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Abstract

Nontrivial tori in spaces of symplectic embeddings
by
Cristian Mihai Munteanu
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Michael Hutchings, Chair

This dissertation is comprised of two papers studying the topology of certain spaces of
symplectic embeddings.

The first paper shows how given two 4—dimensional ellipsoids whose symplectic sizes
satisfy a specified inequality, a certain loop of symplectic embeddings between the two ellip-
soids is noncontractible. The statement about symplectic ellipsoids is a particular case of a
more general result which claims that given two convex toric domains whose first and second
ECH capacities satisfy a specified inequality, one can prove that a certain loop of symplectic
embeddings between the two convex toric domains is noncontractible.

The second paper proves how given two 2n—dimensional symplectic ellipsoids whose sym-
plectic sizes satisfy certain inequalities, a certain map from the n—torus to the space of sym-
plectic embeddings from one ellipsoid to the other induces an injective map at the level of
homology with mod 2 coefficients.
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Format

This thesis consists of the papers:
1. Noncontractible loops of symplectic embeddings between convex toric domains
and
2. FEssential tori in spaces of symplectic embeddings (with Julian Chaidez),

which were written while the author was a graduate student at UC Berkeley. Each chapter
in this dissertation contains one paper and is completely self—contained.

Both papers are studying the topology of the space of symplectic embeddings between
certain starshaped subdomains in C".

Basic definitions

Recall that a symplectic manifold is a smooth, even—dimensional manifold M equipped with
a symplectic form, i.e. a closed nondegenerate 2—form w on M. The classical example of
a symplectic manifold is (R*,wgq = >.r, dz; A dy;), where (x1,y1,...,Zn,y,) are linear
coordinates on R?".

Given two symplectic manifolds (M, wys) and (N,wy), a symplectic embedding of M into
N is a smooth embedding ¢ : M — N such that p*wy = wy,.

Recall also that a contact manifold is a smooth, (2n—1)-dimensional manifold Y equipped
with a contact form, i.e. a 1-form X satisfying A A (d\)"~' > 0. The Reeb vector field
associated to A, Ry, is the vector field determined uniquely by dA(R), ) = 0 and A(R)) = 1.
A closed curve v : R/TZ — Y such that 7/(t) = Ry(v(t)) is called a Reeb orbit.

Given (M,w) a symplectic manifold with boundary, one can prove that if there exists a
vector field p defined in a neighborhood of M that is transverse to OM satisfying £,w = w
then the boundary OM is a contact manifold. Such a vector field p is called a Liouville vector
field and it induces the contact form A = ¢,w|gy on OM.

A basic example that provides nonetheless nontrivial results is the study of symplectic
embeddings involving the symplectic ellipsoid

2 2
E(ay,as,...,a,) = {(zl, o, 2p) €CT Tzl + ... Tzl < 1} ,
(431 Qp,
which together with the restriction of the standard symplectic form wgq is a symplectic
manifold with boundary.

For the symplectic ellipsoid E(a1, as, ..., a,), the radial vector field p = >~  (2;0,, +
y;0y, ) is a Liouville vector field which induces the standard contact form A\ = % Z?:l (x;dy;—
y;dx;) on the boundary 0E(ay,as, ..., a,). This holds true in more generality for any sub-
domain U C R?" that contains the origin and is transverse to the radial vector field, i.e. a
starshaped domain.
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It turns out one can study symplectic geometry of a starshaped domain U by studying
the contact geometry of QU and we elaborate in the papers that follow how one can take
advantage of this nice fact. More specifically for the study of symplectic embeddings, given
two starshaped domains U and V' and a symplectic embeddings ¢ : U — V| we will define
the completed symplectic cobordism

—

W, = (—00,0] x ¢(oU) UV \ int(¢(U)) U [0,00) x OV
and consider moduli spaces J—holomorphic curves
w:(%,5) — (/WZO, J)

with asymptotical cylindrical ends over Reeb orbits. The study of these moduli spaces will
provide obstructions to the existence of certain families of symplectic embeddings U — V'
and thus say something about the topology of the space of symplectic embeddings U — V.



Chapter 1

Noncontractible loops of symplectic
embeddings between convex toric
domains

Mihai Munteanu

1.1 Introduction

1.1.1 Previous results and a new result about ellipsoids

Questions about symplectic embeddings of one symplectic manifold into another have always
been one of the main study directions in symplectic geometry. The pioneering work of
Gromov in [16] introduced new methods that made it possible to answer many open questions
about symplectic embeddings that had been until then unanswered. The survey by Schlenk,
[41], presents in detail the type of results one can prove about symplectic embeddings together
with the tools used to prove such results.

Most of the questions that have been answered (in the positive or the negative) concern
the existence of symplectic embeddings of one symplectic manifold into another. For exam-
ple, see [30], [31], [33], and [35] for symplectic embeddings involving 4-dimensional ellipsoids,
see [7], [9], [10], and [24] for symplectic embeddings involving more general 4-dimensional
symplectic manifolds, and also see [17], [19], and [21] for results in higher dimensions.

Another direction where significant progress has been made is the study of the connec-
tivity of certain spaces of symplectic embeddings. In [31], McDuff shows the connectivity of
spaces of symplectic embeddings between 4-dimensional ellipsoids, while in [9], Cristofaro—
Gardiner extends this result to symplectic embeddings from concave toric domains to convex
toric domains, both of which are subdomains of R* whose definition we recall below in §1.1.2.
In [21], Hind proves the non-triviality of mq for spaces of symplectic embeddings involving
certain 4—dimensional polydisks, extending a result that was initially proved in [15]. In



[20], the authors prove that certain spaces of symplectic embeddings involving more general
4—dimensional symplectic manifolds are disconnected, while in [36], the authors study the
connectivity of symplectic embeddings into generalized “camel” spaces in higher dimensions,
extending results in [14].

Following yet another direction, in this paper we study the fundamental group of certain
spaces of symplectic embeddings in 4 dimensions. Let us first clarify the notation we will be
using. For real numbers a and b with 0 < a < b, the set

2 2
7| 21| N 7| 29| < 1}
a b

E(a,b) = {(zl,ZQ) e C?

together with the restriction of the standard symplectic form from R* is called a closed
symplectic ellipsoid, or more simply an ellipsoid. Moreover, we define the symplectic ball
B*(a) := E(a,a). Also, if M and N are symplectic manifolds, let SympEmb(M, N) denote
the space of symplectic embeddings of M into V.

Here are a few results about the fundamental group of spaces of symplectic embeddings
that motivated our work. The first result in this direction is an immediate consequence of
the methods that Gromov introduced in [16] in order to prove the nonsqueezing theorem.

Theorem 1.1.1 ([14]). Let S be an embedded unknotted 2—sphere in (R* wyq). Write Xg =
R*\ S and let e : SympEmb(B*(r), X5) — Xgs be the evaluation map f s f(0). Then the
induced homomorphism e, : w1 (SympEmb(B(r), Xs)) — m(Xs) is surjective for 2mr? <
fsw and trivial otherwise.

Another situation where the fundamental group of a space of symplectic embeddings can
be computed is the following.

Theorem 1.1.2 ([22]). If € < 1 the space SympEmb(B*(¢), B*(1)) deformation retracts to
U(2).

A more recent result that is closer in spirit to the results of this paper can be found in
5], where the author constructs a loop {¢,}.ep0,1) in SympEmb(E(a, b)U E(a,b), B*(R)) and
shows that if the positive real numbers a, b, and R satisfy ¢ ¢ Q, 2a < R < a + b, and
b < 2a, then the constructed loop is noncontractible in SympEmb(E(a,b) U E(a,b), B*(R)).
Moreover, the loop becomes contractible if R > a + b.

By contrast to [5], we study symplectic embeddings whose domain is connected. More
specifically, this paper is concerned with the study of restrictions of the loop of symplectic
linear maps defined in (1.1.1) below to certain domains in R*.

Definition 1.1.3. Let {®;}:cjo,1) C Sp(4,R) denote the loop of symplectic linear maps

=)

(e™21,20), te€]

(21, 47tz te ( (1.1.1)

3
1

q)t(2’1,z2) = { } '

N[ =



The loop ®; is a concatenation of the 2w counterclockwise rotation in the z;—plane fol-
lowed by the 27 clockwise rotation in the zy—plane. The loop {®;}:cjo,1) is contractible in
Sp(4,R), but it restricts to give some noncontractible loops of symplectic embeddings. For
example:

Theorem 1.1.4. Assume that a < ¢ < b < d and ¢ < 2a. Then, for ®, defined as

in (1.1.1), the loop of symplectic embeddings {p; = P¢|p(ap) ecpp) 5 noncontractible in
SympEmb(E(a,b), E(c,d)).

A7T|Z2|2

>

7T|Zl|2

a cC

If max(a, b) < min(c, d), then one can fit a ball between E(a,b) and E(c, d), meaning there
exists r > 0 such that F(a,b) C B(r) C E(c,d), see Figure 1.1. Under this assumption, the
loop {SOt}te[O,l] is contractible. For a more general statement, see Proposition 1.1.10 below.

A7T|Z2|2

SN X

a r c 7T|;,1|2

Figure 1.1: The loop {®}eoq] is contractible if max(a,b) < min(c, d).

The method of proof we present in §1.4 does not answer whether the loop {®;}eco,1 is
contractible or not under the following assumption.

Open question 1.1.5. Assume 2a < ¢ < b < d. Is the loop {¢; = P¢|g(ap) }reo,1) contractible
in SympEmb(E(a,b), E(c,d))?



1.1.2 Main theorem

We begin by recalling an important example of 4-dimensional symplectic manifolds with
boundary, in order to prepare for the statement of the main theorem. Given a domain
Q C R%,, we define the toric domain

Xo = {(21,22) € C* | n(|21]*, |22|*) € Q} (1.1.2)

which, together with the restriction of the standard symplectic form wgq = dry A dy; +
dxy A dy, on C?, is a symplectic manifold with boundary. For example, if  is the triangle
with vertices (0,0), (a,0) and (0,b), then X is the ellipsoid E(a,b) defined above, while
if Q is the rectangle with vertices (0,0), (a,0), (0,b), and (a,b), then X is the polydisk
P(a,b) = B*(a) x B*(b). Note that we allow domains that have non-smooth boundary. The
toric domains we work with in this paper have the following particular property.

Definition 1.1.6. A convez toric domain is a toric domain Xq defined by
Q={(z,y) eRY |0<2<0a, 0<y< f(x)} (1.1.3)
such that its defining function f : [0,a] — R is nonincreasing and concave.

Even though we will not work with this type of domains in this paper, let us also recall
that a concave toric domain is a toric domain defined also by (1.1.3) such that its defining
function f : [0,a] — R>q is nonincreasing, convex, and f(a) = 0. For example, ellipsoids
are the only toric domains that are both convex and concave, and polydisks are convex toric
domains. We next explain how to compute the first few embedded contact homology (ECH)
capacities of convex toric domains in order to state the main result of this paper.

Given a 4-dimensional symplectic manifold (X,w) with contact boundary 0X =Y, its
ECH capacities are a sequence of real numbers

0=ctNX,w) < FHX w) < <0

constructed using a filtration by action of the ECH chain complex. The ECH capaci-
ties obstruct symplectic embeddings, meaning that if there exists a symplectic embedding
(X,w) — (X', w') then ¢ (X,w) < (X', ') for all £ > 0. In particular, for the first and
second ECH capacities of a convex toric domain, we can use the following explicit formulas,
see [24, Proposition 5.6] for details.

Proposition 1.1.7. For a convex toric domain Xq with nice defining function f : [0,a] —
Rzo;

FH(Xq) = min(a, £(0)) and
ey M (Xq) = min(2a, 2 + f(2),2f(0)),

where x € (0,a) is the unique point where f'(x) = —1.



For the definition of a nice defining function, see §1.2.4. Every defining function can be
perturbed to be nice. Having introduced all the ingredients, we are ready to state the main
result of this paper.

Theorem 1.1.8. Let Xq, and Xq, be convex toric domains with defining functions fi :
[0,a] = Rsg and f3 : [0, c] = Rsq, respectively. Assume that Xq, C Xq,, a < ¢ < f1(0) <
£2(0), and cF°U(Xq,) < F°H(Xq,). Then, for ®; defined as in (1.1.1), the loop of symplectic
embeddings {¢; = Pi|xg, fieo,1) i noncontractible in SympEmb(Xgq,, Xo,).

1\71"22|2

a c 7T|;,1|2
Figure 1.2: The loop {¢¢}scjo,1) is noncontractible if Xo, C Xq,, a < ¢ < f1(0) < f2(0), and
C?CH<XQ2) < CJQECH(Xﬂl)'

Remark 1.1.9.

i. By symmetry, Theorem 1.1.8 also holds if we assume f1(0) < f2(0) < a < ¢ instead
of a < ¢ < f1(0) < f2(0). See Figure 1.2 for an example where the bounds in the
hypothesis of Theorem 1.1.8 hold.

ii. For Xq, = E(a,b) and Xq, = E(c,d) satisfying a < ¢ < b < d, as in the hypothesis
of Theorem 1.1.4, we compute cZ°!(E(c,d)) = min(c,d) = ¢ and 5°%(E(a,b)) =
min(2a,b). Hence, Theorem 1.1.4 is a special case of Theorem 1.1.8.

If the target X, is large enough, the loop {;}tcjo1) becomes contractible, see Figure
1.3.

Proposition 1.1.10. Assume there exists r > 0 such that Xq, C B*(r) C Xq,. Then the
loop {1 = Pt|xq, e s contractible in SympEmb(Xq,, Xq,) -

Proof. Since the loop {®¢}:c(0,1) is contractible in U(2), there exists a homotopy of unitary
maps {®,}.ep contracting it, where D denotes the closed unit disk. For each z € D, the
operator norm of ®, € U(2) is [[®.|| = 1, and hence im (9.|x, ) C B(r) C Xq,. So
the 2-parameter family of restrictions {®.|x,, }.ep is contained in SympEmb(Xgq,, Xo,) and
provides a homotopy from {;}+cjo,1) to the constant loop. O



7T|Zl|2

Figure 1.3: If Xo, C B(r) C Xq,, the loop {¢;}ie)0,1) is contractible.

1.1.3 Strategy of proof and the organization of the paper

We use the following strategy to prove Theorem 1.1.8. For each symplectic embedding
v Xq, = Xq,, we add to the compact symplectic cobordism (Xq, \ int(¢(Xq,)), Wstd),
a positive cylindrical end at 0Xq, and a negative cylindrical end at 0Xgq,, in order to
construct the completed symplectic cobordism /I/IZO = (—00,0] x 0Xq, U(Xq, \int ¢(Xq,))U
[0,00) x 0Xq,. After choosing an almost complex structure J that is compatible with
the cobordism structure on Ww we define the moduli space M;(¢) which consists of J—

holomorphic cylinders in W‘p that have a positive end at the shortest Reeb orbit on 0Xq,
and a negative end at the shortest Reeb orbit on 0Xg,.

Using automatic transversality together with a compactness argument which works under
the hypothesis of Theorem 1.1.8, we show that for each ¢ € SympEmb(Xg,, Xq,) and for
each compatible almost complex structure J, the moduli space M;(p) is a finite set. We
directly construct an almost complex structure J and a j—holomorphic cylinder with the
right asymptotics, to show that M3(yp) is nonempty for the restriction of the inclusion map
o and the particular choice of J. We describe the cylinders near their asymptotic ends to
prove that, whenever nonempty, M () contains a unique J-holomorphic cylinder.

We complete the proof using an argument by contradiction. We assume the loop {¢; }+ejo,1)
is contractible by the homotopy {¢.}.en, ¢, € SympEmb(Xg,, Xq,) for each z € D. We
choose a 2—parameter family of almost complex structures J = {J. }.cp so that J, is compat-
ible with the cobordism structure on /V[sz and J, = J for all z € 9D. We define the universal
moduli space My = U,epM . (¢,) and, using parametric transversality for generic families
of almost complex structures, we show that, for a generic choice of J as above, the moduli
space Mj is a 2-dimensional manifold. Assuming the bounds in the hypothesis of Theorem
1.1.8, we conclude using SFT compactness and the description of each M, (¢,) that Mj is
homeomorphic to the closed disk D.

For the final details, we fix a parametrization of the shortest Reeb orbit on 0Xg, together
with a point p on the same Reeb orbit. For each ¢,, we trace, on the unique cylinder



[u.] € My, (@), the vertical ray that is asymptotic to p at oo and record the point p, where it
lands at —oo on the shortest Reeb orbit on 0Xgq,. We then study the composition of maps

S' — SympEmb(Xg,, Xq,) — M; — 5!
t o= Pt = Pz = (z,[u]) = p..

and show that this circle map has degree —1. This provides the contradiction we are looking
for, since we previously showed that Mj is homeomorphic to the closed disk D.

