Geometry &
Topology

Volume 28 (2024)

Homological invariants of codimension 2 contact submanifolds

LAURENT COTE
FRANCOIS-SIMON FAUTEUX-CHAPLEAU

:'msp



:. Geometry & Topology 28:1 (2024) 1-125
msp DOI: 10.2140/gt.2024.28.1
Published: 27 February 2024

Homological invariants of codimension 2 contact submanifolds

LAURENT COTE
FRANCOIS-SIMON FAUTEUX-CHAPLEAU

Codimension 2 contact submanifolds are the natural generalization of transverse knots to contact manifolds
of arbitrary dimension. We construct new invariants of codimension 2 contact submanifolds. Our main
invariant can be viewed as a deformation of the contact homology algebra of the ambient manifold. We
describe various applications of these invariants to contact topology. In particular, we exhibit examples
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isotopic but fail to be isotopic through contact embeddings. We also give new obstructions to certain
relative symplectic and Lagrangian cobordisms.

53D10, 53D42

1. Introduction 2
2. Geometric preliminaries 12
3. Reeb dynamics near a codimension 2 contact submanifold 22
4. Standard setups and tree categories. 29
5. Intersection theory for punctured holomorphic curves 31
6. Energy and twisting maps 41
7. Enriched setups and twisted moduli counts 54
8. Construction of the main invariants 66
9. Augmentations and linearized invariants 75
10. Invariants of Legendrian submanifolds 81
11.  Some computations 89
12.  Applications to contact topology 105
Appendix. Connected sums of almost-contact manifolds 116
References 122

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/gt.2024.28.1
http://www.ams.org/mathscinet/search/mscdoc.html?code=53D10, 53D42
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

2 Laurent Coté and Frangois-Simon Fauteux-Chapleau

1 Introduction

1.1 Overview

The purpose of this paper is to introduce new invariants of codimension 2 contact submanifolds. Given
a closed, co-oriented contact manifold (Y, £) and a codimension 2 contact submanifold V' with trivial
normal bundle, our main construction produces a unital, Z /2-graded Q[U]-algebra

(1-1) CH,(Y,£,V;v).
Here v = (ay, 7, r) is a triple consisting of
(i) anondegenerate contact form ay on V inducing &y =&y N TV,
(i) a trivialization t of Ny,y, and
(iii) a real number r > 0.
This triple is required to satisfy certain conditions (stated in Definition 3.3), and should be viewed as

encoding a choice of Reeb dynamics in an infinitesimally small neighborhood of V. The (nonempty) set
of all such triples is denoted by R(Y, &, V).

The invariant (1-1) can be viewed as a deformation of the contact homology algebra CH,(Y, §), as
explained in Remark 1.1 below. In particular, U is a formal variable and there is a natural map

(1-2) evy=1:CH,(Y,E,V;v) > CH,(Y,§)
obtained by setting U = 1.

The algebra CH,.(Y, &, V; ) is generated by (good) Reeb orbits for an auxiliary nondegenerate contact
form A on (Y, ). See Pardon [61, Definition 2.59] for the notion of a good Reeb orbit; all nondegenerate
Reeb orbits are good except for certain even-degree covers of simple Reeb orbits with odd Conley—Zehnder
index. The form A is required to be adapted to v € SR(Y, &, V), which means in particular that V is
preserved by the Reeb flow of A; see Definition 3.4.

The differential is defined as in ordinary contact homology by counting pseudoholomorphic curves
in the symplectization Y, where the additional U variable keeps track of the intersection number of
curves with the symplectization V c Y. More precisely, we fix an almost complex structure J: § — &
which is compatible with the symplectic form d A and preserves £|yy N TV C TY |y. We then consider
J —holomorphic curves in Y, where J = —9; ® A+ R 2 ®dt + J. The differential is defined on generators
by (roughly)! the formula

(1-3) d(y) = > #HMB) UGNy Ly,
Bema (¥ ,yuyiUu-Ly;)

LStrictly speaking, (1-3) should be refined as follows: (i) one should indicate that the virtual moduli counts depend on a choice
of “virtual perturbation data”; (ii) one should indicate that the counts depend on the order of a certain group of automorphisms of
the triple (y, y1 U---Uy;, B) which acts on y by the identity; (iii) one must specify signs (or, more invariantly and following
Pardon [61], orientations lines). See (6-7) for the precise formula.
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Homological invariants of codimension 2 contact submanifolds 3

where y is a positive orbit (ie associated to the convex end of the symplectization) and yq, ..., y; are
negative orbits (ie associated to the concave end). We define I' (8, V') = #{y; C V'} to be the number of
negative orbits of 8 which are contained in V.

We denote by M() the compactification of the moduli space M(B) of J. —holomorphic curves in the
class B. Such moduli spaces are in general nontransversally cut out, so the moduli counts #M (B)
appearing in (1-3) are defined as in Pardon’s construction [60; 61] of contact homology, via his theory of
virtual fundamental cycles. In particular, #AM(B) is nonzero only for moduli spaces of virtual dimension
zero. Finally, the pairing (— * —) is a count of intersections between V and B, which was introduced by
Siefring [64; 54].

