds for such manifolds, we can apply it to every
connected component of M. The obtained homotopies for each connected component
then clearly fit together to a smooth homotopy of non-degenerate 2-forms on all of M,
hence the general case follows.

Thus assume that M is a connected, compact 2n-manifold with non-empty boundary. By
Theorem 3.17 there is a Morse function f on M and a ¢ € R with the following properties:

OM = f~({c}) (5.1)

f has only one critical point of index 0 (5.2)

f has no critical points of index 2n (5.3)

f has no critical points on OM (5.4)

f has different values at distinct critical points (5.5)

By Remark 3.4(i), f has finitely many, say m, critical points. We can order them as
p1, ---, Pm With corresponding critical values: ¢; < ... < ¢p,.

Note first that by (5.3) and Remark 3.4(ii), f must attain its maximum on dM hence
this maximum value is ¢ by (5.1)@ Therefore, since f is Morse thus not constant, by
(5.2) and Remark 3.4(ii) it must attain its only local minimum in the critical point p;.
For convenience, we set ¢, 1 := ¢, so that we have:

1< .. <1 and M = f([er, emyi))

We assume first that [a] = 0 € H3p(M;R). We will proof by induction over k that for
every k € {0,...,m} there is a smooth homotopy of non-degenerate forms

h:[0,1] x M — A*(M)

and a b €]cy, cpy1| such that hg = 7, and hy is exact on M?P.

Suppose now that h and b are as in the case k = n, and let ¢ : M® — M be inclusion.
Then t*hy = doy for some o1 € Q'(MP). By Theorem 3.16(ii) there is a smooth homotopy
of injective immersions ¢ : [0, 1] x M — M such that vy = Id,; and ¢ (M) = M®. Denote

2TM is compact so f attains a global minimum and maximum.
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by z; the map v, viewed as a smooth map into the submanifold M® of M . Then we
have:

Wihy = " *hy = d(¥*e) and  Yiho =T

Moreover, 17 h; is non-denegerate for every t € [0, 1] by Remark 4.3(ii). Hence the smooth
homotopy [0,1] x M — A?*(M) defined by (¢,p) — 1} h(p) is a smooth homotopy of non-
degenerate 2-forms from 7 to an exact form on M, as desired. So this would prove the
case [a] = 0.

Now we give the promised induction argument, starting with the base case. By Conse-
quence 2.14 there is a chart (U, ¢) around p; such that (¢*wo)(p1) = 7(p1). By Conse-
quence 2.26 there is an open neighbourhood U of p; such that 7(p) + t(¢*wo(p) — 7(p)) is
non-degenerate for all ¢ € [0,1] and p € U. By taking intersections we may assume that
UcU.

Since manifolds are normal there is an open neighbourhood V' of p; such that V C U.
Choose a smooth bump function 8 : M — [0,1] such that 3 =1 on V and 3 is supported
in U, and define:

h:[0,1] x M — A*(M) by hy=71+t3-(p*wy—7)

It is straightforward to check that this is a smooth homotopy from 7 to hy. If p € U, then
since U C U and 0 < tB(p) < 1 it follows that h,(p) is non-degenerate for all t € [0, 1]. If
p & U then S(p) = 0 hence hi(p) = 7(p), which is non-degenerate for all ¢t € [0,1]. Thus
h; is non-degenerate for all t € [0, 1].

Now, since wy is exact, wg = dog for some oy € Q'(R?*"). Furthermore, we can choose
e > 0 such that M = f~1(]— 00, ¢; +¢]) C V. Denote by ¢ : M€ — M the inclusion,
then we have:

Chi =074 (Bod) - (FeTwo = 1'T) = (o) wo = d((p o) o)

thus h; is exact on M. So this would prove the base step. To choose such e, note
that M\V is closed in M and so is compact itself. Hence f attains a minimum, say s, on
M\V. Since ¢; is the global minimum of f on M, which is only attained in p;, it must
hold that s > ¢;. Thus ¢ = *5* has the desired property.

Now for the inductive step, suppose the induction statement is true for some k € {0, ..., m —

Then there is some b €]cy, cx41] and a smooth homotopy of non-degenerate forms
h:[0,1] x M — A*(M)

such that hg = 7 and hq is exact on MP.