The paper is divided in sections as follows. In §1.2, we classify the embedded Reeb orbits
on the boundary of a convex toric domain. We make use of this classification, together
with an automatic transversality argument, to prove the compactness of the moduli space
M;(¢) in §1.3. We also use the classification in §1.2 to show the compactness of the moduli
space Mj in §1.4.3. Finally, §1.4.1 contains the argument for the existence of J-holomorphic
cylinders with the right asymptotics, §1.4.2 contains the argument for the uniqueness of
J-holomorphic cylinders in M;(y), and §1.4.3 presents the details behind the construction
of the circle map above, in order to complete the proof.

Acknowledgements. [ would like to thank my advisor, Michael Hutchings, for all the
help and ideas he shared with me. I would also like to thank Chris Wendl for clarifying some
of my mathematical confusions during my visit at Humboldt—Universitat zu Berlin and Felix
Schlenk for the helpful comments on the first draft. Finally, I would like to thank my friends,
Julian Chaidez and Chris Gerig, for the many helpful conversations we had. The author was
partially supported by NSF Grant No. DMS-1708899.

1.2 Reeb dynamics and the ECH index

1.2.1 Geometric setup

Let (Y,€) be a closed 3-dimensional contact manifold with contact form A, i.e. & = ker A.
The Reeb vector field R corresponding to A is uniquely defined as the vector field satisfying
d\(R,-) =0 and A(R) = 0. A Reeb orbit is a map v : R/TZ — Y for some T > 0, modulo
translations of the domain, such that +/(t) = R(~(t)). The action of a Reeb orbit + is defined
by A(7) = [ 7v*A and is also equal to the period of 7.

For a fixed Reeb orbit ~, the linearization of the Reeb flow of R induces a symplectic linear
map P, : (&0), dA) = (&y(0), dN), called the linearized return map. A Reeb orbit v : R/TZ is
called nondegenerate if its linearized return map P, does not have 1 as an eigenvalue. We call
7y elliptic if the eigenvalues of P, are complex conjugate on the unit circle, positive hyperbolic
if the eigenvalues of P, are real and positive, and negative hyperbolic if the eigenvalues of
P, are real and negative. A contact form A is called nondegenerate if all its Reeb orbits are
nondegenerate.



1.2.2 Reeb dynamics on 0X(

In this section we compute the Reeb dynamics on the boundary of convex toric domains.
Recall that a convex toric domain X C R? is defined by (1.1.2), with defining set Q given
by (1.1.3). Similarly to the computations in [25, §4.3], we choose scaled polar coordinates

21, 29) = (\/11 /7€ /1y /me??) on C? to obtain
(21, 22) = (/11 /me™™,

1
Wstd — % (dTl VAN d91 + d?“g N d@g) .

The radial vector field
0 0

p=Tig— +rao—
r

is a Liouville vector field for wgq defined on all R*. The boundary of the toric domain 0Xq
is transverse to p and so

1
Astd = LpWstd = o (r1dfy + rodby)

restricts to a contact form on dXqg. The Reeb vector field R corresponding to Agq has the
following expression. In the two coordinate planes, R is given by

R— {2%8%18 if 29 = 0
27 :
ma—62 if 21 = 0.
While if 7(|z1|%, |22]?) = (r1,7m2) = (2, f(z)) for some z € (0,a) with f'(z) = tan¢, ¢ €
[—7/2,0], then
27 _ 0
= —xsing + f(x)cos ¢ <_Sm¢8_01 +COS¢8_92> ‘

The embedded Reeb orbits of A\gq|ax,, are classified as follows:

e The circle e¢g; = 0Xq N {22 = 0} is an embedded elliptic Reeb orbit with action
.A<€071) = a.

e The circle e = 0Xq N {2z = 0} is an embedded elliptic Reeb orbit with action
A(€1,0> = f(O)

e For each z € (0,a) with f'(x) € Q and f"(z) # 0, the torus
{z € 0Xaln(|a*, |2*) = (=, f(2))}

is foliated by a Morse-Bott circle of Reeb orbits. If f'(z) = —§ with p, ¢ relatively
prime positive integers, then we call this torus 7}, , and we compute that each orbit in
this family has action A = gz + pf(z).



Remark 1.2.1. The existence of Morse-Bott circles of Reeb orbits implies that the contact
form Asa|ax,, is degenerate. We need to perturb it in order to make it nondegenerate since the
nondegeneracy allows the study of J-holomorphic curves with cylindrical ends asymptotic
to Reeb orbits.

For each € > 0, we can perturb Asalax,, to a nondegenerate A\ = hAyalox,, where ||h —
1||co < €, so that each Morse-Bott family 7T}, , that has action A < 1/e becomes two embedded
Reeb orbits of approximately the same action, more specifically an elliptic orbit e, , and a
hyperbolic orbit A, ,. Moreover, no Reeb orbits of action A < 1/e¢ are created and the Reeb
orbits ep; and e; o are unaffected.

Such a perturbation of the contact form is equivalent to a perturbation of the hypersurface
0Xq on which the restriction of A\gq becomes nondegenerate.

1.2.3 ECH index

Embedded contact homology (ECH) is an invariant for 3-dimensional contact manifolds
due to Hutchings. See [25] for a detailed account of history, motivation, construction, and
applications of ECH. We give a brief overview of the definition of ECH following the notation
from [26].

Let (Y, A) be a contact 3—dimensional manifold with nondegenerate contact form . Given
a convex toric domain Xq, the boundary 0Xq together with a perturbation of Asqlox,, as
in Remark 1.2.1, is such a contact manifold.

An orbit set is a finite set of pairs o = {(«a;, m;)}, where «; are distinct embedded Reeb
orbits and m, are positive integers. We will also use the multiplicative notation o = [] o™
for an orbit set @ = {(a;, m;)}. Denote by [a] the sum ). m;ja;] € H1(Y) and define the
action of o by A(a) = >, miA(). If @ = {(ow,m;)} and B = {(B;,n;)} are two orbit sets
with [a] = [5] € H1(Y'), then define Hy(Y, a, B) to be the set of relative homology classes of
2-chains A such that 04 =) m;a; — > n;B;. Note that Hy(Y, o, ) is an affine space over
Hy(Y).

Given a Z € Hy(Y, «, 8), define the ECH index of Z by the formula

I, 8,7) = c.(Z) + Q. (2) + CZL(a) — CZL(B) (1.2.1)

where 7 is a choice of symplectic trivializations of  over the Reeb orbits «; and §;, ¢, (Z) =
c1(€|z,7) denotes the relative first Chern class (see [26, §2.5]), Q,(Z) denotes the relative
self-intersection number (see [26, §2.7]), and

CZi(a) = Z Z CZ(a7),
i k=1
where C'Z, () is the Conley—Zehnder index with respect to 7 of the orbit v (see [26, §2.3]).

The ECH index does not depend on the choice of symplectic trivialization. The definition
of the ECH index I can be extended to symplectic cobordisms by generalizing the definitions
of the relative first Chern class and of the self intersection number (see [26, §4.2]).
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If Z € Hy(Y,a, ) and W € Hy(Y, B,7), then I(Z4+W) = I(Z)+1(W). In the particular
case of starshaped hypersurfaces in R*, this implies there is an absolute Z grading on orbit
sets as follows. Since Ho(Y) = Hy(S?) = 0, for every pair of orbit sets a and (3 there is an
unique class Z € Hy(Y, o, §). Define I(f)) = 0 for the empty orbit set and set

I(a) = I(c,0,2) € Z,

where Z is the unique element of Hy(Y, «, (). Also, let ¢, () := ¢, (Z) and Q,(a) := Q.(Z).

1.2.4 Absolute grading on 90X,

Following the details in [24, §5], we recall the classification of the orbit sets on the boundary
of a convex toric domain Xq that have ECH index I < 4.

Similarly to [24, Lemma 5.4], we first perform a perturbation of the geometry of 0Xgq
(see Figure 1.4). This means we can assume, without loss of generality, that the function
f:]0,a] — Rsq defining € is nice, meaning that f satisfies the following properties:

e f is smooth,

e f/(0) is irrational and is approximately 0,

e f’(a) is irrational and is very large, close to —oo,

o f"(x) < 0 except for x in small connected neighborhoods of 0 and a.

2
1\77‘22‘2 Aﬂ|22|

>

7T|21’2

a

a 7T|’Zl|2

(b) Defining function perturbed to be

(a) Original toric domain .
nice

Figure 1.4: Perturbating X to a nice position

Lemma 1.2.2 ([24, Example 1.12]). Let Xq be a convez toric domain defined by a nice
function f. Let \ be a nondegenerate contact structure obtained by perturbing Asalox, up to
sufficiently large action. Then the orbit sets with ECH index I < 4 are classified as follows.
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e [ =0:0.

I =1: no orbit sets.

o | =2: €o0,1 and €1,0-
o [ =3: hl,l-
o [ =4:¢e2,, e, and €3,

In general, the classification of orbit set generators, up to larger ECH index and action,
provides a combinatorial model to compute the sequence of ECH capacities of a convex toric
domain using the following formula.

Lemma 1.2.3 ([24, Lemma 5.6]). For a convez toric domain Xq and a nonnegative integer
k,
cFH(Xg) = min{A(a) | I(a) = 2k}.

In particular, the equalities claimed in Proposition 1.1.7 hold. Moreover, one can deduce
the following lemma which we will use to rule out breaking.

Lemma 1.2.4. For a convex toric domain Xq, orbit sets o with ECH indez I(a) > 5 have
action A(a) > cFH(Xg).

1.3 Ruling out breaking

1.3.1 Completed symplectic cobordisms

Let (Yi, Ay) be closed contact 3—dimensional manifolds. A compact symplectic cobordism
from (Y, Ay) to (Y-, A_) is a compact symplectic manifold (W, w) with boundary oW =
—Y_ UY, such that wly, = dAy.

Given a compact symplectic cobordism (W, w), one can find neighborhoods N_ of Y_ and
N, of Yy in W, and symplectomorphisms

(N_,w) — ([0,€) x Y_,d(e*\_))
and
(N-Hw) - ((_670] X Y+7d(es)‘+))7

where s denotes the coordinate on [0,€) and (—e¢,0]. Using these identifications, we can
complete the compact symplectic cobordism (W, w) by adding cylindrical ends (—oo, 0] x Y_
and [0,00) X Y, to obtain the completed symplectic cobordism

W = [0,00) x Yy Uy, W Uy (—00,0] X Y_.

In accordance with [2], we restrict the class of almost complex structures on a com-
pleted cobordism W as follows. An almost complex structure J on a completed symplectic
cobordism W as above is called compatible (in [2], the authors use the term adjusted) if:
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- On [0,00) x Y, and (—o0, 0] x Y_, the almost complex structure J is R—invariant, maps
Js (the R direction) to R, , and maps &1 to itself compatibly with dA..

- On the compact symplectic cobordism W, the almost complex structure J is tamed
by w.

Call g (/W) the set of all such compatible almost complex structures on w.

Choose a compatible almost complex structure J € § (/W) on W and let (33,7) be a
compact Riemann surface. We will consider curves

u: (2:E\{xla"'vxk7y17"‘ayl}7j) %(W,J)

that are J-holomorphic, i.e. duoj = .Jodu, and have k positive ends at T = (7", ..., 7))
corresponding to the punctures (zi,...,xx), and [ negative ends at I'" = (7 ,...,7,)
corresponding to the punctures (y1,...,y;). Denote by M;(I'",T~) the space of such J—
holomorphic curves v modulo reparametrizations of the domain 3.

Recall that a positive end of u at v means a puncture, near which u is asymptotic to
R x 7. More specifically, that means there is a choice of coordinates (s,t) € [0,00) x R/TZ
on a neighborhood of the puncture, with j(0s) = J; and such that lims_, mr(u(s,t)) = oo
and limg_,o 7y, (u(s,-)) = 7. Similarly, at a negative end there is a choice of coordinates
(s,t) € (—o0,0] x R/TZ on a neighborhood of the puncture, with j(ds) = 0; and such that
limg, oo mr(u(s,t)) = co and lim, o my (u(s,-)) = 7.

Given a J-holomorphic curve u as above, define the Fredholm index of u by

ind(u) = —x(u) + 2¢,(u) + Z CZ.(v) — Z CZ(7;), (1.3.1)

where 7 is a trivialization of & over ’yii that is symplectic with respect to dA, x(u) is the
Euler characteristic of ¥, ¢,(u) = ci(u*¢,7) denotes the relative first Chern class, and
CZ,(~F) is the Conley-Zehnder index with respect to 7, as before. The significance of the
Fredholm index is that for a generic choice of compatible almost complex structure J and for
a somewhere—injective J—holomorphic curve u, the moduli space M ;(I'",T'7) is a manifold
of dimension ind(u) near u. See [44, §6] for more details.

1.3.2 Moduli spaces

Let Xq, and Xq, be two convex toric domains defined by nice functions f; : [0,a] — Rx
and fo : [0, c] = Rsq, respectively. Also, let ¢ : Xq, — Xg, be a symplectic embedding. The
manifold W, := X, \ int(Xq,) is a compact symplectic cobordism from (0Xg,, Astd]ax%) to
(0Xq,, Astdlo Xo, ), where Agq denotes the standard Liouville form on R*.

Following the explanation in Remark 1.2.1, perturb the boundary components 0.Xq, and
0Xgq, of W, in such a way that the Liouville form A4 restricts to nondegenerate contact
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forms A; and Ay on 0Xq, and 0Xq,, respectively. Add cylindrical ends to W,, and call /I/IZO
the completed symplectic cobordism.

To clean up notation, call 7, the e;; embedded Reeb orbit on 0Xg,, and call ~, the eq;
embedded Reeb orbit on 0Xg,. Recall that A(7,) = a and A(7,) = c.

—~

For a given almost complex structure J € J(W,,), define M;(¢) to be the moduli space
of J-holomorphic cylinders u : (R x S',j) — (Ww J) such that u has a positive end at ~,
and a negative end at ~,, modulo translation and rotations of the domain R x S*.

All such J-holomorphic cylinders have Fredholm index ind(u) = 0 and the automatic
transversality result in Lemma 1.3.1 below implies that M;(¢p) is a 0—dimensional manifold
for any choice of J. Moreover, M ;(y) can be compactified with broken holomorphic curves
using the SF'T compactness theorem, [2, Theorem 10.2], since all the J-holomorphic cylinders
in M () have the same asymptotics.

1.3.3 Automatic transversality

A much more general automatic transversality result than the one we need to use is proven
by Wendl in [42]. In the language employed in this paper, the particular case that we need
to use is stated as follows. See also [27, Lemma 4.1] for a very similar statement and proof
in the case of symplectizations.

Lemma 1.3.1. Let W be a completed symplectic cobordism and let v : ¥ — W be an
immersed J—holomorphic curve that has asymptotic ends to Reeb orbits. Let N denote the
normal bundle to u in W and

Dy : I2(S,N) = L2(%, T*'C ® N)

denote the normal linearized operator of u. Also let h™(u) denote the number of ends of u
at positive hyperbolic orbits. If

29(2) — 2+ h"(u) < ind(u),

then D, 1is surjective, i.e. the moduli space of J—holomorphic curves near u is a manifold
that is cut out transversely and has dimension ind(u).

Note that there are no genericity assumptions on the almost complex structure J in
Lemma 1.3.1. Also, the result applies to the J-holomorphic cylinders in M;(¢) since they
have ends only at elliptic Reeb orbits and the adjunction formula introduced below in (1.4.3)
implies that they are embedded. Hence M;(¢) is cut out transversely, for any choice of
compatible almost complex structure J.

1.3.4 Ruling out breaking

In this section, we study the possible boundary of the union U;c3M;(¢), where J is a smooth
parametrized family of compatible almost complex structures. We prove that, assuming the
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bounds in the hypothesis of Theorem 1.1.8, a sequence of cylinders in Li;c3M;(p) cannot
converge to a broken holomorphic building with multiple levels.

Proposition 1.3.2. Assume Xq, and Xq, are convex toric domains satisfying the bounds
in the hypothesis of Theorem 1.1.8. Let {¢; € SympEmb(Xq,, Xq,)}i>1 be a sequence of
symplectic embeddings, C°—converging to oy € SympEmb(Xgq,, Xq,)}. Let {J; € H(/V[Zpi)}izl
be a sequence of compatible almost complex structures converging to Jy € H(ﬁ/\wo). Let u; €
My, (i). Then the sequence {u;};>1 cannot converge in the sense of [2] to a Jy—holomorphic
building with more than one level.