We also construct a closely related invariant
(1-4) CH.(Y,£ V),

which we call reduced. This is a unital, Z/2—-graded Q-algebra which is generated by Reeb orbits in
the complement of V. The differential counts pseudoholomorphic curves which do not intersect V. For
appropriately chosen pairs t, v/ € R(Y, £, V'), we have a morphism of Q-algebras

(1-5) CH.(Y.£,V:;Y)—> CH. (Y, £, V; ).

The invariant CH, (—; —) is called reduced because it carries less information (in particular, it does not
involve taking the kernel of an augmentation as in, for instance, reduced singular homology). However, it
is easier to compute.

Remark 1.1 The Q[U]-algebra CH,(Y, &, V; t) can be viewed as a deformation of the contact homology
Q-algebra CH,(Y, &) in the following way. First, recall that for a ring R and a differential graded R—
algebra (A, d), a (formal) deformation of (A, d) is the data of a differential d; :==d +tdy + t%dp + - -

on the R[[t]l-algebra A[[¢] satisfying the graded Leibnitz rule, where each d; is an endomorphism of A;
see Gerstenhaber and Wilkerson [30]. Now, let us set U = e’ in (1-3) and expand in ¢. We then get

o 7% - k
(1-6) dy) =33 k. @ M(B)- (V*/“]Z BN
B k=0 :

Thus CH,(Y, &, V; ) is indeed a deformation of ordinary contact homology, which can be recovered by
sending ¢ — 0. In the case where I' (8, V') = 0, the coefficient
(V*B+T(B. V) (V % B)¥

k! k!

could be interpreted as a count of rigid pseudoholomorphic curves which send & marked points in the

#M(B) - =#M(B) -

source to the pseudoholomorphic divisor V.
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4 Laurent Coté and Frangois-Simon Fauteux-Chapleau

1.2 Energy and positivity of intersection

In order to ensure that (1-3) defines a differential over Q[U], we need to ensure that V x B+T7(B,V)=0
whenever #M(B) # 0. If M(B) is nonempty? and at least one of the asymptotic orbits of f is disjoint
from V, then this is a consequence of the familiar phenomenon of positivity of intersection. Indeed, in this
case, B admits a J. —holomorphic representative u which is not contained in V. Positivity of intersection
then implies that VxB=Vxu=>0.

The situation is more complicated when all of the asymptotic orbits of  are contained in V. Indeed, in
this case, the J- —holomorphic representatives of 8 may be contained in V and positivity of intersection
fails in general. However, one can show that there is a universal lower bound on the intersection number,

(1-7) Vipz-T"(BV).
This explains the appearance of the correction term '™ (8, V) in (1-3).

In order to construct CH,(Y, €, V; ¢v), it is not enough to define a differential: one also needs to define
continuation maps, composition homotopies, etc. These maps are defined by counting curves in more
complicated setups. For example, the continuation map is obtained by counting curves in a suitably
marked exact relative symplectic cobordism ()? , i, H).? More precisely, one obtains an algebra map
similar to (1-3) by counting J. —holomorphic curves in ()? , X) weighted by their intersection number
with H, for a compatible almost complex structure J which agrees with J* near the ends.

Unfortunately, for an arbitrary relative symplectic cobordism, a lower bound of the type (1-7) fails to hold.
A key step in constructing the invariants (1-1) is to identify a sufficiently large class of relative symplectic
cobordisms for which such a lower bound does hold. This leads us to introduce notions of energy for
exact symplectic cobordisms and almost complex structures on exact relative symplectic cobordisms.
These energy notions are developed in Section 6 and are of central importance in this paper.

We prove that a lower bound as in (1-7) holds under a certain condition which relates the behavior of AT
near V¥ to the energy of J. We also prove analogous statements for other related setups. This allows
us to prove that CH,(Y, €, V';¢) is well-defined, ie it does not depend on the auxiliary contact form and
almost complex structure. We also prove that an exact relative symplectic cobordism ()/(\ , X, H) induces a
map

(1-8) CH(Y'T,e",VtieT) > CH, (Y, .,V it7)

provided that a certain inequality is satisfied, where the inequality involves t* and the energy of the
(sub)cobordism H C (X, 1).

2Since [61] uses virtual techniques to define contact homology without making any transversality assumptions, it is possible for
the compactification M(8) to be nonempty even if M(B) is empty. Positivity of intersection still holds when this happens, but
the proof requires a bit more work. Details can be found in Sections 5.3 and 7.2.

3 An exact relative symplectic cobordism is the data of an exact symplectlc cobordism (X A) which looks like (Yi )Li) near
the ends, together with a codimension 2 symplectic submanifold H C X which looks like V/® near the ends; see Definition 2.17
for the details.
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Homological invariants of codimension 2 contact submanifolds 5

Energy considerations play a similarly central role in our construction of the reduced invariant CH. (—;—).
Although the continuation map for the reduced invariant does not count curves contained in H, one needs
to ensure that sequences of curves disjoint from H does not degenerate into H . This requires hypotheses
on the energy of the relevant cobordism. In general, the arguments involved in constructing CH,(—; —)
and CH, (—; —) turn out to be very similar.