We will first show that this statement is then true for any b €]b, ¢;y1][. For any such
V' there is a smooth isotopy ¢ : [0,1] x M — M such that 1y = Idy; and ¢, (M¥) =
M?®, by Theorem 3.16(i). As before in an analogous argument, it follows that the map

28 Although OM # 0, 1) is smooth since M® C int(M).
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Figure 4: Neighbourhood of pyy1 in Morse chart for f.

[0,1] x M — A*(M) defined by (¢, p) — ¥;hs(p) is a smooth homotopy of non-degenerate
forms from 7 to the form v}h; which is exact on M*. Thus we can choose b’ €]b, cp11|
arbitrarily close to c¢1.

By using Lemma 4.2, we will show how to extend the homotopy to a non-degenerate
2-form which is exact on a submanifold that contains p,,;. To this end, we proceed by
choosing a Morse chart (U, ¢) around pgy1, as in Lemma 3.10. Let m < 2n denote the
Morse index of pgy1. Then for (z,y) € (R™ x R*™™) N ¢(U), we have:

folz,y) = e + y)* — |2 (5.6)

We choose € > 0 such that D3” C ¢(U) and g1 + €2 < cxr9, and we define F' € C°(M)
such that:

b < F(prt1) < f(prt1) = (5.7)

F<f (5.8)

supp(F — f) € ™ (B2 (5.9)

F' has the same critical points as f and F(p;) = f(p;) for alli # k41 (5.10)

F' can be constructed as in the induction step in the proof of Lemma 3.22.
Next, we choose 7, s > 0 such that v/2¢ > r > s > . Then:

D" x D*™™ C p(U) and supp(F — f) C ¢ (int(D" x D>*~™))
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Further, we choose ¢ < ¢4 such that ¢ > ¢;1 + 8% —r? and ¢ > F(pp;1). Finally, we
fix some ¢’ €]¢, ¢x11[ and some 1’ > 0 such that \/cx1 + 82 — ' <r' < \/cpy1 + 52— .

Then in particular »" < r.

The constructed situation around pyy; in the Morse chart for f is sketched in Figure 4,
in the case n = m = 1. In this figure the dot is ¢(pry1) = 0, the area left of the left, blue
curve and right of the right, blue curve forms f (] — 0o, ¢]). The area left of the left,
red curve and right of the right, red curve forms f 1(] — 00, "]). The dashed circle is of
radius € and the grey area containing 0 depicts FJ'(] — oo, ¢])\ f; (] — o0, ¢]).

Now, as shown earlier we may assume that h; is exact on M¢". Let o € Q'(M¢") such
that hy = do on M¢". By our choice of ' we have:

e ((OD) x D) € f7H(] = 00,"])

So by Lemma 4.2 and Remark 4.3(ii) it follows that there is an open neighbourhood O of
dD™ x D?"=™  a smooth homotopy of non-degenerate 2-forms:

g:10,1] x D x D>"=™ — A*(D" x D*™™)
and a ¢’ € QY (D" x D*~™) such that:
go = (¢ 1)*hy on D7 x D>~

gt = (o H*hy on O for every t € [0,1] ;
g1 =do’;

/

o' = (¢ "o on O.

Now, let A, = {z € R™| " < |z| < r} denote the annulus. Note that O' := O U (4, X
D2"=™) i an open neighbourhood of A, ,, x D™ and that g and ¢’ extend to a smooth
homotopy of non-degenerate forms:

G:10,1] x D™ x D™ — A*(D™ x D*™™)

respectively a 1-form 5 € O'(D2 x D) by defining 3i(p) = (¢~1)"M () and 5(p) =
(o~ H*o(p) for p € O'. Finally, note that:

o= (¢~")"hy on D" x D" ; (5.11)

G = (0 1)*hy on O for every t € [0,1] ; (5.12)

g1 =do ; (5.13)

&= (p H*oon0O. (5.14)
Now we define & : [0,1] x F~(] — 00, ¢]) = A2(F~Y(] — o0, ¢])) by:

- {go*gxp) it pe F(] —00,d]) N~ (int(D* x D2~™))
h(p)  ifpe F'(] oo, ¢\ (D1 x D)
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That h is well-defined follows from (5.12). Furthermore, note that:
F~H(] = o0, ]) N~ (int(D}" x DI"™™)) and F~(] — oo, ]\~ (D} x D)

form an open cover of F'~1(] — oo, ]). To see that they form a cover, suppose p € F~1(] —
00, ]) and p € (D7 x D?=™). If p € supp(F — f), then p € ! (int(D™ x D2"~™))
by construction.