Proof. In general, if there exists a J—holomorphic curve from the orbit set a to the orbit
set 3, then A(a) > A(B). Assume that, in the limit, the cylinders w; break into a Jy—
holomorphic building ug = (v1, vs, ..., v;), where v; denotes the top level. Assume that o is
the orbit set at which the level v; has negative ends. Then A(q;) € [a,c]. Note first that ¢
is the lowest action of an orbit set in 0Xq,. This means that vy lives in the cobordism level.

Secondly, the assumption cH(Xgq,) < 5 (Xq,) translates to

¢ < min(2a,A(e11),2/f1(0)) = min(ﬂ(%f)vﬂ(@l,l),A(eio)),

where v, = eo1, €11, and e;o are the Reeb orbits on 0Xq,. Thirdly, for a small enough
perturbation of 0Xq,, we also have ¢ < A(hy;) since A(hy;) is approximately A(ey ).
Lastly, Lemma 1.2.4 implies that all orbit sets a on 0X¢q, with I(«) > 5 satisfy ¢ < A(a).

Using the classification by ECH index in Lemma 1.2.2, together with the action in-
equalities above, we conclude that the only orbit set through which the cylinders u; could
hypothetically break is o = ep ;. This means that the only broken building we still have
to rule out is ug = (v1,v2), where vy is a Fredholm index 0 cylinder from 7, to e; in the
cobordism level and vs is a Fredholm index 0 cylinder from e; o to 7, = ep; in the lower sym-
plectization level. The nontrivial cylinder vs is a Fredholm index 0 Jy—holomorphic cylinder
in a symplectization, and so, by automatic transversality, it cannot appear.

[]

Proposition 1.3.2 together with the automatic transversality from Lemma 1.3.1, and SFT
compactness, [2, Theorem 10.2], imply that M;(¢) is a compact 0-dimensional manifold,
i.e. a finite set of points.

1.4 Proof of main theorem

1.4.1 Nonemptiness of moduli spaces

First, we prove the nonemptiness of M () for the inclusion map ¢y : Xo, = Xo, and a
certain compatible almost complex structure J.

Proposition 1.4.1. There exists J € H(/I/IZOO) such that the moduli space M 3(pq) is nonempty.
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Proof. We will construct a compatible almost complex structure J that is invariant under
the S'-action by rotations in the z;-plane and prove that an appropriate restriction of the
z1—plane is the J-holomorphic cylinder we are looking for. Our construction is similar to
[5, §5.2]. Whenever we say “Sl-equivariant”, we mean invariant under the S'-action by
rotations in the zo—plane.

Recall that 0Xq, and 0Xq, are contact hypersurfaces in the compact symplectic cobor-
dism (W, wsta = dAsa). Moreover, notice that they are Sl equivariant. Using an S'-
equivariant version of the Moser trick, one can prove that there exist S'-equivariant neigh-
borhoods N; of 9Xq, and Ny of 0Xgq, in W, and S'-equivariant symplectomorphisms

0 (Ny,w) = ([0,€) x 0Xq,,d(e*A))

and
1/}2 : (N27w) — ((_670] X aXQ27d(€s)‘2))7

where A; = Asualox,,, and s denotes the coordinate on [0, €) and (—¢, 0].

Choose almost complex structures J; on ((0,5) U (3, ¢)) x Xq, and J; on ((—e, —%) U
(—£.0)) x 0Xq,, that are S'-equivariant and compatible with the cylindrical ends near the
boundary of W,,, and that pull back under 1; to the standard complex structure on C? near

the interior of We,, i.e. U7 (il (2 o xax,, ) = @ and ¥3( 2] _2¢).ox,, ) = i Define

~ Yi(N(@(p), p €U ((0,5) U (%, €) x 9Xq,)
J(p) =41 p e Wy \ (N1 UNy) (1.4.1)

¢;(J2(¢2(p))), pE 1/)2_1((_67 _%) U (‘%:0) X 8X92)

The compatibility of J with the cylindrical ends near the boundary of the compact symplectic
cobordism W, makes it possible to extend J to a compatible S'-equivariant almost complex
structure on the cylindrical ends of the completed symplectic cobordism WWO. We still need
to interpolate between the standard complex structure in the interior of W, and the almost
complex structure on the cylindrical ends.

Let g(+,-) :== w(+, J-) be the positive definite Riemannian metric defined by the compati-
bility of w and J and note that g is S'-equivariant. Extend the Riemannian metric g to W,
and average the obtained extension over the S'-action to obtain an S'-equivariant Rieman-
nian metric g on W,,. Note that § = g wherever g is defined since ¢ is S'-equivariant. Define
J to be the unique compatible almost complex structure that satisfies §(-,-) = w(-, J-) and
note that this definition extends the definition in (1.4.1), since g = g wherever g is defined.
Note that since g and wyq are S*—equivariant, then J is also S 1 _equivariant.

Let S := W,, N {z = 0}. Note that S is a closed annulus which we can complete by
adding cylindrical ends to get

S = (—00,0] X 7, U S U[0,00) X 7e.
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We will now show that J being invariant under the S ! action in the zo—plane implies
that J preserves the tangent space of S. Let hg(21, 29) := (21, €% 2,), for 6 € [0, 27]. Knowing
J is invariant under the S'-action in the z,—plane implies that

‘]Ahe(p) o dyhg = dphg © j;?v

o 0 _0

for any p € W, and any 6 € [0,27]. In the basis {3:5 S Dgr? Bra’ Bys

written in 2 X 2 block matrix notation as

(ég)he(p)“%):(é%)(ég)p, (1.4.2)

A B
C D

} this equality can be

for any p € W, and any 6 € [0,27], and where :]; = ( ) is the almost complex
p

cosf) —sind
sinf cos0
out the multiplications in (1.4.2), we see that

Anw) Browlfle \ _ (A By \
Chotp)  Dhy(n) Ro RyCy RyD,
Note that for p = (21,0), hg¢(p) = p, and so the above equality implies B,Ry = B, for any

p € S and 0 € [0,27]. This implies B, = 0 and hence, J preserves the tangent bundle of S.

Moreover, by construction, J preserves the tangent spaces on the cylindrical ends of S and
s0 J preserves the tangent bundle of S.
Hence, (S J) is a Riemann surface which is diffeomorphic to a punctured plane. By

structure in coordinates and Ry = is a rotation matrix. After carrying

the Uniformization theorem, (§ J ) is biholomorphically equivalent to either the punctured
plane, the punctured disk, or an open annulus. Since J is compatible with the infinite
cylindrical ends of Wm, (S J ) must be biholomorphic to a punctured plane, and hence

also biholomorphic to a cylinder. We conclude that there exists a jfholomorphic map
u: (R xS j) = (W, J) with image S, and hence, [u] € M ().
Finally, note that the perturbation of the hypersurfaces 0Xgq,, for ¢ = 1,2, needed to
make Agqlo Xq, Nondegenerate, happens away from the z;—plane and so the curve [u] persists
after the perturbation. O

Remark 1.4.2. All the symplectic embeddings that form the loop considered in Theorem
1.1.8 have the same image in Xq,, so W,,, = W,,,, for any ¢ € [0, 1]. Hence the moduli space

M5(p;) contains the same J-holomorphic cylinders as M 5(¢o).

1.4.2 Counting the cylinders

We next prove the uniqueness of the J-holomorphic cylinders using asymptotic analysis
estimates. Let us begin by recalling the adjunction formula:
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Lemma 1.4.3. Let u: > — X be a somewhere—injective J-holomorphic curve. Then u has
finitely many singularities, and

(1) = x(u) + Qs (w) +w, (u) — 25(u) (14.3)

where c;(u) is the relative first Chern class as before (see [26, §4.2]), x(u) is the FEuler
characteristic of the domain of u, Q.(u) is the relative self intersection number as before
(see [26, §4.2]), w,(u) is the asymptotic writhe defined in [26, §2.6], and §(u) is a count of
singularities of u with positive integer weights.

For a proof of this statement, see [23, §3|. Following the details in [26, §2.6], we give an
overview of the definition of writhe, linking number, and winding number in this context, as
they will become useful in the proof of Proposition 1.4.6 below.

Let v be a simple Reeb orbit and let k£ be a positive integer. A braid with k strands
around 7 is an oriented link { contained in a tubular neighborhood N of v, such that the
tubular neighborhood projection ( — v is an orientation—preserving degree k submersion.

Choose a symplectic trivialization 7 over v and extend it to the tubular neighborhood
N of v to identify N with S! x D, such that the projection of ( C N to the S! factor is
a submersion. Identify further S' x D with a solid torus in R3 by applying an orientation
preserving diffeomorphism. We thus obtain an embedding ¢, : N — R3. We set up the
identifications in such a way that ¢, (¢) is an oriented link in R? with no vertical tangents.
Hence, it has a well defined writhe by counting signed self-crossings in the projection to
R? x {0}. We use the sign convention where counterclockwise twists contribute positively to
the writhe.

We define the writhe of a braid ¢ around =, w,(¢) € Z, to be the writhe of the oriented
link ¢,(¢) in R3. Also if ¢ and ¢’ are two disjoint braids around =, define the linking number
of ¢ and ', I((, (") € Z, to be the linking number of the oriented links ¢,(¢) and ¢,(¢’) in
R3. This latter quantity is defined as one half the signed count of crossings of the projections
of the two links to R? x {0}. Note that, if ¢ and ¢’ are two disjoint braids around v then

w(CU () = wr(¢) +w-(¢) +26-(¢, ¢').

For a braid ¢ around ~ that is disjoint from v we define the winding number of { around
v to be wind,(¢) := (¢, 7).

The following two lemmas explain how to bound the writhe and the winding number in
terms of the Conley—Zehnder index. The formulation is adapted from [27]. For more details,
see also [23].

Lemma 1.4.4 ([27, Lemma 3.2]). Let v be an embedded Reeb orbit and let N be a tubular
netghborhood around ~y. Let u: > — R XY be a J-holomorphic curve with a positive end at
¢ which is not part of a trivial cylinder or a multiply covered component and let ¢ denote

the intersection of this end with {s} x Y. If s >> 0, then the following hold:

a. ¢ is the graph in N of a nonvanishing section of §,a and has well defined winding
number wind, (().
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b. wind,(¢) < {CZTTWZ)J

c. If J is generic, CZ,(v%) is odd, and if ind(u) < 2 then equality holds in (b).
d. w,(¢) < (d— 1)wind,(¢).

An equivalent statement holds for the asymptotic winding number and writhe at a neg-
ative cylindrical end of a J-holomorphic curve.

Lemma 1.4.5 ([27, Lemma 3.4]). Let v be an embedded Reeb orbit and let N be a tubular
neighborhood around v. Let u: Y — R XY be a J-holomorphic curve with a negative end at
¢ which is not part of a trivial cylinder or a multiply covered component and let { denote

the intersection of this end with {s} x Y. If s << 0, then the following hold:

a. ¢ 1is the graph in N of a nonvanishing section of §,a and has well defined winding
number wind, (().

b. wind,(¢) > [CZTTM-‘

c. If J is generic, CZ.(y?%) is odd, and if ind(u) < 2 then equality holds in (b).
d. w,(¢) > (d — 1)wind,(¢).

Fix a symplectic embedding ¢ € SympEmb(Xq,, Xq,) and fix an almost complex struc-
ture J € g(W,).

Proposition 1.4.6. If the moduli space M ;(p) is nonempty, then it contains exactly one
index zero cylinder.

Proof. Assume there are two different cylinders, u; and us, in M;(p). For s << 0, (, =
(urUug)N({s} x 0Xg,) is a braid around 7, with two components, {{ and (, each having one
strand. For s >> 0, . = (u; Uug) N ({s} x 0Xg,) is a braid around -, with two components,
(f and (5, each with one strand. Lemma 1.4.4 implies

_ CZ(7e) 1
d, () < |————=| =|=| =0.
wind, () < | <579 = |5
Similarly, Lemma 1.4.5 implies
FCZ ()] .
wind,(¢) > % =13 =1

The linking numbers of the different strands of the two braids are given by [ (({,(S) =
wind(¢§) and 1, (¢f, ¢§) = wind(¢5). See [26, Lemma 4.17] for details. This means

wr(Ca) = wr (¢ U Cy) = wr((F) + we(Gy) + 2 1-(¢F, 62)
=040+ 2-wind(¢3) > 2
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and

wr(Ce) = w- (¢ UEG) = w(¢7) +wr(¢3) +2- 1:(¢F, ¢)
=0+0+2-wind(¢5) <0.

Hence
wT(ul U u2> = w‘f((f:) - wr(<a> < -2

Since ¢, (u;Uug) = Q(uyUug) = 0, the relative adjunction formula recalled in (1.4.3) applied
to u; U ugy gives
0=0+0+ w7—<u1 U UQ) — 25<U1 U UQ).

This is a contradiction since w,(u; Uug) < —2 and §(u; Uug) > 0. O

1.4.3 Final steps of the proof

We have all the details needed to complete the proof of Theorem 1.1.8. Assume that
the loop {¢¢}icp,1) is contractible in SympEmb(Xgq,, Xq,). This means there exists a 2-
parameter family {¢,}.cp € SympEmb(Xg,, Xq,), parametrized by the unit disk D, such
that {y.}.con = {@t}ecpo,). The family of embeddings {¢.}.cp generates a 2-parameter
family of completed symplectic cobordisms {/V[ZPZ}ZGD. Let §J = {J.}.ep be a generic 2—
parameter family of compatible almost complex structures such that J, € J (W%) for every
zeDand J, = J for every z € 0D, where 7 is the almost complex structure constructed in
Proposition 1.4.1. Remark 1.4.2 provides an explanation as to why we can choose the same
almost complex structure J for all z € JD.
Consider the moduli space

M3 = {(zauz) | KAS ]D), U, € MJZ(SOz)} :
Claim 1.4.7. My is homeomorphic to the closed disk D.

Proof. By the parametric regularity theorem, [44, Theorem. 7.2 & Remark 7.4], for a generic
choice of 2—parameter family of compatible almost complex structures J, the moduli space
Mj is a 2-dimensional manifold that is cut out transversely. The holomorphic curves in Mj
have fixed asymptotics and so, by the SFT compactness result presented in [2, Theorem
10.2], there exists a compactification of My with broken holomorphic buildings. Proposition
1.3.2 implies that, under the assumptions made in the hypothesis of Theorem 1.1.8, no such
breaking is possible and so, My is already compact.

The automatic transversality result presented in Lemma 1.3.1, together with the nonempti-
ness result proved in Proposition 1.4.1 and the uniqueness result proved in Proposition 1.4.6,
implies that My contains exactly one cylinder above each parameter z € 9D and at most
one cylinder above each parameter z € intDD. Given that the moduli space Mj is compact,
it must contain exactly one cylinder above every parameter z € D and so we can conclude
that My is homeomorphic to the disk D. ]



20

Let . : R/c¢Z — 8Xq, be the parametrization of 7, such that p = 7.(0) = (,/%,0) € C%.

There exists a unique representative u, : R x St — /V[sz of the unique class in M_(p,) such
that limg oo u.(s,0) = p. Define p, := limy, o u.(s,0). This construction induces a well
defined composition of maps

St — SympEmb(Xg,, Xq,) — M; — q,x=5!
t = Pr =2 = (3 ]) = pe

Claim 1.4.8. The above composition is a degree —1 circle map.

Proof. Remark 1.4.2 explains why for any two parameters z,w € 0D, the moduli spaces
M. (p,) and My, (@) are the same. Moreover, note that the choice of fixed asymptotics,
limg o u,(5,0) = p = limg 00 uw(s,0), implies that the representatives u, and w,, are also
the same. Hence, we can easily trace the movement of the point p, on the orbit 7, as z goes
around the boundary of the parameter space.

Recall that the image of X, under the loop of symplectic embeddings {; }+co,1) does
a counterclockwise 27 rotation in the z;—plane, which rotates the orbit ~,, followed by a
clockwise 27 rotation in the zs—plane, which does not rotate the orbit ~,. Let ¢ := p; be the
point on 7, corresponding to the parameter 1 € D. Then

e 4mitg t € [0, %]
Pe2mit = 1
q, te (57 1] )
and so the above composition is a degree —1 circle map. O

This last claim provides us with a contradiction, given that a degree —1 circle map cannot
factor through the disk My ~ D.
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Chapter 2

Essential tori in spaces of symplectic
embeddings

Julian Chaidez, Mihai Munteanu

2.1 Introduction

The study of symplectic embeddings is a major area of focus in symplectic geometry. Re-
markably, the space of such embeddings can have a rich and complex structure, even when
the domain and target manifolds are relatively simple.