Energy is not in general well-behaved under gluing symplectic cobordisms, unless one of them happens
to be a symplectization. As a result, cobordism maps cannot be composed arbitrarily. This lack of
functoriality of the invariants (1-1) and (1-4) can be remedied by considering variants of these invariants
which are obtained by taking certain (co)limits over v € R(Y, &, V); see Section 8.3. These variants are
fully functorial but also seem harder to compute.

Remark 1.2 The apparent failure of positivity of intersection in the absence of energy bounds is not a
deficiency of our method: if one could define maps (1-8) without additional hypotheses involving energy
and the t*, then this would imply that (1-1) and (1-4) are independent of t. To see that this cannot hold in
general, consider an “irrational ellipsoid” E(r1,72) = {z € C? | m|z1|?/r1 + 7|22)? /12 < 1} C R*, where
r1/ra is irrational. Following Hutchings [41, Section 4.2], there are exactly two families of Reeb orbits
{y{‘}keNJr and {yé‘}keNJr, where yl.l C{zi =0}NJE(r;, r2) and yl.k denotes the k—fold cover of yl.l.
These orbits generate the (ordinary) contact homology of the 3—sphere, but the Conley—Zehnder indices
of the yl.k are highly sensitive to r; and r». If we could define the contact homology of the complement of
(say) )/11, then it would be generated by the yé‘ . One can verify that this is not an invariant, since changing
the r; does not change the contactomorphism type of S3 — yll, but drastically changes the indices of the yé‘.

1.3 Legendrian invariants and the surgery formula

Contact homology is one of many invariants which can be constructed using the framework of Symplectic
Field Theory (SFT). SFT was first introduced by Eliashberg, Givental and Hofer [24] and provides (among
other things) a conjectural mechanism for constructing invariants in symplectic and contact topology by
counting punctured pseudoholomorphic curves in symplectic manifolds with cylindrical ends.

In some of the later sections of this paper, we discuss how the invariants (1-1) and (1-4) are related to
other SFT-type invariants. For computational purposes, it is particularly useful to explore the behavior
of the invariants (1-1) and (1-4) under Weinstein handle attachment, following the work of Bourgeois,
Ekholm and Eliashberg [7].

To this end, we introduce analogs of (1-1) and (1-4) for Legendrian submanifolds. With (¥, £, V) as
above, suppose that A C (Y —V, £) is a Legendrian submanifold. We then define (under mild topological
assumptions) invariants

(1-9) LY, V,A;v) and L(Y,EV,A;v).

The first invariant can be thought of as a deformation of the Chekanov—Eliashberg dg algebra of A C (Y, §),
while the second invariant is a reduced version.
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6 Laurent Coté and Frangois-Simon Fauteux-Chapleau

We describe a conjectural surgery exact sequence which relates (linearized versions of) the invariants
(1-1), (1-4) and (1-9) under Weinstein handle attachments. This surgery exact sequence is an analog
of the conjectural surgery exact sequence for linearized contact homology of Bourgeois, Ekholm and
Eliashberg [7, Theorem 5.2].

Remark 1.3 The main invariants of this paper, (1-1) and (1-4), are constructed fully rigorously using
Pardon’s virtual perturbation framework [61]. However, our discussion of the surgery formula (and of the
Legendrian invariants therein) requires certain transversality assumptions which are essentially the same
as in [7]. We fully expect that if [7] can be made rigorous using Pardon’s techniques [61], then extending
this to our context should pose no substantial additional difficulties.

For the reader’s convenience, all statements in this paper which depend on unproved assumptions are
labeled by a star. The proofs of starred statements depend only on a limited set of assumptions, which are
clearly identified in the text.

One could also attempt to define the invariants in this paper using other perturbation frameworks such as
the polyfolds of Hofer, Wysocki and Zehnder [36; 37; 38] or the techniques of Ekholm [20], but we do
not pursue this here.

1.4 Applications to contact and Legendrian embeddings

Transverse knots are important objects of study in three-dimensional contact topology. The notion of a
codimension 2 contact embedding generalizes transverse knots to contact manifolds of arbitrary dimension.
However, until recently, it was not understood whether the high-dimensional theory of codimension 2
contact embeddings is interesting from the perspective of contact topology, or whether it reduces entirely
to differential topology.

Definition 1.4 Given a pair of contact manifolds (V2~1,¢) and (Y 2"~ &), a contact embedding is a
smooth embedding

(1-10) i (V,0)—(Y.§)

such that i *(§;yy Ndi(TV)) = ¢. Such a map is also referred to as an isocontact embedding in the
literature (see eg Casals and Etnyre [10], Eliashberg and Mishachev [25] and Pancholi and Pandit [59]),
but we will not use this terminology. A contact submanifold V' C (Y, £) is a submanifold with the property
that £|yy N TV is a contact structure.