If p & supp(F — f), then f(p) = F(p) < ¢ and, setting (z,y) = ¢(p), we have

fp) > crr — 17 + yf

Thus |y|> < ¢ —cp1+7% < 2. Since further |z| < ' < r it follows that p € ¢! (int(D™ x
D?=m)) | as desired.

It follows that A is smooth since it is smooth on F~1(] — oo, ¢]) N~ (int(D™ x D2*=™))
and F~1(] — oo, d])\¢ (D™ x D?"~™) which form an open cover of [0, 1] x F~1(] — o0, ¢']).
Since ¢ is a diffeomorphism, by Remark 4.3(ii) it follows that h, is non-degenerate for all
te0,1].

Further, note that hg = hy on F~'(]—o0, ¢]), and hy = doy where oy € QY(F~1(]—o0, ¢]))
is defined by:

o0(p) = {Wp) if p e F~1(] = 00,]) N~ (imt(D} x D)
olp)  ifpe F7(]— oo, d)\p (D} x D)

That this is well-defined follows from the fact that
F7H(] = oo, dD\¢ (D x D"™™) € M*

and (5.14). Moreover, o is smooth by a reasoning analogous to that for h. Thus h is a
smooth homotopy of non-degenerate forms from h; to an exact form.

Now by applying Proposition 2.29 we obtain a smooth homotopy of non-degenerate 2-
forms

W [0,1] x F7H] = 00, ¢]) = A*(F7H(] — 00, )
such that b)) = 7 on F~'(] — co,¢]) and h}, = hy is exact.
Next, fix some ¢ €)F (pgy1), ¢'[ and apply Proposition 2.31 to obtain a smooth homotopy

of non-degenerate 2-forms on M from 7 to a 2-form which is exact on F~1(] — oo, ).
Now note that:

FH0 =00, crr + %) = F7H(] — 00, e +€7)
One inclusion is immediate from (5.8). The other follows by (5.9) and the fact that
f(p) < cppa +*if p € 71 (B2") by (5.6).
Furthermore, F' has the same critical points as f and the same critical values except at
Pri1- So since F(pgy1) < ¢ and ciq + €2 < cpio, we find that F~1([¢, ¢py1 + €2]) contains
no critical points of F'. Hence by Theorem 3.16(i), as before, we find that we can extend
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the homotopy that we obtained last, to a smooth homotopy of non-degenerate 2-forms
on M from 7 to 71, where 71 is exact on F~!(] — oo,c+€%]) = f7!(] — o0, ¢+ £?]). This
finishes the inductive step and so we have proved the theorem in the case [a] = 0.

For the case [a] # 0 we can use an analogous argument, with some minor changes. In
this case we prove by induction: for every k € {0,...,m} there is a smooth homotopy of
non-degenerate forms h : [0,1] x M — A*(M) and a b €]cy, cp11] such that hy = 7, and
hi — a is exact on MP°. To prove this and the rest of the theorem we need only two extra
observations.

Note first that whenever we use a smooth homotopy of injective immersions ¢ : [0, 1] x
M — M such that vy = Idy; and 1, (M®) = M? to replace a smooth homotopy of non-
degenerate forms h by the smooth homotopy of non-degenerate forms (¢, p) — ¥} hi(p), it
holds that if h; — a is exact on M?, then ¢fh; — a is exact on M. Indeed, since 1), is
smoothly homotopic to 1y = Idy, it follows that ¢}a—a is exact. Denote by ¢, : M — M,
w : MY — M the inclusions and by ¢) the map 1 o iy viewed as a smooth map into M?.
Then if hy — a is exact on M?,

by (YThy — a) = i (h — a) + i (Pra — a) = P (b — a) + 4y (Yia —a)

is exact being a sum of exact forms.

Secondly, for the other steps we also imitate the proof of the case [a] = 0, but with some
small changes, for which we can use the extra fact that a closed form on a manifold M
is exact on a contractible submanifold S of M. We leave it to the reader to check the
details. This proves the theorem. O
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