Symplectic embeddings between ellipsoids are a well-studied instance of this phenomenon.
For a nondecreasing sequence of positive real numbers a = (aq,as, ..., a,) define the sym-
plectic ellipsoid E(a) by

i%'Q < 1}. (2.1.1)

i=1 v

E(a) = E(ay,as,...,a,) := {(21, o, z) ECT

The space E(a) carries the structure of an exact symplectic manifold with boundary endowed
with the restriction of the standard Liouville form A on C", given by

n

1
A= 5 ;(xzdyz yidx;). (2.1.2)
A special case is the symplectic ball B**(r), which is simply E(a) for a = (r,..., 7).

The types of results that one can prove about symplectic embeddings, together with the
tools used to do so, are surveyed at length by Schlenk in [41]. Most research has thus far
sought to address the existence problem. Let us recall some of the more striking progress in
this direction. The first nontrivial result was Gromov’s eponymous nonsqueezing theorem,

proven in the seminal paper [16].
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Theorem 2.1.1 ([16]). There exists a symplectic embedding
B*(r) — B*(R) x C*"?
if and only if r < R.

This result demonstrated that there are obstructions to symplectic embeddings beyond
the volume and initiated the study of quantitative symplectic geometry. Note that Theorem
2.1.1 can be seen as a result about ellipsoid embeddings, since B*(R) x C*"~2 can be viewed
as the degenerate ellipsoid E(R, o0, ...,00).

In dimension 4, the question of when the ellipsoid E(a,b) symplectically embeds into the
ellipsoid E(a’,V’) was answered by McDuff in [32]. Let {NNi(a,b)}r>o denote the sequence of
nonnegative integer linear combinations of a and b, ordered nondecreasingly with repetitions.

Theorem 2.1.2 ([32]). There exists a symplectic embedding
int(E(a,b)) — E(d,b)
if and only if Ni(a,b) < Ni(a', V') for every nonnegative integer k.

A special case of this embedding problem, where the target ellipsoid is the ball B4(\), was
studied by McDuff and Schlenk in an earlier paper [35] using methods different from [32]. In
that paper, McDuff and Schlenk give a remarkable calculation of the function ¢y : RT — R™
defined by

co(a) == inf {\ | E(1, a) symplectically embeds into B*(\)}.

In particular, they show that for a € [1,( %‘?’ )4], the function cq is given by a piecewise
linear function involving the Fibonacci numbers, which they call the Fibonacci staircase.
Some higher dimensional cases of the existence problem for symplectic embeddings have
been studied in a similar manner. For instance, a family of stabilized analogues of the
function ¢q, which are defined as

¢p(a) := inf {)\ } E(1,a) x C" symplectically embeds into B*(\) x C"} ,

are studied in the more recent papers [11] and [12].

Beyond problems of existence, one can ask about the algebraic topology of the space of
symplectic embeddings SympEmb (U, V') between two symplectic manifolds U and V', with
respect to the C'™ topology. Again, most results have been proven in dimensions 2 and 4. For
instance, in [31], McDuff demonstrated that the space of embeddings between 4-dimensional
symplectic ellipsoids is connected whenever it is nonempty. Other results in dimension 4 can
be found in [1] and [22].

More recently, in [37], the second author developed methods to show that the contractibil-
ity of certain loops of symplectic embeddings of ellipsoids depends on the relative sizes of
the two ellipsoids.
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2.1.1 Main result

In this paper, we build upon the methods developed in [37] to tackle the question of describing
the higher homology groups of spaces of symplectic embeddings between ellipsoids in any
dimension.

More precisely, we will be studying families of symplectic embeddings that are restrictions
of the following unitary maps. For 6 = (64,...,0,) € T" = (R/27Z)", let Uy denote the
unitary transformation

Ug(21,. .., 20) i= (eP21,... €% 2,). (2.1.3)

Given symplectic ellipsoids E(a) and E(b) such that a; < b; for every i € {1... ,n}, we may
define the family of ellipsoid embeddings

¢ : T" — SympEmb(E(a), E(b)), Q(0) = Us| p(a) (2.1.4)

by restricting the domain of the maps Uy. The following theorem about the family ® is the
main result of this paper.

Theorem 2.1.3 (Main theorem). Let a = (ay,...,a,) and b = (by,...,b,) be two sequences
of real numbers satisfying

a; <b;< a1 foral i€{l,...,n—1} and a, <b, < 2a.

Furthermore, let ® : T™ — SympEmb(E(a), E(b)) be the family of symplectic embeddings
(2.1.4). Then the induced map

O, : H(T";Z)2) — H,(SympEmb(E(a), E(b));Z/2)
on homology with Z./2—coefficients is injective.

In order to demonstrate the nontriviality of Theorem 2.1.3, we note that the map induced
by ® : T" — Symp(FE(a), E(b)) on Z/2-homology has a sizeable kernel when E(a) is very
small relative to E/(b). More precisely, we have the following.

Proposition 2.1.4. Leta = (aq,...,a,) andb = (by,...,b,) be two nondecreasing sequences
of real numbers satisfying a,, < by. Furthermore, let ® : T™ — SympEmb(E(a), E(b)) be as
in (2.1.4). Then the induced map ®, on Z/2-homology has rank 1 in degree < 1 and rank 0
otherwise.

Unlike the proof of Theorem 2.1.3, the proof of Proposition 2.1.4 is an elementary calcu-
lation in algebraic topology which we defer to §2.2.

Remark 2.1.5 (Comparison to [37]). In dimension 4, the fact that ®, is injective in degree
1 was proven by the second author, Munteanu, in [37]. Specifically, this is equivalent to [37,
Theorem 1.4] which states that the loop

¥ : St — Symp(E(a), E(b))
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defined by
ety ) telo,l
\I/(t)(21722> = { ((6—47rit211 52)) t e El ﬁ
) 2

is noncontractible. In fact, [37] actually addresses the more general 4-dimensional case where
E(a) and E(b) are replaced with convex toric domains in C2. We expect Theorem 2.1.3 to
hold at this level of generality, and we hope to address this in future work using somewhat
different methods (see Remark 2.1.7).

Remark 2.1.6 (Z vs Z/2 coeflicients). Our use of Z/2 coefficients, instead of Z coefficients,
allows us to use the methods of §2.4 to work entirely with smooth manifolds with boundary
as opposed to cochains. While the contents of §2.4 provide a nice technical work around, we
expect Theorem 2.1.3 to hold at the level of Z coefficients as well. We plan to develop the
methods needed to work over Z in forthcoming work (see Remark 2.1.7).

Remark 2.1.7 (Lagrangian analogues). In forthcoming work, we hope to demonstrate re-
sults analogous to Theorem 2.1.3 for families of Lagrangian torus embeddings in toric do-
mains. We anticipate that these results will be useful for demonstrating the various gener-
alizations of Theorem 2.1.3 discussed in Remarks 2.1.5 and 2.1.6 above.

Organization. The rest of the paper is organized as so. In §2.2, we give the proof of
Theorem 2.1.3. The final two section are dedicated to demonstrating some technical results
needed to deduce the steps of the proof. Namely, in §2.3 we recall the definition of the
contact dg—algebra (as constructed in full generality by Pardon in [39]) together with the
computations for symplectic ellipsoids that are relevant to Theorem 2.1.3. In §2.4, we prove
some useful technical results about the topology of all symplectic embeddings spaces.

Acknowledgements. We would like to thank our advisor, Michael Hutchings for all the
helpful discussions. JC was supported by the NSF Graduate Research Fellowship under
Grant No. 1752814. MM was partially supported by NSF Grant No. DMS-1708899.

2.2 Proof of the main result

In this section, we prove Theorem 2.1.3 assuming a small number of technical results dis-
cussed in §2.3-2.4. Here is a brief overview of the proof to help guide the reader.

We assume by contradiction that the map @, induced by the family & of (2.1.4) is
not injective in degree k. Using this assumption and the results in §2.4, we find a certain
family of symplectic embeddings, parametrized by a union of an odd number of k—tori LI*T*
and built from @, which is null-bordant in the space SympEmp(FE(a), E(b)). This means
that the family extends to a smooth (k + 1)—dimensional family of symplectic embeddings
U : P — SympEmp(FE(a), E(b)) where P is a smooth, compact, (k+1)-dimensional manifold
with boundary P ~ LIJ"T*.
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Using ¥, we construct a moduli space of holomorphic curves M;(J) in completed sym-
plectic cobordisms parametrized by P. Moreover, we construct an associated evaluation map
evy : M;(J) — T* to a k-torus T*. We then show that the degree of this evaluation map is 1
mod 2 when restricted to any of the torus components of OM;(J). This is the contradiction,

since the evaluation map extends to the bounding manifold M;(J) and so must have degree
0.

2.2.1 Review of contact geometry

We now provide a quick review of basic contact geometry, and in the process establish nota-
tion for §2.2 and §2.3. We also discuss the Reeb dynamics on the boundary of a symplectic
ellipsoid with rationally independent parameters.

Review 2.2.1 (Contact manifolds). Recall that a contact manifold (Y, &) is a smooth (2n —
1)-manifold Y together with a rank 2n — 2 sub-bundle £ C TY that is given fiberwise by
the kernel £ = ker(a) of a contact 1-form o € Q*(Y). A contact form « is a 1-form on YV
satisfying a A da™1 # 0 everywhere.

Every contact form o on Y has a naturally associated Reeb vector field R, defined
implicitly from « via the equations

tr o =1, tr,da = 0. (2.2.1)

The Reeb flow @, : Y x R — Y is the flow of the vector field R,, i.e. the family of
diffeomorphisms satisfying

t
)| o @ (y). (2.2.2)
dt|,_,

A Reeb orbit is a closed orbit of the flow ®,, i.e. a curve v: S' = R/LZ — Y satisfying

fl—z = R, o~y for some positive number L which is called the period. Note that L coincides

with the action A, () of v, which is defined as

Aa(y) = / Y a. (2.2.3)

g1
A Reeb orbit v is called nondegenerate if the differential Tq)»%(o) of the time L flow satisfies
det(T'Y ) ]e — 1dg) # 0. (2.2.4)

A contact form « is called nondegenerate if every Reeb orbit of « is nondegenerate.

Review 2.2.2 (Conley—Zehnder indices). Any nondegenerate Reeb orbit  posseses a fun-
damental numerical invariant called the Conley—Zehnder index CZ(7y,T), whose definition
and computation we now review.
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The Conley—Zehnder index CZ(vy,7) depends on a choice of symplectic trivialization
7 4% ~ S x C""!. The invariant is defined by CZ(v,7) := urs(¢) were ugs denotes the
Robbin-Salamon index (see [40]) and ¢ is the path of symplectic matrices defined as

¢ :[0,L] — Sp(2n —2), O(t) = Tyy 0 TR gyl © T,Y_((l]).

In the case where ¢;(§) = 0 € H*(Y;Z) and [y] = 0 € H,(Y;Z), a canonical Conley—
Zehnder index CZ(7y) (which does not depend on a choice of trivialization) can be associated
to v via the following procedure. Extend v to a map u : X — Y from an oriented surface
¥ with boundary 9% = S! satisfying u|ps = 7. Pick a symplectic trivialization o : u*¢ ~
¥ x C" ! and define CZ(v) by the formula

CZ(y) == CZ(7, 0lps). (2.2.5)

The fact that CZ(y) is independent of ¥ and o follows from the vanishing of the first Chern
class. The index CZ(7) can be related to the index CZ(~y, 7) with respect to a trivialization
7 by the formula

CZ(~) = CZ(v, T) + 2¢1(7, 7). (2.2.6)

Here ¢ (v, 7) is the relative first Chern number with respect to 7 of the pullback u*¢ of € to
a capping surface u of .

For the purposes of this paper, we are interested in a specific family of examples of contact
manifolds, namely boundaries (0F(a), «) of irrational symplectic ellipsoids.

Example 2.2.3 (Ellipsoids). Let F(a) be a symplectic ellipsoid with parameters a =
(ay,...,a,) € (0,00)". Consider the boundary of the ellipsoid (0E(a),a) as a contact
manifold with contact form o = A|sg(q), induced by the standard Liouville form A on C"
defined by (2.1.2). Assume that the parameters a; satisfy a;/a; € Q for each i # j. The
Reeb vector field R, is given by

0

_ -1

Ry = QWZai 0 (2.2.7)

Here 6; is the angular coordinate in the ith C factor of C”, which we denote by C;. The
Reeb flow @, on 0F(a) is given by:

®, : 0F(a) x R =Y, D (21, ..., 2n) = (X 0z, etan), (2.2.8)

Due to our assumption that a;/a; ¢ Q for each i # j, there are precisely n simple orbits

7 for 1 <4 < n. Each curve v; is a parametrization of the curve of points in Y with z; =0

for all j # i. The iterates 4" (for any m > 1 and 1 < i < n) are all nondegenerate, as we will

show below by computing the linearized flow. The action of 4/ is given by A, (7)) = ma;
by (2.2.8).
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To compute the Conley—Zehnder indices of the Reeb orbits /", we proceed as follows.
Note that along ;" the fiber {,m ) agrees at each t with the orthogonal complex subspace to
the ith component Cj- = &,,,C; C C" ~ TC%n ;- The linearized flow in this trivialization
is a direct sum of loops t +— e2™™mt/% for j 4 for t € [0,1]. Thus, in this trivialization, the
Conley—Zehnder index is given by

CZ(y )= (2 H:J + 1) .

J#i

On the other hand, the relative Chern number ¢ (7/", 7) with respect to 7 is
€1 (’%n? T) =m.

Thus we have the following formula for the canonical CZ index of /™.

cz( =Y (2 VZJ + 1) +2m, (2.2.9)

J#i

which after some smart rewriting becomes
CZ(v")=n—1+4+2|{L € Spec(Y,a) | L < ma;}|. (2.2.10)

Next, we review the basic terminology of exact symplectic cobordisms and associated
structures. Throughout the discussion for the rest of the section, let (Y1, 1) be closed
contact (2n — 1)-manifolds with contact forms ax..

Review 2.2.4 (Exact symplectic cobordisms). Recall that an exact symplectic cobordism
(W, A, 1) from (Yi,ay) to (Y-, ) consists of the following data.

- A compact, exact symplectic manifold (W, A) with boundary 0W such that the Li-
ouville vector field Z (defined by the equation dA(Z,-) = \) is transverse to OW
everywhere. In this situation, OW = 9, W LUI_W where Z points outward along 0, W
and inward along 0_W.

- A pair of boundary inclusion maps ¢, and ¢, which are strict contactomorphisms of
the form

vy s (Yi, o) > (0 W, A|a,w) (Yo, al) = (0-W, Mo_w) (2.2.11)

We will generally suppress the inclusions in the notation, using ¢, and ¢ when needed. The
maps ¢, and ¢_ extend, via flow along Z or —Z, to collar coordinates

([0,€) x Yo, eA) = (N Alw ), ((—6,0] x Yy, e'Ay) = (N, Alw,)- (2.2.12)
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Here N_ and N, are collar neighborhoods of Y_ and Y, respectively, the maps preserve the
1-forms above and s denotes the coordinate on [0, ¢) and (—e, 0].

Given exact symplectic cobordisms (W, A, ¢) from (Yj, ap) to (Y1, 1) and (W', N, //) from
(Y1, 1) to (Ys, ), we can form the composition (WHW' A#N | 1#1) by gluing W and W’
via the identification (,)"" o ¢ of _W and 9,W’. The Liouville forms and inclusions
extend in the obvious way to the glued manifold.

Using these identifications (2.2.12), we can complete the exact symplectic cobordism
(W, A) by adding cylindrical ends (—o00,0] x Y_ and [0,00) x Y, to obtain the completed
exact symplectic cobordism (/VI?,X), given by

—~

W = (—00,0] x Y_ L,_ W L, [0,00) X Y,. (2.2.13)

The Liouville 1-forms A, e’a_ and e’a, glue together to a Liouville form Xon W. An
important special caase of completed cobordisms is given by the symplectization of a contact
manifold (R x Y, e*a), which is denoted by Y.