Observe that if 2n — 1 = 3 and 2m — 1 = 1 in the above definition, then we recover the familiar notion of
a (parametrized) transverse knot. The following basic examples of codimension 2 contact embeddings
will play an important role in this paper.

Example 1.5 (cf Definition 3.11 and [31]) Letz:Y —B — S 1 be an open book decomposition which
supports the contact structure £ on Y. Then the binding B C (Y, §) is a codimension 2 contact submanifold.
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Homological invariants of codimension 2 contact submanifolds 7

Example 1.6 (see Definition 10.1 and Definition 3.1 in [10]) Let (Y, &) be a contact manifold and let
A — Y be a Legendrian embedding. Then the Weinstein neighborhood theorem furnishes an embedding

(1-11) T(A): (A(D*A), Eqa) = (Y. 6),

which is canonical up to isotopy through codimension 2 contact embeddings. We refer to t(A) as the
contact pushoff of A — Y. By abuse of notation, we will routinely identify t(A) with its image.

As is customary in contact and symplectic topology, there is a notion of a formal contact embedding. This
notion encodes certain necessary bundle-theoretic conditions which must be satisfied by any (genuine)
contact embedding. It is then natural to seek to understand to what extent the space of genuine contact
embeddings of (V, {) into (Y, §) differs from the space of formal contact embeddings.

In the case that V' is a closed manifold of codimension at least 4 with respect to Y, or open and of
codimension at least 2, then an h-principle due to Gromov (see Theorem 12.3.1 and Remark 12.3 of
Eliashberg and Mishachev [25]) implies that the space of contact embeddings is essentially equivalent
to the space of formal contact embeddings. Thus, in these settings, the theory of contact embeddings
reduces to differential topology.

In contrast, a breakthrough result due to Casals and Etnyre [10] shows that this h-principle fails in general
for codimension 2 contact embeddings of closed manifolds. More precisely, for n > 3, Casals and Etnyre
[10, Theorem 1] exhibited a pair of contact embeddings of (D*S" 1, £) = 0o (T*S™ !, Acan) into the
standard contact sphere (S2"~!, £&:4) which are formally isotopic but are not isotopic through contact
embeddings (here and throughout the paper, doo(—) denotes the ideal contact boundary). Building on
these methods, Zhou [70] recently proved that there are in fact infinitely many formally isotopic contact
embeddings of deo (T*S” ™!, Aean) into the standard contact sphere which are not isotopic through contact
embeddings, provided n > 4.

There has also been recent work to establish existence results for codimension 2 contact embeddings under
certain conditions; see Lazarev [48] and Pancholi and Pandit [59]. This culminates in a full existence
h-principle for codimension 2 contact embeddings due to Casals, Pancholi and Presas [13], which states
that any formal codimension 2 contact embedding is formally isotopic to a genuine contact embedding.

The invariants constructed in this paper can be used to distinguish pairs of formally isotopic contact
embeddings which are not isotopic through contact embeddings. We illustrate two types of applications,
applying, respectively, to contact embeddings into overtwisted contact manifolds, and into the standard
contact sphere.

Let us begin with the overtwisted case. In Construction 12.6, we describe a procedure for constructing pairs
of formally isotopic contact embeddings into certain overtwisted contact manifolds which are not isotopic
through contact embeddings. Here is a special case of this construction: let (Y, §) be an overtwisted
contact manifold and fix an open book decomposition for (Y, B, ) which supports &; see Section 3.3.
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8 Laurent Coté and Frangois-Simon Fauteux-Chapleau

Leti: B — Y be the tautological inclusion of the binding. Using the relative h—principle for contact
structures of Borman, Eliashberg and Murphy [5, Theorem 1.2], it can be shown that there exists a
codimension 2 contact embedding j : B — Y which is formally isotopic to i, and such that (Y — j(B), §)
is overtwisted. (Construction 12.6 is more general, but this is the most important example.)

Theorem 1.7 (see Theorem 12.7) Let i, j and (Y, §) be constructed according to Construction 12.6,
where (Y, £) is an overtwisted contact manifold and i and j are (formally isotopic) contact embeddings.
Theni and j are not isotopic through contact embeddings. In fact, i is not isotopic to any reparametrization
of j in the source, meaning that i (V') and j(V') are not isotopic as codimension 2 contact submanifolds
of (Y,§).

Theorem 1.7 can be proved using either of the invariants (1-1) or (1-4). To the best of our knowledge,
it cannot be proved in general using invariants already in the literature. However, in the special case
where i (B) is the binding of an open book decomposition (ie the example sketched above), then the
conclusion of Theorem 1.7 follows from the fact that the complement of the binding of an open book
decomposition is tight. This later fact is due to Etnyre and Vela-Vick [28, Theorem 1.2] in dimension 3; in
higher dimensions, it follows from work of Klukas [45, Corollary 3], who proved (following an outline of
Wendl [67, Remark 4.1]) the stronger statement that any local filling obstruction (such as an overtwisted
disk) in a closed contact manifold must intersect the binding of any supporting open book.

In some cases (see Corollary 12.10), the embeddings i and j in fact coincide with the contact pushoffs of
Legendrian embeddings. It is not hard to show that an isotopy of Legendrian embeddings induces an
isotopy of their contact pushoffs. Thus the invariants (1-1) and (1-4) also distinguish certain Legendrian
embeddings in overtwisted contact manifolds. To our knowledge, these embeddings cannot in general be
distinguished using invariants already in the literature; see Remark 1.11.

Our second application concerns codimension 2 contact embeddings into the standard contact spheres
(S*4"~1, £44). More precisely, we use the reduced invariant (1-4) to distinguish formally isotopic contact
embeddings of (S*S2" 71 £) = 050 (T*S?" 1, Acan) into (S#"71, £4q), thus reproving the main result
of Casals and Etnyre [10, Theorem 1] in dimensions 4n — 1 for n > 1.

Theorem* 1.8 (see Theorem* 12.18) Let (V, &) be the ideal boundary of (T*S?"~!, Acan). Then for
n > 1, there exists a pair of formally isotopic contact embeddings

(1-12) io.i1: (V.£) = (S Ega)

which are not isotopic through contact embeddings.

The embeddings we exhibit turn out to coincide with those exhibited by Casals and Etnyre in their proof
of [10, Theorem 1.1], although this fact is not entirely obvious; see Remark 12.21. However, the methods
for distinguishing them are completely different. Casals and Etnyre consider double branched covers
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Homological invariants of codimension 2 contact submanifolds 9

along the contact submanifolds io(V) and i1(V). Using symplectic homology, they prove that these
branched covers do not admit the same fillings. This implies that io(}") and i1 (V') cannot be isotopic,
since otherwise they would have contactomorphic branched covers.

In contrast, our proof of Theorem* 1.8 uses the invariant CH. (—; —) introduced in this paper. Roughly
speaking, we prove Theorem* 1.8 by partially computing (linearizations of) CH. (—; —) associated to
the two embeddings under consideration, and observing that they do not match. Our computations rely
crucially on our version of the surgery formula discussed in Section 1.3 as well as the well-definedness
of the invariants therein. This explains why this theorem statement is starred, following the convention
stated in Remark 1.3. We also remark that although Theorem* 1.8 only applies to spheres of dimension
4n — 1, we expect that the same invariant also distinguishes embeddings into spheres of dimension 4n — 3.
However, proving this would likely require more involved computations than those carried out in this paper.

1.5 Applications to symplectic and Lagrangian cobordisms

Consider a pair of contact manifolds (Y *, £) and codimension 2 contact submanifolds (V ¥+, £%| y+) C
(Y*,£%). An exact relative symplectic cobordism from (YT, £+t, V) to (Y 7,7,V 7) is a triple
()?, )AL, H), where ()?, i) is an exact symplectic cobordism from (Y *, %) to (Y™, ") and H C Xisa
codimension 2 symplectic submanifold which coincides near the ends with the symplectization of V*;
see Definition 2.17.% In the special case where X is the symplectization of Y+ and H is diffeomorphic
to R x V*, we speak of a symplectic concordance from VT to VV~. These notions were first considered
by Bowden in his PhD thesis [9]. Using gauge theory, he exhibited certain restrictions on symplectic
cobordisms between transverse links in contact 3—manifolds [9, Section 7].

The following theorem gives a constraint on exact symplectic cobordisms between certain pairs of
codimension 2 contact submanifolds of an ambient overtwisted manifold. To the best of our knowledge,
this is the first negative result in the literature on relative symplectic cobordisms in dimensions greater
than three.

Theorem 1.9 Let V = i(B) and V' = j(B) be the codimension 2 contact submanifolds of the over-
twisted contact manifold (Y, §) as described in Construction 12.6. Then there does not exist an exact
relative symplectic cobordism ()?,X, H) from (Y,£,V') to (Y,£,V) with H' (H, (—00,0] x V;Z) =
H?(H,(—00,0] x V;Z) = 0. In particular, there is no symplectic concordance from V' to V.

One can similarly consider Lagrangian cobordisms and concordances between Legendrian submanifolds.
An exact Lagrangian cobordism from (Y T, €T, AT) to (Y, £~, V™) is atriple ()?, A, L), where ()?, A)is
an exact symplectic cobordism from (Y *, &%) to (Y ~,&7) and L C X is a Lagrangian submanifold which

“4Note that our convention of regarding a cobordism as going from the convex end fo the concave end is consistent with [61], but
differs from most of the contact topology literature.

Geometry & Topology, Volume 28 (2024)



10 Laurent Coté and Frangois-Simon Fauteux-Chapleau

coincides near the ends with the Lagrangian cone of AT; see Definition 2.20. If X is the symplectization
of Y~ and L = R x A~, one speaks of a Lagrangian concordance from A" to A™.