Given a manifold P (with or without boundary), a P—parametrized family of exact sym-
plectic cobordisms (W, A\p)pep from Y, to Y_ is a fiber bundle W — P over P with a 1-form
A on W and a bundle map ¢ : P x Y+ — W such that (W, \,,¢,) is an exact symplectic
cobordism for each p € P. A pair of exact symplectic cobordisms (V,n,7) and (V,7/,7)
are called deformation equivalent if there is a [0, 1]-parametrized family of exact symplectic
cobordisms such that (V,n,7) =~ (Wy, Ao, to) and (V' 1/, 1/) = (W1, A\, 11).

Review 2.2.5. (Almost complex structures) Recall that a compatible almost complex struc-
ture J on the symplectic vector bundle & gives rise to an R-invariant compatible almost
complex structure J on the symplectization Y = R x Y, defined by

J(,) = Ra,  J(Ra)=—0,,  Jle=1J

We denote the set of compatible almost complex structures on Y by J(Y), and the R-invariant
almost complex structures arising from these as J (?)

An almost complex structure J on a completed exact symplectic cobordism W as above
is called compatible if it has the following properties.

- On the ends [0, 00) x Yy and (—o0, 0] x Y_, J restricts to R-invariant complex structures
arising from J, € J(Y,;) and J_ € J(Y_), respectively.

- The almost complex structure J is compatible with the symplectic form dA.

Such an almost complex structure extends to an almost complex structure on W in the
obvious way. We let J(1W) denote the set of all such compatible almost complex structures
on a given exact symplectic cobordism W.

As with contact manifolds, we are interested in a particular family of examples of exact
symplectic cobordisms related to ellipsoid embeddings.
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Notation 2.2.6 (Cobordisms of embeddings). Let F(a) and E(b) be irrational ellipsoids.
Given a symplectic embedding ¢ : E(a) — int(E(b)), we denote by W,, the exact symplectic
cobordism given by

W, := E(b) \ int(p(E(a))), Ly = 1d |opw), L = P|aE(a)- (2.2.14)

In this context, we label the simple Reeb orbits of dE(b) by ;" and the simple Reeb orbits
of 0E(a) by 7; . The simple Reeb orbits of the negative boundary of W,, are, of course, the
images ¢(v; ) and will be denoted as such.

More generally, let P ve a compact manifold with boundary and ¥ : Px E(a) — int(E(b))
be a P-parametrized family of symplectic embeddings such that Im(¥,) is independent of
p for p near OP. We then acquire a family of cobordisms (Wy,, Ay,) with fiber given by
(2.2.14). We let Wyp = E(b) \ V,(E(a)) for p € OP and A\gp be the Liouville form. Note
that in this case, the cobordisms (Wy,, Ay,,ty,) for p € OP differ only by the boundary
inclusion ty,. In situations where ¢y, plays no role, we will often not distinguish between
(Wy,, Aw,, tw,) for different p € OP.

In this setting, we let J(¥) denote the set of P-parametrized families J = {.J, | p € P}
of almost complex structures with the following properties:

- J, is compatible with 171/\% for each p € P, ie. J, € H(W\pp),
- J, is equal to some p-independent Jyp € J (/Wap) for p near OP.

We note that J (W) is contractible for any W (see for instance [34, Proposition 4.11]). This
implies that the space of families J(W) is also contractible, and that any family {J, | p € 0P}
over JP extends to a family {J, | p € P} over all of P.

2.2.2 Moduli spaces in cobordisms

We now introduce the spaces of holomorphic curves that are relevant to our proof and we
derive the salient properties of these spaces, namely generic transversality (Lemma 2.2.10)
and compactness (Lemma 2.2.12). We also state a point count result for one of the moduli
spaces of interest, whose proof we defer to §2.3.

Notation 2.2.7 (Curve domains). Fix a subset I C {1,...,n} and denote by || the size of
I. For the remainder of §2.2, we adopt the following notation.

For each i € I, let 3; denote a copy of the twice punctured Riemann sphere R x St ~
CP' \ {0,00} with the usual complex structure jcpr and let ¥; denote the corresponding
copy of CP! itself. Let p; and p; denote the points co and 0 in the copy ¥; of CP!. We
refer to p; and p; as the positive and negative punctures of ¥;, respectively. Denote by ¥;
the disjoint union L Y;.
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Definition 2.2.8 (Unparametrized moduli space). Given any symplectic embedding ¢ €
Symp(E(a), E(b)) and any admissible almost complex structure J, € J(¢) on W, as above,
we denote by M;(W,; J,) the moduli space defined as

(du)y, =0 }/(Cx>|p (2.2.15)

M W;J =Y, =W
I( P <P> { I ® U—)")/Ziatpli

That is, u : X7 — W@o is a J,~holomorphic curve such that u is asymptotic to the trivial
cylinder over ;" in [0,00) x 04 W, =~ [0,00) x OFE(b) at the puncture p; and u is asymp-
totic to the trivial cylinder over (v, ) in (—00,0] x O_W,, ~ (—00,0] x ¢(0F(a)) at the
puncture p; , for each @ € I. We quotient the space of such maps by the group of domain
reparametrizations, which is the product (C*)/l of the biholomorphism groups C* of each
component cylinder ¥; ~ R x St

Definition 2.2.9 (Parametrized moduli space over P). Given a compact manifold with
boundary P, a P—-parametrized family of symplectic embeddings ¥ : P x E(a) — E(b) and
a P—parametrized family of complex structure J € J(\V), let M;(J) denote the moduli space
of pairs

Mi(3) = {(p, w) \ peP, ueM Wy, Jp>} . (2.2.16)

Lemma 2.2.10 (Transversality). Let E(a) and E(b) be irrational symplectic ellipsoids with
parameters a = (aq,...,a,) and b= (by,...,b,) satisfying

a; < by, a; < 2ay, and b; < 2b for all i with 1 <1 <n. (2.2.17)

Then there ezists a comeager §"¢(V) C J(¥) with J|sp

(a) Every u € M](/Wap; Jop) is Fredholm regular (see [44, Definition 7.14]), and thus the
moduli space M;(Wap; Jop) is a O—dimensional manifold.

(b) Every (p,u) € M(J) is parametrically Fredholm regular (see [{4, Remark 7.4] and [43,
Definition 4.5.5]) and thus M(J) is a (|I| + 1)-dimensional manifold with boundary

83\/[[(3) ~ JP x M](Wap; Jap).

Proof. This essentially follows from the general transversality results of [43] and [44, §7],
which we now discuss in some detail. .

First, observe that every curve u € M;(Wyp; Jop) must be somewhere injective (see [44,
p. 123]) for any choice of Jyp. Indeed, note that all of the orbits 7, and ~;" are simple.
This means that none of them can be factored as 7 o ¢ where 7 is a closed Reeb orbit and
¢ : St = S'is a k-fold cover with £ > 2. This implies that u is simple as well, i.e. that
u cannot factor as v o ¢ where v : ¥ — Wyp is a J-holomorphic curve and ¢ : ¥; — ¥/
is a holomorphic branched cover. Simple curves are somewhere injective. In fact, these
conditions are equivalent in our setting, see [44, Theorem 6.19]. The same reasoning shows
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that any curve u appearing as a factor in a point (p,u) € M;(J) is somewhere injective for
any choice of J.

To see (a), we now note that by [44, Theorems 7.1-7.2] there exists a comeager subset
J8(Wyp) C d(Wyp) with the property that for any Jop € J°5(Wyp), every somewhere
injective curve u € M[(W\ap; Jop) is Fredholm regular. Furthermore, [44, Theorems 7.1]
states that the moduli space M[(Wap; Jop) is a manifold near these points with dimension
given by the index formula

ind(u) = Z ((n = 3)x(Zs) + 2c1(u

el

5, 7) + CL(v 1) — CZ(v; , 7)) - (2.2.18)

Here the Conley—Zehnder indices CZ(v*, 7) and relative Chern numbers ¢; (u
Review 2.2.2, and 7 denotes a trivialization of & over L;(v;" LU ~; ).

Note that 0F(a) and OE(b) are simply connected and Wyp is diffeomorphic to a product.
Thus we may choose 7 by taking capping disks D; for «, , thus inducing trivializations
of ¢ along v, , and then extending 7 to a trivialization along ¥; to induce trivializations
of £ along ~;". The resulting trivialization has ¢ (uls,,7) = 0, CZ(v;",7) = CZ(~;") and
CZ(v; ,7) = CZ(v; ). Here CZ(~;") and CZ(v; ) denote the canonical indices described in
Review 2.2.2. Thus, using this special choice of 7 and noting that x(3;) = 0, the formula
(2.2.18) simplifies to

s,,T) are as in

dim(M; (Wap; Jop)) = > (CZ(7) — CZ(~7)) (2.2.19)

i€l

Finally, we observe that the hypotheses (2.2.17) and the Conley—Zehnder index formula
(2.2.10) imply that CZ(v;") = CZ(v; ) = n—1+2i. Therefore, the moduli space M[(/W(‘)P; Jop)
is O—dimensional, and we have proven (a).

To see (b), we apply the appropriate parametric version of transversality (see [44, Remark
7.4] and [43, §4.5]), which states that there exists a family J € J(V), such that J|op = Jop
and M;(J) is a manifold with boundary. Since J is independent of p € P on the boundary,
the boundary of the moduli space is simply the product OM;(J) = 0P xM ](W{)P; Jap). The
dimension is given by

dim(M;(3)) = dim(P) + dim(M;(Wap; Jop)) = k + 1.
This concludes the proof of (b), and also the whole proof of Lemma 2.2.10. ]

Before continuing on to the proof of compactness in Lemma 2.2.12, let us give a brief,
very simplified review of a version of SFT compactness. We refer the reader to [2, §10] for
the original proof and to [43, §9.4] for a detailed overview.

Review 2.2.11 (SFT Compactness). Let P be a compact manifold with boundary, and let
(Y, ) for * € {+,—} be closed, nondegenerate contact manifolds. Let (W, \,, J,) be a
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P-paramaterized family of exact symplectic cobordisms from Y, to Y_ equipped with a P-
parametrized family of compatible almost complex structures on /Wp such that J,|(0,00)xv, =
Ji and Jp|(—ooojxy. = J— for some fixed almost complex structures Ji. Fix a surface
Y., acquired by takmg a closed surface b)) and removing a finite set of punctures. Finally,
con81der a sequence p; € P and u' : ¥ — (Wpl, Jp;) of Jpz ~holomorphic curves asymptoting
to collections of Reeb orbits I't (at the positive end of Wpi) and I'~ (at the negative end of
Wpi) independent of i.

The SFT compactness theorem states that, after passing to a subsequence, p; — p € P
and u’ converges to a J,~holomorphic building, which is a tuple of the form

v=(ul,. . up,u" ur, . uy). (2.2.20)

Here M, N € Z=° are integers and the elements of the tuple (called levels) are holomorphic
maps from punctured surfaces of the form

wi: ST — (RxY,, J) forxe€{+ -} and " :S" — (/Wp, Jp).

The maps v} and the map u" are considered modulo domain reparametrization, and modulo
translation when the target manifold is a symplectization. The surfaces S; can be glued
together along the boundary punctures asymptotic to matching Reeb orbits, and this glued
surface #;S; is homeomorphic to X.

All of the curves u} and u" must be asymptotic to a Reeb orbit at each positive and
negative puncture. We denote the collections of positive and negative limit Reeb orbits of

W (with multiplicity) by T'"(u"") and T'~(u""), respectively, and we adopt similar notation

for u7. The asymptotics of the u} and " must be compatible, in the sense that the negative
ends of u} and the positive ends of u},, must agree (and likewise for uy, and u", etc.).
Furthermore, we must have I'*(u]) = ['* and ' (uy) = I'". Finally, every symplectization
level u} must have at least one component that is not a trivial cylinder R x 7.

Since (W), A,) is an exact symplectic cobordism, one may apply Stoke’s theorem to derive
the following expression for the energies of the levels of v:

S(uW)::/SW[uW]*dAp: S oA - S AW (2.2.21)

ntel+t(uW) n—el—(uW)

and
e0f) = [l = Y Awh - X A (2229
% ntert (uy) n~€r=(uf)
The positivity of the energy of any holomorphic curve implies that the right hand sides of

(2.2.21) and (2.2.22) are nonnegative. More generally, if we let A[I'] denote the total action
of a collection of Reeb orbits, then we have the string of inequalities

S AD(uy)] < A[C(u™)] <

< AL (uy, )] <. < A(uf)] = ALY (2.2.23)
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There is some of additional data, beyond the holomorphic curves themselves, associated
to a holomorphic building. However, we suppress this data since it will play no role in any
of our arguments below.

With the above review of SF'T compactness finished, we are ready to move on to the
statement and proof of Lemma 2.2.12.

Lemma 2.2.12 (Compactness). Let E(a) and E(b) be irrational symplectic ellipsoids with
parameters a = (ay,...,a,) and b= (by,...,b,) satisfying

a; < b, <ajq forallie{l,....n—1} and b, < 2a. (2.2.24)

Choose an almost complex structure Jop € H(Wap) and a family § € J(V) as in Lemma
2.2.10. Then the moduli spaces M;(Wap; Jop) and M (J) are compact.

Proof. Let (p;,u’) be a sequence in M;(J). By SFT compactness, after passing to a sub-
sequence u' converges to a limit building v. We use the notation of Review 2.2.11 for this
building. We must show that v has no symplectization levels. By considering components
of ¥; and #;,5;, we can assume that |I| = 1, i.e. that ¥; has one component and each u' is
positively asymptotic to a single ’yfl_“ where 1 < [; < n.

Now consider a positive symplectization level u;r of v. Due to action monotonicity
(2.2.23), the collections I'" (u]) and I'"(u;") of positive and negative limit Reeb orbits of
(Yi,aq) >~ (OE(b), Magp)) must satisfy

a, = A(y;) <A™ (u))] < A ()] < A(y)) = by,

Consider I'" (u}") only. Due to the hypotheses (2.2.24), I'f (u) cannot contain either a copy
of ~F for r > [; or a copy of an iterate (7)™ for any m > 2 and any r. Otherwise, we
would have A[I'""(u;)] > b;,. This implies that T'*(u;") can only contain Reeb orbits ;" for
r < l;. Moreover, since A[l'*(u])] > a;, and A(y;") = b, < a, for r < [; (again by (2.2.24)),
we must have I'*(u;) = {7;"}. The same reasoning shows that I'"(u;) = {7,"}. Thus the
energy &(u;) of the level u] is 0 by (2.2.22) and the level u)” must be a branched cover of a
trivial cylinder (see [43, Lemma 9.9]). Since the ends are embedded, u; must be simple and
thus a trivial cylinder. This is disallowed by the SFT compactness statement, so u;“ cannot
exist.

The same reasoning implies that negative levels u; of v cannot exist. Thus the building
v consists of a single level ©"', whose domain is a cylinder and which is asymptotic to 7;;
and 7, at the positive and negative ends. We have found a limit curve (p, u) € M;(J) for a
subseqtignce of (ps,u") and thus we have proven the compactness of M;(J). The compactness

of M;(Wyp; Jop) follows from that of M;(J). O

Finally, we state the following curve count lemma. The proof is an application of the
(full) contact homology, and we defer it to §2.3.2.
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Lemma 2.2.13 (Curve count). Let E(a) and E(b) be irrational symplectic ellipsoids with
parameters a = (ay,...,a,) and b= (by,...,by,) satisfying

a; < b, <ajq forallie{l,....n—1} and b, < 2a. (2.2.25)

Then there is a comeager J**& C H(Wap) such that, for any Jop € J°%, the compact 0—
dimensional manifold M;(Wap; Jop) has an odd number of points.

2.2.3 Proofs of Theorem 2.1.3 and Proposition 2.1.4

In this section, we use the moduli spaces constructed in §2.2.2 to prove our main result,
Theorem 2.1.3. We also provide a proof of Proposition 2.1.4. The following small piece of
notation will be helpful for both proofs.

Notation 2.2.14. For any n € Z* and any I C {1,...,n}, define the |I|-torus by
Ty ={(01,...,0,) €T 6,=0,Yj ¢ I}. (2.2.26)

Note that the kth homology group Hy(T™;Z/2) of the n—torus T™ is generated by the fun-
damental classes [T7], where I runs over all subsets of size |I| = k.

For Theorem 2.1.3, we also require the following result, which is proven in §2.4.

Lemma 2.2.15. Let U and V' be compact symplectic manifolds with boundary. Let Z be
a closed manifold with total Stieffel-Whitney class w(Z) =1 € H*(Z;Z/2) and let ® be a
smooth family of symplectic embeddings

¢ : Z — SympEmb(U,V) with ®,.[Z] =0.