The theory of Lagrangian cobordisms has been extensively developed in the literature from various
perspectives; see eg Chantraine, Dimitroglou Rizell, Ghiggini and Golovko [15], Ekholm [19], Ekholm,
Honda and Kalman [23] and Sabloff and Traynor [63]. While much is known in (R?"*1, £&4) and certain
other tight contact manifolds, we are not aware of any results constraining cobordisms and concordances in
overtwisted contact manifolds; see Remark 1.11. The next theorem provides a first result in this direction.

Theorem 1.10 Let A and A’ be the Legendrian submanifolds of the overtwisted contact manifold (Y, §)
as constructed in Construction 12.9. Then A is not concordant to A.

In contrast, a result of Eliashberg and Murphy [26, Theorem 2.2] implies that A is concordant to A’.

Remark 1.11 It is a basic fact that exact Lagrangian cobordisms induce morphisms on Legendrian contact
homology which behave well under composition of cobordisms; see Etnyre and Ng [27, Section 5.1]. This
leads to a myriad of interesting obstructions to the existence of Lagrangian cobordisms and concordances.
One can also obtain many interesting obstructions using finite-dimensional invariants (which are closely
related to Legendrian contact homology) coming from generating functions or sheaf theory; see eg Li [49]
and Sabloff and Traynor [63].

One drawback of these approaches is that they are necessarily blind on overtwisted contact manifolds.
Indeed, even if Legendrian contact homology could be rigorously defined in full generality following
the framework of Eliashberg, Givental and Hofer [24, Section 2.8], it would provide no information for
Legendrians in overtwisted contact manifolds: being a module over the contact homology algebra, it
would vanish. In contrast, the invariants developed in this paper do give information about Legendrians
even in the overtwisted case.

Our final application states that certain Lagrangian concordances cannot be displaced from a codimension 2
symplectic submanifold. More precisely, let (Y, £) = obd(7*S”!,id) and let V C Y be the binding of
the open book. Let A C Y be the zero section of a page and let A’ be obtained by stabilizing A in the
complement of V. It can be shown (see Casals and Murphy [11, Proposition 2.9]) that A C (Y, §) is a
loose Legendrian; hence A and A are Legendrian isotopic in (Y, §) and, in particular, concordant.

Theorem* 1.12 Any Lagrangian concordance from A’ to A must intersect the symplectization of V.

In contrast, work of Eliashberg and Murphy [26, Theorem 2.2] implies that there exists a Lagrangian
concordance from A to A’ which is disjoint from the symplectization of V. Our proof of Theorem* 1.12
uses the deformed versions of the Chekanov—Eliashberg dg algebra in (1-9). Hence the statement is
starred according to the convention stated in Section 1.3.
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Homological invariants of codimension 2 contact submanifolds 11
1.6 Context and related invariants

The invariants constructed in this paper, when specialized to contact 3—manifolds, are related to other
invariants in the literature. The most closely related invariant is due to Momin [53]. Given a contact
3—-manifold (Y 3, £), Momin considers the set of pairs (1, L) where A is a contact form and L C Y is
a link of Reeb orbits of A. Two such pairs (A, L) and (1’, L’) are said to be equivalent if L = L’ and
each component orbit (and all its multiple covers) has the same Conley—Zehnder index. Under certain
assumptions on (Y, A, L), Momin defines an invariant which we denote by CH™ (Y, [(A, L)]). This is a
Z—graded Q—vector space which depends only on Y and the equivalence class of (A, L).

The invariant constructed by Momin is in general distinct from the invariants described in this paper. In
particular, he considers cylindrical contact homology, whereas we work with ordinary contact homology.
However, in the special case where (Y 3, £) is the standard contact sphere — or more generally a subcritical
Stein manifold with ¢;(§) =0—and L C (Y, &) is a collection of Reeb orbits which bound a symplectic
submanifold H C B*, then we expect that

(1-13) CHM™(Y,[A, L]) = CHE(Y, £, L;v)

for suitable v which depends on the equivalence class of (A, L). Here the right-hand side of (1-13) denotes
the linearization of C/'T-I/.(Y, &, L; ) with respect to an augmentation € induced by the relative filling
(B*, Agq, H); recall that an augmentation of a dg algebra is a morphism to the ground ring, viewed as a
dg algebra concentrated in degree zero. See Section 9.3 for details.

Momin’s work has led to beautiful applications to Reeb dynamics on contact 3—-manifolds; see eg Alves
and Pirnapasov [3] and Hryniewicz, Momin and Salomdo [40]. It would be interesting to explore whether
the invariants developed in this paper can be used in studying Reeb dynamics in higher dimensions.

Another related invariant is Hutchings’ “knot-filtered” embedded contact homology [41]. The setting for
this invariant is a contact 3—manifold (Y, &) with H1(Y; Z) = 0. Given a transverse knot L C (Y, §) and
an irrational parameter 6 € R — Q, Hutchings defines a filtration on embedded contact homology with
values in Z + 7.6 which is an invariant of (L, 8). The basic idea is to choose a contact form § = ker A
so that L is a Reeb orbit, and to filter the generators of embedded contact homology by their linking
number with L. Positivity of intersection considerations imply that the differential decreases the linking
number for orbits which are disjoint from L. However, the situation is more complex when the differential
involves L, which explains why the filtration is only valued in Z + Z6.