Then there exists a compact manifold P with boundary Z and an extension of ® to a smooth
family W of symplectic embeddings

U : P — SympEmb(U,V) with ¥|gp = .
Given the above preparation, we are now ready for the proof of Theorem 2.1.3.

Proof. (Theorem 2.1.3) We pursue the argument by contradiction outlined at the begining of
§2.2. Fix an integer k with 1 < k < n and suppose that there were a nonzero Z/2-homology
class of the n—torus of the form

(A= er[T] with @.[A] =0 € Hy(SympEmb(E(a), E(b)); Z/2). (2.2.27)

Let Z = Ug 217 Then Lemma 2.2.15 states that there exists a smooth (k + 1)-
dimensional manifold P with boundary 0P = Z and a smooth family of embeddings

U : P — SympEmb(E(a), E(b)) with |y, = ®|p, for each T, C Z. (2.2.28)
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By passing to subellipsoids, we may assume that F(a) and F(b) are irrational. In this
setting, Lemmas 2.2.10 and 2.2.12 state that there exist choices of Jyp € 3(/Wap) and J €
J(¥) such that the parametrized moduli space M;(J) is a compact (k + 1)-dimensional
manifold with boundary OM(J) ~ Z x M(/Wap; Jop). On the parametrized moduli space
M;(J), we can define an evaluation map

Evy : ij X M;(J) — H%-_ ~ T* (2.2.29)

iel icl
via the following procedure. Let ¢ = (¢;)ic; be a point in x;cy;" and let (p,u) € M;(J).
According to (2.2.16), (p,u) is a pair of a point p € P and an equivalence class of holomorphic
maps u : Xy — Wy, up to reparametrization. Pick a representative holomorphic curve u of

u, which consists of & maps w; : X; — W\\pp for each ¢ € I. We have limit parametrizations
of v;" and ~; induced by w;, defined by

li}rnﬁi St = yf COE(®), 1i£nﬂi(t) = Sli}gloowqu,pﬂi(s,t)
lima; : ST — U,(y;) C ¥, (0E(a)), limwu;(t) :== lUm 7p_w, wi(s,t)
_ - s——00 p

Here my W, and To_wy, denote projection to the positive and negative boundaries of Wy, .
Note that these projections are only defined in the limit as s — +oo. In terms of these
parametrizations, we define the evaluation map Ev; by the formula

Evi(g;p,u) == ([\D;l o lifn u; o (1i£n ﬂi)_l](%’)> € H%-_. (2.2.30)

(S iel

This definition is independent of the choice of representative u. Finally, fix an arbitrary ¢ in
the product []. ;7" and define

evi : M) = [, evilp,u) :=Evi(gp,u). (2.2.31)

Now consider the restriction of ev; to each component T;, x {u} of the boundary Z x
M(Wap, Jop) of M(J). Since the equivalence class of curve u is independent of § € T, C T™,
we can use (2.2.30) and (2.2.31) to write

ev;(@,u) = (\Ije_l(fi))iel with r = ([hmﬂz @) (llinﬂz)—l](gz)>

I

€
el iel

Here r is independent of #. Using the fact that ¥~!|; = ®~! and the formula (2.1.4) for the
family of embeddings ®, we have the formula

evi(0,u) = (051 (r))ier = (€727 - 1)ier. (2.2.32)
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In the right—most expression of (2.2.32), we identify r, with an element of C" via the inclusion
v, C E(a) CC™.

The expression (2.2.32) allows us to compute the degree of evy on each component 77, x
{u}. There are two cases. If L = I, then (2.2.32) shows that ev; |1, x{u) is degree 1. If I # L,
then for any j € L\ (LN 1), §; is constant for every 6 € T}, and it follows from (2.2.32) that
the degree of ev; |TLX{u} is 0. To derive our final contradictiction, we now observe that the
total degree mod 2 of evy restricted to the boundary is

deg(evy |on;(3)) = Z deg(evr |1, xfuy) =
Ty x {u}COM; (3) (2.2.33)

= |MI(/M78P7 Jop)| =1 mod 2.

The right-most equality in (2.2.33) crucially uses the point count of Lemma 2.2.13. The
equality (2.2.33) also provides the contradiction, since the degree of the restricton of a map
to a boundary must be 0 mod 2. This concludes the proof. O]

Having concluded the proof of Theorem 2.1.3, we now move on to Proposition 2.1.4.
The proof is much less involved than that of Theorem 2.1.3, and does not use any of the
machinery from §2.2.1-2.2.2. We begin with a lemma about the homology groups of the
unitary group U(n).

Lemma 2.2.16. Consider the map U : T™ — U(n) given by 6 — Uy. Then the induced map
Uec: H(T",Z/2) — H.(U(n);Z/2) on Z/2-homology is:

(a) surjective if x =0 or x = 1.
(b) identically O if x > 2.

Proof. To show (a), we first note that 7™ and U(n) are connected so U,|g, = Id. Further-
more, if we consider the loop v : R/27Z — T™ given by 0 — (6,0,...,0), we see that the
composition

detcoUo~v:R/27Z — U(1) ~ R/27Z

is the identity. Since detc : U(n) — U(1) induces an isomorphism on H;, the induced map
of U must be surjective on H;.

To show (b) we proceed as follows. It suffices to show that U,[T] = 0 for all L with
|L| > 2. We can factorize T, = Ty x Tk for JU K = L and |J| = 2, and

Ty =Ty x Tre 2255 U(2) x U(n — 2) L U(n).

Here 7 is the inclusion of a product of unitary subgroups, and ¢; and (i are inclusions of
the tori into these unitary subgroups. It suffices to show that (v; X tx).[TL] = [ts]«][Ty] ®
[tk ]«[Tk] = 0, or simply that [c;].[T)] =0 € Ho(U(2);7Z/2).

Now we simply note that dim(U(2)) = 4 and H*(U(2);Z/2) ~ Z/2[cy, c3] where ¢; is a
generator of index . In particular, Hy(U(2);Z/2) ~ H*(U(2);Z/2) = 0. O
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Using Lemma 2.2.16, we can now prove Propositon 2.1.4. The point is that the entire
unitary group U(n) embeds into SympEmb(E(a), £(b)) via domain restriction when a; < b,
for all 4 and j (which is equivalent to a, < b; by our ordering convention).

Proof. (Proposition 2.1.4) Let D : SympEmb(E(a), E(b)) — U(n) denote the map ¢
r(delo), given by taking derivatives dyly € Sp(2n) at the origin and composing with a
retraction 7 : Sp(2n) — U(n). Under the hypotheses on a and b, we can factor the identity
Id:U(n) = U(n) and ® : 7" — SympEmb(E(a), E(b)) as

Id : U(n) 2 Symp(E(a), E(b)) 2 U(n),

& : 7" Y% Un) =% SympEmb(E(a), E(b)).

Here res(y) := ¢|g(a) denotes restriction of domain. In particular, res : U(n) — Symp(E(a), E(b))
is injective on homology and Im(®,) ~ Im(U.) as Z-graded Z/2-vector spaces. The result
thus follows from Lemma 2.2.16. ]

2.3 Contact homology

In this section, we discuss the main Floer—theoretic tool in this paper, the full contact
homology CH(Y,¢) of a closed contact manifold (Y,£). The goal is to extract the point
count result, Lemma 2.2.13 in §2.2.2, from the basic properties of this invariant.

2.3.1 Contact dg—algebra

We first review the contact dg—algebra of a contact manifold and the cobordism dg—algebra
maps induced by exact symplectic cobordisms. This invariant package was originally intro-
duced by Eliashberg—Givental-Hofer [13] without foundations. Here we use the construction
by Pardon [39] using virtual fundamental cycles (VFC).

Remark 2.3.1 (Assumptions). We restrict our discussion to contact manifolds Y and exact
symplectic cobordisms W satisfying the following assumptions:

H\(Y;Z)=Hy(Y;Z)=0 and c1(€) =0, (2.3.1)

H,(W;Z) = Hy(W;Z) =0 and a(TW) =0. (2.3.2)

The hypotheses (2.3.1) and (2.3.2) are sufficient for our applications. Furthermore, they
allow us to simplify various definitions, formulas, and notations from [39] by suppressing the
homology classes of holomorphic curves and using Z-gradings.

We begin by fixing notation for the choices of Floer data that are needed to define the
relevant chain groups and cobordism maps.

Setup 2.3.2 (Contact manifold data). Fix the following setup and notation.
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(a) (Y,€) is a closed contact (2n — 1)-manifold satisfying (2.3.1), with nondegenerate
contact form « and associated Reeb vector field R,,.

(b) b(v) is a basepoint for each simple orbit v of (Y, ). Denote the set of orbits of (Y, )
by P(Y, ). Given any orbit v € P(Y,a), denote the underlying simple orbit by v and
the degree of the covering map v — v by d(7).

(c) Jis a da—compatible complex structure on £ and J is the associated R-invariant almost
complex structure on the symplectization ¥ :=R x Y.

(d) 0 € O(Y,«,J) is a choice of virtual perturbation data (in the sense of [39] §1.1) for

the compactified moduli spaces of holomorphic curves Ma(Y v+, T'7) (see Definition
2.3.5) for all good orbits v and collections of good orbits I'~.

We use Data(Y, £) to denote the set of choices of data associated to a fixed contact manifold
(Y,€). Note that Data(Y, ) is natural: any contactomorphism ® : (Y, £) — (Y, ¢’) induces
an obvious map ¢, : Data(Y,¢) — Data(Y’,¢’) acquired by pushing forward the contact
forms, markers, complex structures and VFC data.

Setup 2.3.3 (Symplectic cobordism data). Fix the following setup and notation.

(a) For each * € {4, —}, let Y., & and «, be contact data, J, and J. be complex data,
and 6, be virtual perturbation data, all as in Setup 2.3.2.

Furthermore, fix the following setup and notation for corresponding cobordism data.

(b) (W, ) is an exact symplectic 2n—cobordism from 0, W ~ Y, to 0_-W ~ Y_ satisfying
(2.3.2), with completion (W, ) as in Review 2.2.4.

(c) J is a dA\—compatible complex structure on W agreeing with J, on symplectlc collar
neighborhoods of Y,, and J is the associated complex structure on w.

(d) 8 € O(W, )\, J) is a choice of virtual perturbation data (in the sense of [39] §1.3) for

the compactified moduli spaces of holomorphic curves M, (W, v, T7) (see Definition
2.3.5) for all good orbits v and collections of good orbits I'".

We use Data[WW, A] to denote the set of choices of data as above for a fixed deformation class
[W, A] of exact symplectic cobordism. For each x € {4, —}, there is a projection map of
Floer data

7. : Data[W, \] — Data(Y., &), (AN, J,0) = (e, Ji, mi0).

Here we use the projection map of VFC data m, : ©(W, A, J) — O(Yi, au, Ji) described in
[39], §1.3. Note that the product map

e X OW NJ) =Y, a,J ) xOY_ ,a_,J)

is surjective.
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Before discussing the moduli spaces involved in contact homology, we recall the definition
of asymptotic markers.

Definition 2.3.4 (Asymptotic markers). Let (3, j) be a closed Riemann surface with punc-
tures. Let ¥ denote the surface ¥ with punctures added back in. An asymptotic marker
m(p) at a puncture p of ¥ is a point in the projectivized tangent space S,3.

Let u: (X,j) — (/I/IZ j) asymptotic at the positive or negative end to an orbit v at p,
where W and J are as in Setup 2.3.3(a)—(c). A natural map Su, : S,> — v may be defined
in this setting as the limit a

Spu(v) = limmy, u(n(e) or  Syu(v) = limmy u(n(e))

for any arc 1 : [0,1] — ¥ with 5(0) = p and Z—Z = v. In either of these cases, we say that

m(p) is asymptotic x € v under u if S,u(m(p)) = =.

Here are precise descriptions of the moduli spaces referenced in Setup 2.3.2 and Setup
2.3.3 above. The reader should reference [39, §2.3] for Pardon’s definitions.

Definition 2.3.5 (Moduli spaces for CH). Let (W\,X) and J be as in Setup 2.3.3(a)—(b).
Let 4" be a Reeb orbit of (Y, ,a,) and let I'™ be a collection of k& Reeb orbits in (Y_,a_)
(allowing repitition of orbits). Consider holomorphic curves u consisting of the following
data.

(a) A punctured, genus 0 Riemann surface (X, j) with a positive puncture p* and k negative
punctures P~.

(b) A holomorphic map u : (X, 75) — (/1/177 J ) which is asymptotic to 4T at the puncture p*
and the orbits '™ at the punctures P~.

(¢) Asymptotic markers m(p*) at p* and m(p~) at each p~ € P~. These markers must
have the property that m(p™) is asymptotic to b(y) under u and p~ is asymptotic to
b(y~), for any p~ € P~ and corresponding 4~ € I'".

A pair of holomorphic curves w, = (X, js, us, pf, P, ,m,) for * € {0,1} are equivalent,
denoted by uy ~ uy, if there is a smooth map ¢ : 3y — ¥; such that

(d) ¢ is holomorphic, i.e. T'p o jo = ji o Tp.
(e) ¢ sends punctures to punctures, i.e. ¢(pd) = p; and p(P;) = Py .

(f) ¢ sends markers to markers, i.e. the induced map Sy+p : 54X — 5,+X satisfies
Syro(mo(pg)) = ma(pT) and similarly for negative punctures.
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Let M(W;~T,T7) denote the moduli space of such holomorphic curves u modulo equiv-
alence. When the points of this moduli space are Fredholm regular (in the sense of [39,
Definition 2.39]), the moduli space is a smooth manifold of dimension

dim(M(W;~4+, T7)) = [yF| — || € Z. (2.3.3)

If the completed cobordism (W,X) and J arise via a symplectization (}7, e'a) as in Setup
2.3.2(a)—(b), then this moduli space poseses a natural R action given by R—translation on
Y. We adopt the notation

Mo(V;9+,T7) o= M(Y;7",I7)/R. (2.3.4)

for the quotient. In the general case of a completed cobordism (W, X) as above, we write

o~ o~

M (Wi, 7)) i= M(W; 77, T7). (2.3.5)

We let ﬁa(?; v+, I'7) and ﬁc(ﬁ/\; v+, T'7) denote the compactifications of (2.3.4) and (2.3.5)
defined in [39], respectively. A detailed understanding of this compactification is unnecessary
for this paper, although it is similar to the SF'T compactification described in [2].

Given the setup discussed above, we now give an overview of the construction of the
contact dg—algebra and cobordism maps.

Construction 2.3.6 (Contact dg—algebra). Consider a contact manifold (Y, ¢) along with
a choice of data D € Data(Y, &), all as in Setup 2.3.2.

We now give the construction of the Z—graded differential algebra CC(Y, £)p with differ-
ential Jp of degree —1, called the contact dg—algebra or the full contact homology algebra.
We denote the homology of this dg—algebra by

CH(Y,&)p := H(CC(Y,£)p, Ip).

(Algebra) To define the algebra CC(Y,&)p, consider the set P(Y, ) of unparametrized
Reeb orbits of (Y, ). We can divide P(Y, ) into good orbits P, (Y, ) and bad orbits P, (Y, ).
An orbit v is bad if it is a cover of an orbit 4/ with CZ(v) — CZ(7y') =1 mod 2. An orbit
is good if it is not bad. To each good orbit we can associate an Z-graded orientation line
0, supported in grading |y| = CZ(y) +n — 3 (see for instance [3]). For a finite set of orbits
I' C P4(Y, ) of good orbits, we define or := ®,ero, and [['] := >°_ . |y|. We then define
the contact dg—algebra as

CO(Y, €)p ::/\( an 07®Z@). (2.3.6)

vEPy(Y,r)

That is, CC(Y, ) is the free, graded—commutative, unital Z-graded Q-algebra generated
by the orientation lines o., for v € P,(Y, o).
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(Differential) We define the differential dp : CC(Y,&)p — CC(Y,{)p on any pure element
x € 04, of the algebra by the formula

F#FoMo(Y ;7" T~
Opx := Z_ |Aut((7+,F—)| ) - T (2.3.7)

[y =T ]+1
The symbol #4 denotes taking a virtual point count (with respect to the VFC data 6 coming
with the data D) valued in op- ®o,. See [39, §1.2, 2.3] for a full discussion. The differential
is extended to the entire algebra by imposing the graded Leibniz rule 0p(zy) = 0p(z)y +
(—1)l*l2dp (y) for any z,y € CO(Y, €)p.