One could presumably carry over Hutchings’ construction to the context of (cylindrical) contact homology
in dimension 3. We expect that the resulting invariant would carry related information to the one defined
by Momin or to the invariants constructed in this paper. However, we do not have a precise formulation
of what this relationship should be.

We remark that the invariants introduced by Momin and Hutchings are built using techniques from
4—dimensional symplectic topology which cannot be generalized to higher dimensions. In contrast, the
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12 Laurent Coté and Frangois-Simon Fauteux-Chapleau

invariants introduced in this paper are constructed by a different approach, which ultimately relies on
Pardon’s robust virtual fundamental cycles package [60].

In a slightly different direction, we also wish to highlight work of Ekholm, Etnyre, Ng and Sullivan [21],
which is similar in spirit to the present work. Recall that the knot contact homology of a framed link
K C R3 is an invariant which can be defined as the Legendrian dg algebra of the conormal lift of K; see
Ekholm, Etnyre, Ng and Sullivan [22] and Ng [56]. If K is a transverse knot with respect to the standard
contact structure, the authors define in [21] a two-parameter deformation of knot contact homology by
weighting holomorphic curve counts by their intersection number with a pair of canonically defined
complex submanifolds in the symplectization. The resulting deformed dg algebra is an invariant of the
transverse knot type of K. Unfortunately, we do not know a precise relationship between this invariant
and the ones introduced in this paper.

Notation and conventions All manifolds in this paper are assumed to be smooth. If M is a manifold, a
ball B C M is an open subset diffeomorphic to the open unit disk and whose closure is embedded and
diffeomorphic to the closed unit disk. If (M, w) is symplectic, a Darboux ball B C M is a ball which is
symplectomorphic to the open unit disk equipped with (some rescaling of) the standard symplectic form.

Unless otherwise specified, all contact manifolds considered in this paper are compact without boundary
and co-oriented. Given such a contact manifold (Y, & = ker 1), the Reeb vector field associated to the
contact form A will be denoted by R;. We will let £y, := &|yy N TV denote the contact structure induced
by £ on a contact submanifold V' C (Y, ).
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discussions. We also benefited from discussions and correspondence with Cédric De Groote, Georgios
Dimitroglou Rizell, Sheel Ganatra, Oleg Lazarev, Josh Sabloff and Kyler Siegel. We are grateful to John
Etnyre for pointing us to multiple useful references. Finally, we wish to thank the referee for many helpful
comments and suggestions.

Coté was partially supported by a Stanford University Benchmark Graduate Fellowship and by the
National Science Foundation under grant DMS-1926686.

2 Geometric preliminaries

2.1 Symplectic cobordisms

Let (Y, &) be a closed co-oriented contact manifold. The symplectization of (Y, £) is the exact symplectic
manifold (SY, Ay) where SY C T*Y is the total space of the bundle of positive contact forms on Y (ie a
point (p,a) e T*Y isin SY if and only if o : 7, Y — R vanishes on &, and the induced map 7,Y /£, — R
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Homological invariants of codimension 2 contact submanifolds 13

is an orientation-preserving isomorphism) and Ay is the restriction of the tautological Liouville form on
T*Y. Given a choice of positive contact form « for (Y, §), there is a canonical identification

(2-1) 0g: (RxY,e*a) — (SY,Ay)
given by oy (s, p) = (p, e*ap). We will refer to (17, ®@) ;= (R x Y, e’w) as the symplectization of (Y, «).

A subset U C SY will be called a neighborhood of +o0o (resp. of —o0) if it contains o4 ([N, 00) X Y)
(resp. 0q((—o0, —N] x R) for N > 0 sufficiently large — note that this notion doesn’t depend on the
choice of «.

Definition 2.1 Given a contactomorphism f: (Y, &) — (Y, &), we define its symplectic lift

(2-2) F1(SY, Ay) = (SY,Ay), (p.@)r> (f(p),ao(dfy)™h).

One can verify that ]7 *Ay = Ay, so ]7 is in particular a symplectomorphism. There is a canonical bijection
between

(i) contact vector fields on (Y, &),
(i1) sections of TY /€,

(iii) linear Hamiltonians on the symplectization (recall that H is linear it ZH = H, where Z denotes
the Liouville vector field).

The correspondence between (i) and (ii) is clear; the correspondence between (ii) and (iii) takes
a section ¢ to the Hamiltonian H(p,o) = a(o(p)). In particular, the symplectic lift of a (time-
dependent) family of contactomorphisms is induced by a (time-dependent) family of linear Hamiltonians;
cf [14, Proposition 2.2].