Construction 2.3.7 (Contactomorphism Maps). Consider a contactomorphism & : (Y,§) —
(Y’ &) between contact manifolds (Y,¢) and (Y’,¢’), along with a choice of data D €
Data(Y,¢), all as in Setup 2.3.2. Then we can construct a morphism of Z—graded dg—algebras

CC((I))D : CC(Y, f)@ — CC(Y/,£/>¢*D.

To define this map, consider the bijection Py(Y, ) = Py (Y, (®71)*a) given by v+ ® o 1.
This map comes with isomorphisms of Z-graded Z-modules 0, — 04, for each v € P(Y, a)
(see [3]). We therefore define CH(®) to be the unique algebra map where the restriction
CH(®)|o,x0 to 0, ® Q is the induced map of orientation lines (tensored up to Q).

Construction 2.3.8 (Cobordism Maps). Consider an exact symplectic cobordism (I, \) be-
tween contact manifolds (Y, &) and (Y_,£_), along with a choice of data D € Data(W, V, \)
as in Setup 2.3.3, where A = 7, D and B = 7_D. Then we can construct a morphism of
Z—graded dg—algebras

COCW, A)p : CC(Yy, &) = CO(Y_, 6 )s.

To define this cobordism map, we define its value on generators and extend it to an algebra
map. On a generator = € 0.+ for v© € P(Y,, ay), it is given by the sum
oMWy hT7)

| Aut(y*, )]

cowa@ = Y T

[y =T+t

(2.3.8)

The symbol #4 denotes taking a virtual moduli count in op- ® o¥+ with respect to the VFC
data 6, similarly to the differential. See [39, §1.3, 2.3] for a full discussion.

The salient features of Constructions 2.3.6 and 2.3.8 can be summarized in the following
Theorem, various parts of which are covered in [39, §1.3-1.8].

Theorem 2.3.9 ([39] Contact homology). The dg—algebra and maps described in Construc-
tions 2.3.6 and 2.5.8 have the following properties:
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(a) (Homology) The map Op of Construction 2.5.6 is a differential and the homology alge-
bra CH(Y,&) ~ CH(Y,{)p is independent of the choice of data D € Data(Y, ) up to
canonical isomorphism.

(b) (Contactomorphism) The contactomorphism map CC(W,\)p of Construction 2.3.7
induces a well-defined isomorphism

CH(®): CH(Y,&) ~ CH(Y',¢).

(¢) (Cobordism) The cobordism map CC(W,X)p of Construction 2.3.8 is a map of dg—
algebras, and induces a well-defined map

CH[W,\ : CH(Yy, &) — CH(Y_,£).

(d) (Deformation/Composition) The cobordism map CH[W, \] depends only on the defor-
mation class of (W, \) (see Review 2.2.4). Furthermore, if (Wi, Ao1) and (Wia, A12)
are cobordisms from Yy to Yy and Y] to Ys, respectively, then

CH[W12#Y1 Wor, >\12#Y1 )\01] = CH[le, )\12] o CH[WOD )\01]-

(e) (Transversality) Suppose that a 0—dimensional moduli space used in either Construc-
tions 2.3.6 and 2.3.8, i.e. one of the spaces

Mo(YiAH,T7) or M(W;~F,T7),

is Fredholm regular (see [39, §2.11]) and SFT compact. Then the corresponding virtual
count, which is either

#oMo(Y;7",T7)  or #M(W;77,T7),
is given by a signed point count (according to coherent orientations, see [{4, §11]),

after one identifies the orientation lines o, of all good orbits v with Z.

2.3.2 Proof of point count

We now compute the examples of contact homology and cobordism maps that are relevant
to this paper, and use these computations to prove Lemma 2.2.13.

Definition 2.3.10. A contact form a on a closed contact manifold (Y, €) is lacunary if for
every good orbit v € P,(Y, a) the grading || € Z is even.

The contact dg—algebra of a contact manifold with lacunary contact form has vanishing
differential for grading reasons. Therefore we have the following lemma.
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Lemma 2.3.11. Let (Y,&) be a contact manifold with lacunary contact form «. Then

CH(Y,&) ~ N\ (QPx(Y, 2))). (2.3.9)

Example 2.3.12 (Ellipsoid C'H). Consider the boundary (0E(a), a) of an irrational ellipsoid
E(a) equipped with the standard contact structure £ and contact form «, as in Example

2.2.3. Note that (0F(a),§) satisfies the hypotheses (2.3.1).
The Conley—Zehnder index formula (2.2.10) implies that every orbit of (0E(a), «) is good,
and that we have the grading formula

|7 = 2n — 4+ 2|{L € Spec(Y, a)|L < ma;}| € Z. (2.3.10)

Therefore the grading of 0. is even and the contact form is lacunary. The contact homology
is thus computed by (2.3.9).

Next, we use the axioms of Theorem 2.3.9 to demonstrate some properties of the cobor-
dism maps on contact homology induced by the cobordisms of Example 2.2.6.

Lemma 2.3.13. Let E(a) and E(b) be irrational ellipsoids with a; < b; for all i, and let
¢ € (0,1) be a constant such that ¢ -b; < a; for all i. Let ¢ : F(a) — int(E(b)) and
7 E(c-b) — E(a) be the standard inclusions, and let sc : OE(b) — OE(c - b) be the
contactomorphism given by scaling, i.e. sc(x) :=c - x.

Then the cobordism maps CH[W,, \,| and CH[W,, \,| induced by the cobordism (W,, \,)
and (W), \,) (see Example 2.2.6) are inverses to each other, i.e.

CH[W,,\)]o CH[W,,\,] = CH(sc). (2.3.11)
Proof. Notice that we have the isomorphisms
(VVJ, )\])#ag(a)(WL, )\L) ~ (WLOJ, )\Loj) ~ (E(a) X [log(c),()],es)\bE(a)) (2.3.12)

of exact symplectic cobordisms from (0E(a), A|og()) to (OE(c - a), Aog(q)). Therefore by
Theorem 2.3.9(c), the identity of cobordism maps

CH[W,,\)]o CH[W,,\| = CH[E(a) x [log(c), 0], e*A|s5(a)) (2.3.13)

holds. The completion of the right-hand side of (2.3.11) is simply the symplectization of
OFE(a). By [39, Lemma 1.2], the induced map is equal to C'H (sc). ]

With the above computations in hand, we now begin the proof of Lemma 2.2.13 from
§2.2.2. We first verify that the moduli spaces of Definition 2.2.8 are, in our case of interest,
given by a product of those provided by the cobordism maps of contact homology, described
in Definition 2.3.5 and [39].
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Lemma 2.3.14. Let (Wyp, Nop) and Jyp be as in Lemma 2.2.13. Pick basepoints b(v;") and
b(~;) for all i, as in Setup 2.3.2(b). Then there is a natural bijection

MI(W8P§ jaP) ~ HMC(WaP;W;ra%_)- (2.3.14)

el

Proof. To prove this, we construct natural maps between the two moduli spaces that are
inverses of each other. P

(—) Let u be a point in M;(Wyp; Jop). By Definition 2.2.8, u is a tuple (u;);es of
reparametrization classes u; of maps ¥; — Wap where ¥; := CP' \ {0,00}. Let @; be a
representative for each i € I. Because the orbits 7;” and ~; are embedded, there is a unique
choice of asymptotic markers m;(p;) and m;(p; ) at the punctures p; and p; of ¥; which

satisfy Definition 2.3.5(c). We thus define the map

My (Wop: Jor) = [ [ Mc(Wopsait, 7). wes [[[S0depr, @ pd promd. (2.3.15)
i€l iel
The bracket [—] within the product means that we have taken the equivalence class of

the curve up to the relation ~ described in Definition 2.3.5(d)-(f). Any two choices of
representative produce curves equivalent under ~.

(«—) In the other direction, let u be a point in the moduli space of Definition 2.3.5, which
can be written as

u = (ui)iGI S HMC(W(?Pv’Y:_”YZ_)7 u; = [517]17617pj_7p1_7m1]
iel
As above, u; is a holomorphic cylinder and w; is the corresponding reparametrization class.
Due to uniformization, for each i € I we can pick a biholomorphism ¢; : (¥;, jcpr) ~ (S, Ji)
preserving the marked points. We define the map

HMC(WaP; Vi) = Mi(Waps Jop), u (U © @j)ier- (2.3.16)
iel
By the right—-hand side we mean the reprametrization class of u; o ;. Any two choices of ¢;
evidently produce reparametrization equivalent tuples.
Verifying that the maps (2.3.15) and (2.3.16) are inverses of each other, modulo the
equivalence relations involved, is straightforward. O

Next, we need a regularity and compactness result for the cobordism moduli space
M. (v;;7;) under weaker hypotheses than Lemmas 2.2.12 and 2.2.12. The proof is very
similar to the proofs of those Lemmas, so we will be terse in our exposition.

Lemma 2.3.15 (Compactness/transversality for M.). Let E(c) and E(d) be irrational sym-
plectic ellipsoids with parameters ¢ = (cq,...,¢,) and d = (dy,...,d,) satisfying

¢ <d; forallie{l,...,n—1}, d, <2dy, and ¢, <2c. (2.3.17)
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Let y: E(c) — E(d) be the inclusion and let (W), \,) be the associated embedding.

Then there ezists a comeager J*¢(y) C J(W,) such that the space MC(W;V;F,%_) of
Definition 2.3.5 is Fredholm regular and SF'T compact for any J, € J*2()).

Proof. Let Y, = 0E(d) and Y_ = JFE(d), and consider the moduli spaces

Mo(Yisv ), Ma(Yoii,v;), and Mo(Wy;v,T7). (2.3.18)

Here vF can be any orbit in Y. and '~ is any finite collection of orbits on d_W, ~ OFE(a).

By energy monotonicity, only finitely many such moduli spaces can be nonempty. These
spaces will be needed in the compactness argument.

(Regularity) Note that the orbits %-i are all embedded. Therefore, by the same discussion

as in the proof of Lemma 2.2.10, every curve in MC(W]; 7", T7) is somewhere injective, and we
can invoke [44, Theorems 7.1-7.2] to see that there is a comeager subset J™8(W,;~;",'7) C
J(W,) such that the moduli space J\/[C(/V[?];%?L ,['7) is transverse. An analogous argument
(using [44, Theorem 8.1]) shows transversality for any of the My moduli spaces for Ji in
a comeager J8(YL; 77, 'yji) Intersecting these (countably many) comeager sets yields the
desired J"&(y).

(Compactness) Pick a J, € J*8(7) as above and let (p;, u*) be a sequence in MC(W\J; Y )
converging to a building v. We use the notation of Review 2.2.11 for this building. As in
Lemma 2.2.12, we show that v has no symplectization levels.

First, consider a positive symplectization level u;". By action monotonicity, we know that
ATE(uf)] < A(y;"). Tt follows from (2.3.17) that there is a sequence {ay}y’ with ag = i

such that
I (u)) ={vs} and uf € M(?Jr;fy;;fl,fy;c) for all k € {1,..., M}.

Next, consider the cobordism level " Since TH(u") = T~ (u},) = {7, }, we know by the
above transversality argument above that the moduli space of u" is Fredholm regular, with
dimension given by

dim(Mc(Wyi 7z, T (™)) =l [ = 07 (@) > 0.

Using the grading formula (2.3.10), we see that if I~ (u") contains an iterate ™ for m > 2
or more than one orbit, then |[I'~(u")| > 4n — 2. On the other hand, |y} | < 4n — 4.
Therefore, T~ [u"] = {7} with 1 < by < n. Finally, we can argue analogously to the
positive symplectization case to show that there is a sequence {b;,} with by =i such that

[ (uy) ={m,} and U;GM(?JF;%:;NV;C) forall k € {1,...,N}.

We have thus shown that every level of v is Fredholm regular, and therefore

e e e = P o I o = PO A S (=

The above equations contradict the fact that |y;"| — |7, | = 0 unless M = N =0, i.e. unless
there are no symplectization levels. O]
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Finally, we proceed with the actual proof of Lemma 2.2.13.

Proof. (Lemma 2.2.13) Since (Wasp, Agp) = (W, A,) (without considering the boundary in-
clusion maps), we know that the following equality of moduli spaces

M&Wap;V?,’Y{) = MC<WL§7;_>%‘_)

holds. This equahty, along with Lemma 2.3.14, then implies that it suffices for us to show
that M, (WL, 7", 7; ) has an odd number of points for J in a comeager set.

To show this, we argue as so. By (2.3.10) in Example 2.3.12, we know that on any of
the contact manifolds OF(c- a), 0E(a) or OE(b), a non-simple orbit n satisfies |n| > 4n — 2
and any set of 2 or more orbits I" satisfies |I'| > 4n — 2. In particular, we have the following
isomorphisms for 1 < i < n:

CHQ(n_H‘_Q)(aE(CL)) ~ o0, ® Q, CHQ(n_H‘_g)(aE(C . (1)) ™ Ogse(y;) X @

By applying Lemma 2.3.13, along with the definitions of CH(W,) and CH(W,) in terms of
the virtual moduli count, we find that

#QM ( J”yz 7SC<7+)) o #9M ( L’Vz 7’}/@ )
| Aut(v;,sc(v;"))] | Aut (", ~,)]

Now note that Aut(vy; ,sc(y;")) and Aut(y;",~;) are both trivial groups since the orbits
v, v; and sc(v;") are all embedded. Furthermore, by Lemma 2.3.15 there are comeager sets
of almost complex structures such that the moduli spaces above are both Fredholm regular
and compact. Thus, by applying Theorem 2.3.9(e) and choosing identifications of o N 0%

sc(+) with Z such that the map Z — Z induced by C'H(sc) is the identity, we acquire

the formula

CH(sc) = CH[W,,\] o CH[W,,\,] =

1_#M( J?W@’SC(’% )) #M( La71771)€Z

Here # denotes taking a Z—valued, signed point count and so we can conclude that
#M ( L)fyl 777, ) j:]- and |M ( L”yz 7,}/1/ )|_1 m0d2

This proves the point count for the cobordism moduli-spaces, and ends the proof. O

2.4 Spaces of symplectic embeddings

In this section, we discuss some basic results about the Fréchet manifold of symplectic
embeddings SympEmb(U, V') between symplectic manifolds with boundary. In §2.4.1, we
construct the Fréchet manifold structure on SympEmb(U, V). In §2.4.2, we discuss the
relationship between the bordism groups and homology groups of a Fréchet manifold. Last,
we prove a version of the Weinstein neighborhood with boundary as Proposotion 2.4.13 in
62.4.3.
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2.4.1 Fréchet manifold structure

Let (U,wy) and (V,wy) be 2n—dimensional compact symplectic manifolds with nonempty
contact boundaries. We now give a proof of the folklore result that the space of symplectic
embeddings from U to V is a Fréchet manifold.

Proposition 2.4.1. The space SympEmb(U, V') of symplectic embeddings ¢ : U — int(V)
with the C* compact open topology is a metrizable Fréchet manifold.

Proof. Let (U x V,wyxy), with wyyxy = mwy — mpwy, denote the product symplectic
manifold with corners. Given a symplectic embedding ¢ : U — int(V'), we may associate
the graph I'(p) C U x V given by

I(p) == {(u, p(u)) € U x V},

The graph is a Lagrangian submanifold with boundary transverse to the characteristic fo-
liation 7'(OU)“ on the contact hypersurface OU x int(V'). By the Weinstein neighborhood
theorem with boundary, Proposition 2.4.13, there is a neighborhood A of U, a neighborhood
B of I'(p) and a symplectomorphism ¢ : A ~ B with 9|y : U — I'(¢) given by u +— (u, ¢(u))
and Y wyxy = Wstd-

Let A(p, ) C ker(d : QY(L) — Q?(L)) and B(p,v) C SympEmb(U, V') denote the open

subsets given by
Al ¥) == {a € Q' (L) | da =0 andIm(ar) C A},

B, ¥) :={¢ € SympEmb(U, V) | Im(p) C B}.
Then we have maps ® : A(p,v) = B(p, 1) and ¥ : A(p, 1) — B(p, 1) given by

o ®la] = (mryopoa)o(myorpoa)t,

6 W[g] = (4" o (Id x@)) o (m, 0 v o (1d x)) .

It is a tedious but straightforward calculation to check that ® o U = Id and ¥ o & =
Id. The fact that ® and ¥ are continuous in the C*° compact open topologies on the
domain and images follows from the fact that function composition defines a continuous
map C*(M,N) x C*(N,0) — C>(M,O) for any compact manifolds M, N, and O (in
fact, smooth; see [29, Theorem 42.13]).

Since C*°(U, V') is metrizable under the compact open C*°~topology (see [29, Corollary
41.12]), the subspace SympEmb(U, V') is also metrizable. ]

Lemma 2.4.2. Let L be a compact manifold with boundary and let o : L — T*L be a section.
Then o(L) is Lagrangian if and only if o is closed.

Proof. The same as the closed case, see [34, Proposition 3.4.2]. O
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2.4.2 Bordism groups of Fréchet manifolds

We now discuss (unoriented) bordism groups and their structure in the case of Fréchet
maifolds. We begin by defining the relevant notions of (continuous and smooth) bordism.

Definition 2.4.3 (Bordisms). Let X be a topological space and f : Z — X be a map from
a closed manifold. We say that the pair (Z, f) is null-bordant if there exists a pair (Y, g) of
a compact manifold with boundary Y and a continuous map ¢ : Y — X such that 9Y = Z
and glsy = f. Given a pair of manifold/map pairs (Z;, f;) for i € {0, 1}, we say that (Zy, fo)
and (Zy, f1) are bordant if (Zy U Z1, fo U f1) is null-bordant.

Definition 2.4.4 (Smooth bordism). Let X be a Fréchet manifold and f : Z — X be a
smooth map from a smooth closed manifold. Then (Z, f) is smoothly null-bordant if it is
null-bordant via a pair (Y, g) where g : Y — X be a smooth map of Banach manifolds with
boundary. Similarly, a pair (Z;, f;) for i € {0,1} is smoothly bordant if (Zy U Zy, fo U Z1) is
smoothly null-bordant.

The above notions come with accompanying versions of the bordism group.

Definition 2.4.5 (Bordism group of X). The n-th bordism group €,(X;7Z/2) of a topo-
logical space X is group generated by equivalence classes [Z, f] of pairs (Z, f), where Z is
a closed n—dimensional manifold and f : Z7 — X is a continuous map, modulo the relation
that (Zy, fo) ~ (Z1, f1) if the pair is bordant. Addition is defined by disjoint union

[Zo, fol + 121, fi] :== [Zo U Zy, fo U fu].

Definition 2.4.6 (Smooth bordism group of X'). The n—th smooth bordism group Q°(X;7Z/2)
of a Fréchet manifold X is group generated by equivalence classes [Z, f] of pairs (Z, f), where
Z is a closed n—dimensional manifold and f : Z — X is a smooth map, modulo the relation
that (Zo, fo) ~ (Z1, f1) if the pair is smoothly bordant. Addition in the group Q°(X;Z/2)
is defined by disjoint union as before.

Lemma 2.4.7. The natural map QX (X;Zs) — Q. (X; Zsy) is an isomorphism.

Proof. The argument uses smooth approximation and is identical to the case where X is a
finite dimensional smooth manifold, which can be found in [8, Section 1.9]. O

Given the above terminology, we can now prove the main result of this subsection, Propo-
sition 2.4.8. It provides a class of submanifolds for which being null-bordant and being
null-homologous are equivalent.

Proposition 2.4.8. Let X be a metrizable Fréchet manifold, and let f : Z — X be a smooth
map from a closed manifold Z with Stieffel-Whitney class w(Z) =1 € H*(Z;7Z/2). Then
2] =0€ H(X;Z/2) if and only [Z, f] =0 € QX(X;Zs).
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Proof. Proposition 2.4.8 will follow immediately from the following results. First, by Lemma
2.4.7, it suffices to show f.[Z] = 0 € H.(X;Z/2) if and only [Z, f] = 0 € Q.(X;Zy). By
Proposition 2.4.9, we can replace X with a CW complex. Lemma 2.4.10 proves the result in
this context. O

Proposition 2.4.9 ([38, Theorem 14]). A metrizable Fréchet manifold is homotopy equiva-
lent to a CW complez.

Lemma 2.4.10. Let X homotopy equivalent to a CW complez, and let f : Z — X be a con-
tinuous map from a closed manifold Z with Stieffel-Whitney class w(Z) =1 € H*(Z;7Z/2).
Then f.[Z) =0 € H.(X;7Z/2) if and only [Z, f] =0 € Qu.(X;Zs).

Remark 2.4.11. Crucially, we make no finiteness assumptions on the CW structure.

Proof. (=) Suppose that f.[Z] =0 € Hy(Z;7Z/2). Pick a homotopy equivalence ¢ : X ~ X’
with a CW complex X’. Such an equivalence induces an isomorphism of unoriented bordism
groups ,(X;7Zs) ~ Q.(X';Zs), so it suffices to show that the pair (Z, po f) is null-bordant,
or equivalently to assume that X is a CW complex to begin with.

So assume that X is a CW complex. By Lemma 2.4.12, we can find a finite sub—
complex A C X such that f(Z) C A and f.[Z] =0 € H.(A;Z/2). By Theorem 17.2 of [§],
[Z, f] = 0 € Q.(A;Zy) if and only if the Stieffel-Whitney numbers sw, ;[Z, f] are identically
0. Recall that the Stieffel-Whitney number sw, ;[Z, f] associated to [Z, f], a cohomology
class a € Hi(A;Zsy) and a partition I = (iy,...,4) of dim(Z) — k is defined to be

sWarlZ, f] = (wi,(Z)wiy(Z) ...w;, (Z) v, [Z]) € Lo,

Here w;(Z) € H’(Z;Zs) denotes the j—th Stieffel-Whitney class of Z. By assumption,
w(Z) =1 and so wj(Z) = 0 for all j # 0. In particular, the only possible nonzero Stieffel-
Whitney numbers have I = (0). But we see that

W02 f] = (f0,12]) = (o0 £.12)) = 0.

Therefore, sw, ;[Z, f] = 0 and [Z, f] must be null-bordant.
(<) This direction is completely obvious, since the map Q.(X) — H,.(X;Z/2) given by
|Z, f] — f.]Z] is well defined. O

Lemma 2.4.12. Let X be a CW complex, and let f : Z — X be a map from a closed
manifold Z with f.[Z] = 0 € H.(X;Z/2). Then there exists a finite sub—complex A C X
with f(Z) C A and f,[Z] =0 € H.(A;Z/2).

Proof. A very convenient tool for this is the stratifold homology theory of [28], which we
now review briefly.

Given a space M, the n-th stratifold group sH,(M;Z/2) with Z/2—coefficients (see
Proposition 4.4 in [28]) is generated by equivalence classes of pairs (S, ¢g) of a compact,
regular stratifold S and a continuous map ¢ : S — M. Two pairs (5;,¢;) for i € {0,1} are
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equivalent if they are bordant by a c—stratifold, i.e. if there is a pair (T, h) of a compact,
regular c—stratifold and a continuous map ¢ : 7" — M such that (97T, h|ar) = (SoLUS1, goLUg1)
(see Chapter 3 and Section 4.4 of [28]). Given a map ¢ : M — N of spaces, the pushforward
map ¢, : SH(M;Zy) — sH(M;Zs) on stratifold homology is given (on generators) by
S, 9] = [S;pog] = ¢.[%, g].

Stratifold homology satisfies the Eilenberg—Steenrod axioms (see Chapter 20 of [28]), and
thus if M is a CW complex then there is a natural isomorphism sH.(M;Zs) ~ H,(M;Zs).
If M is a manifold of dimension n, the fundamental class [M] € sH,(M;Z,) is given by the
tautological equivalence class [M]| = [M, 1d].

The proof of the lemma is simple with the above machinery in place. Since f.[Z] = 0, the
pair (Z, f) must be null-bordant via some compact c—stratifold (Y, g). Since Y and its image
g(Y') are both compact, we can choose a sub—complex A C X such that ¢(T) C A C X.
Then the pair (Z, f) are null-bordant by (Y, g) in A as well, so that [Z, f] =0 € sH.(A;Z>)
and thus f.[Z] =0 € H.(A;Z,) via the isomorphism sH,(A;Zs) ~ H.(A; Zs). O

2.4.3 Weinstein neighborhood theorem with boundary

In this section, we prove the analogue of the Weinstein neighborhood theorem for a La-
grangian L with boundary, within a symplectic manifold X with boundary. We could find
no reference for this fact in the literature.

Proposition 2.4.13 (Weinstein neighborhood theorem with boundary). Let (X,w) be a
symplectic manifold with boundary 0X and let L C X be a properly embedded, Lagrangain
submanifold with boundary 0L C 0X transverse to T(0X)“.

Then there exists a neighborhood U C T*L of L (as the zero section), a neighborhood
V C X of L and a diffeomorphism f: U ~V such that ¢*(w|v) = wsa|v-

Proof. The proof has two steps. First, we construct neighborhoods U C T*L and V' C X of
L, and a diffeomorphism ¢ : U ~ V such that

olp=1d, (W)L =wadlr,  T(OU)* =T (OU)?™. (2.4.1)

Here T'(QU)“sta C T'(0OU) is the symplectic perpendicular to T'(OU) with respect to wgq (and
similarly for T(0U)¥"“. Second, we apply Lemma 2.4.14 and a Moser type argument to
conclude the result.

(Step 1) Let J be a compatible almost complex structure on X and g be the induced
metric on L. Recall that the normal bundle v,L with respect to g is a bundle over L with
Lagrangian fiber, and that J : T'L — v,L gives a natural isomorphism. Let &9 : T*L — TL
denote the bundle isomorphism induced by the metric g and let exp? denote the exponential
map with respect to g.

Since L is compact, we can choose a tubular neighborhood U’ of vL such that exp? :
U — X is a diffeomorphism onto its image V. We then let

U:=[Jo® Y(U)CT*L



51

and also
¢! U=V, (x,v) — expl(J o @, (v)).
Note that ¢9|;, = Id and [¢9]*w|r, = wsa|r by the same calculations as in [34, Theorem
3.4.13]. We now must modify U, V', and ¢ to satisfy the last condition of (2.4.1).
To this end, we apply Lemma 2.4.15. Taking xo = T(0U)“s and k; = T(OU)*I"“, we
acquire a neighborhood N C 9(T*L) of 0L and a family of embeddings ¢ : N x I — 9(T*L)
with the following four properties:

Uilor = 1d, d(¢y)y =1d for u € IL, Yo = 1d,

(1] (T'(OU )*=t1) = T(aU)[dﬂ}*w_

Note here that we are using the fact that T(0U)“s|, = T(QU)¥I"“|, already by the
construction of ¢9. By shrinking N and U, we can simply assume that N = 0U. Let
tc:[0,1) x OU ~ T C U be tubular neighborhood coordinates near boundary. By choosing

the tubular neighborhood coordinates tc : [0,1) x OU ~ T appropriately, we can also assume
that tc([0,1) x OL) = LNT. We define a map ® : U — T*L by

O(u) = { (s,¥1-5(v)) ifu=(s,v) €[0,1) x IU viartc,

u otherwise.
The map ® has the following properties which are analogous to those of :
|, =1d, d(®),=1d foruc L, O, (T(IL)*)=T(OL)* ">

Also note that ® is smooth since v, is constant for ¢ near 0 and 1. We thus define f as the
composition ¢ = ¢9 o . It is immediate that f has the properties in (2.4.1).

(Step 2) We closely follows the Moser type argument of [34, Lemma 3.2.1]. By shrinking
U, we may assume that it is an open disk bundle. Let w; = (1 — t)wga + tf*w and 7 =
L(wy) = f*w—wga. Let k = T(OU)** (by the previous work, it does not depend on ¢). Note
that 7 satisfies all of the assumptions of Lemma 2.4.14(2.4.3). We prove that « is invariant
under the scaling map ¢;(z,u) = (z,tu) in Lemma 2.4.16. We can thus find a o satisfying
the properties listed in (2.4.2).

Let Z; be the unique family of vector fields satisfying o = ¢(Z;)w;. Due to the properties

of o, Z; satisfies the following properties for each t.
Zilp =0, Zilov € T(0U) for all t.
The first property is immediate, while the latter is a consequence of the fact that
wi(Zy, ) =0l =0

implies

Z, € (k) = T(0U).
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These two properties imply that Z; generates a map ¥ : U’ x [0,1] — U for some smaller
tubular neighborhood U" C U with the property that |, = Id and ¥jw; = wy (see [34, §3.2],
as the reasoning is identical to the closed case). In particular, we get a map ¥y : U' — U
with Uq|, = Id and U3 f*w. By shrinking U, taking ¢ = f o ¥y and taking V' = ¢(U), we at
last acquire the desired result. O

The remainder of this section is devoted to proving the various lemmas that we used in
the proof above.

Lemma 2.4.14 (Fiber integration with boundary). Let X be a compact manifold with bound-

ary, m: B — X be a rank k vector bundle with metric and 7w : U — X be the (open) disk bun-

dle of E with closure U. Let k C T(9U) be a distribution on OU such that dg;(k.) = K, for

allu € U, where ¢ : Ux I — U denote the family of smooth maps given by ¢(x,u) := (x, tu).
Finally, suppose that T € Q¥ (U) is a (k + 1)-form such that

dr =0, Tlx =0, (t5xT)|s = 0. (2.4.2)
Then there exists a k—form o € QF(U) with
do =, olx =0, (thx0)|s = 0. (2.4.3)

Proof. We use integration over the fiber, as in [34, p. 109]. Note that the maps ¢, : U —
¢:(U) C U are diffeomorphisms for each t > 0, ¢y = 7, ¢; = Id and ¢;|x = Id. Therefore we
have

oo =0, OIT =T.

We may define a vector field Z; for all ¢ > 0 and a k—form oy for all £ > 0 by
d
Zy = (Egbt) o ¢, fort >0, o = ¢y (L(Zy)T) for t > 0.

Although Z; is singular at t = 0, as in [34] one can verify in local coordinates that o, is smooth
at t = 0. Since Z|x = 0, the k—form o, satisfies o;|x = 0. Furthermore, for any vector field
K € T'(k) on 0X which is parallel to x, we have «(K)o; = ¢} (1(Z:)(dp:(K))T) = 0 on the
boundary, so that ¢}y (0¢)|s = 0. Finally, o, satisfies the equation

d

1 1
T /O S (@iT)dt = /0 ¢ (Lx,7)dt

- /0 461 (X))t = /0 ' dowdt = df /0 ).

Therefore, if we define o := fol o.dt, it is simple to verify the desired properties using the
corresponding properties for o;. O
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Lemma 2.4.15. Let U be a manifold and L C U be a closed submanifold. Let kg, k1 be rank
1 orientable distributions in TU such that k;|p N TL = {0} and kol = k1L

Then there exists a neighborhood U C U of L and a family of smooth embeddings v :
U's x I — U with the following four properties:

wt‘aL = Id7 d(wt)u =1d fOT UAS L7 1/}0 = Id7 [wl]*(HO) = K1.
Furthermore, we can take 1, to be t—independent for t near 0 and 1.

Proof. Since k¢ and K, are orientable, we can pick nonvanishing sections 7, and Z; We may
assume that 7, = Z; along L. We let Z; denote the family of vector fields 7, := (1—t)Zy+tZ;.
Since Zy = Z; along L, we can pick a neighborhood N of L such that Z; is nowhere vanishing
for all t. We also select a submanifold ¥ C N with dim(X) = dim(U) — 1 and such that

XYM Z forallt and L CX.

We can find such a ¥ by, say, picking a metric and using the exponential map on a neigh-
borhood of L in the sub-bundle vL N k3 of TL. By shrinking ¥ and scaling Z; to \Z;,
0 < A <1, we can define a smooth family of embeddings

U:(=1,1)s x ¥ x [0,1]; = N, U, (s, x) = exp|Zi]s(x).

Here exp[Z;] denotes the flow generated by Z;. We let ¢, = ¥, o W', To see the properties
of (2.4.1), note that W,(0,l) = [ for all [ € L and d(¥;)o;(s,u) = sZ; + u. This implies the
first two properties. The third is trivial, while the fourth is immediate from [®].(0;) = Z;.
We can make 1; constant near 0 and 1 by simply reparametrizing with respect to ¢. O

Lemma 2.4.16. Let L be a manifold with boundary and let (T*L,w) be the cotangent bundle
with the standard symplectic form. Let k = T(OT*L)¥ denote the characteristic foliation of
the boundary OT*L and let ¢ : T*L x (0,1] — T*L denote the family of maps ¢ (z,v) =
(x,tv). Then [p)«(k) = K.

Proof. By passing to a chart, we may assume that L C R} xR?~"and T*L C R} xR?'xR?.
Then £ is simply given on dT*L C {0} x xR}~ x R by

x = span(d,, ) = span(0,,)* C T'(0T"L).

Under the scaling map, we have [¢4].(0p,) =t - 0,,. This implies that [¢¢|.(x) = k. O
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