Definition 2.2 Let (Y 1,£%) and (Y —, £7) be closed co-oriented contact manifolds. An exact symplectic
cobordism from (Y T, £) to (Y ~, £7) is an exact symplectic manifold (X, ) equipped with embeddings

(2-3) et:SYt > X,
(2-4) e :SY" > X,
satisfying the properties

. (ei)*i = Ay, and

e there exists a neighborhood Ut C SY T of 400 and a neighborhood U~ C SY ™ of —oo such
that the restriction of e* to U™ is proper, the images et (U1) and e~ (U ™) are disjoint and the
complement X \ (eT(UT)Ue (U7)) is compact.
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14 Laurent Coté and Frangois-Simon Fauteux-Chapleau

Definition 2.3 (cf [61, Section 1.3]) Let (Y ™,17) and (Y ~, A7) be closed manifolds equipped with
contact forms. A (strict) exact symplectic cobordism from (Y T, A7) to (Y ~, A7) is an exact symplectic
manifold (X, 1) equipped with embeddings

(2-5) et RxYT = X,
(2-6) e RxY™ > X,
satisfying the properties
. (ei)*)AL =%, and
o there exists an N € R such that the restrictions of e to [N, 00) x Y T and of e~ to (—oo, —N]x Y~

are proper and that the images et ([N, c0) x Y ) and e~ ((—oo, —N]x Y 7) are disjoint and together
cover a neighborhood of infinity (ie the complement of their union is compact).

Notation 2.4 Let ()? , 1\) be an exact symplectic cobordism from (¥ *,£%) to (Y —, £7) in the sense of
Definition 2.2. Given any choice of contact forms A¥ on (Y *, £¥), one can obtain from X a cobordism
from (Y 7,1 7) to (Y, A7) in the sense of Definition 2.3 by precomposing the embeddings (2-3)—(2-4)
with the canonical identifications R x Y * — SY* induced by A*. We will denote this cobordism by
()? , X)ﬁf , or simply by X j}j when this creates no ambiguity.

Similarly, any cobordism ()? , i) in the sense of Definition 2.3 can be viewed as a cobordism in the sense
of Definition 2.2 as well.

Remark 2.5 In light of the above discussion, Definitions 2.2 and 2.3 are essentially equivalent. However,
it will be convenient for us to be able to discuss symplectic cobordisms without fixing a particular choice
of contact forms on the ends, so we adopt Definition 2.2 as our main definition moving forward.

Example 2.6 (symplectizations) The symplectization (SY, Ay) of a contact manifold (Y, £) is canoni-
cally endowed with the structure of an exact symplectic cobordism in the sense of Definition 2.2 by letting
et = e~ =id. The additional data of a pair of contact forms AT and A~ for (Y, £) endows (SY, Ay)
with the structure of a strict exact symplectic cobordism in the sense of Definition 2.3, and we write
(SY, Ay)ir.

Definition 2.7 Let ()? o1, 101) and ()? 12, 212) be exact symplectic cobordisms from (Y, £%) to (Y 1, £1)
and from (Y1, &) to (Y2, £2), respectively. Fix a real number ¢ > 0 and let u;: SY! — SY! denote
multiplication by e’. The t—gluing of X1 and X2, denoted by X014, X12 is the smooth manifold
obtained by gluing X01 and X12 along the maps

Syl (2'4)} o1
l/llt

23
1 23

SY X12
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Homological invariants of codimension 2 contact submanifolds 15

Since ufAy1 = e’ Ay, there is, for any s € R, a Liouville form on X014, X12 which agrees with el 5701
on X°! and with eA12 on X 12. We will denote it by 201 #es 212 Note that ()?01 #; )?12, 201 #is 5&12)
is canonically equipped with the structure of an exact symplectic cobordism from (Y ?, £9) to (Y2, £2)
via the embeddings

Sy0 Hot=s  gy0 I go1 _ ol #, flz,

SY2 M—s SY2 (2-4) )?02_))?01#t)?12.

The precise choice of s doesn’t really matter since the forms 201 #r.s 212 for s € R are all constant
multiples of each other. When ¢ = 0, it is natural to choose s = 0, and we will denote the resulting
cobordism simply by ()? 01 g x12 201 #212). There is no obvious choice for # > 0, but for the sake
of definiteness we set 101 #; 112 := 101 #1._1/2 212 and will refer to (X1 #, X12, 101 #, 112) as “the”
t—gluing of ()?01,101) and ()’(\12,112).

Remark 2.8 When ¢t = s = 0, it follows directly from the definition that the gluing operation is
associative: (()/(\01 # )?12) #X23, AOT # A12) # )L23) and ()?01 # ()?12 # )?23), A0 # (A12 # 123)) are
canonically isomorphic.

Remark 2.9 Multiplication by ¢’ on SY corresponds to translation by 7 in the R coordinate under the
identification SY =~ R x Y induced by a choice of contact form on Y. Definition 2.7 is therefore consistent
with the notion of “7—gluing” in [61, Section 1.5].

Definition 2.10 Let (X!, A1) and (X2, 12) be cobordisms from (Y T, ) to (Y, £7). An isomorphism
of exact symplectic cobordisms ¢ : ()/(\ Iah - ()? 2. A?) consists of a diffeomorphism ¢ : X! X2 such

that ¢*12 = A! and which is compatible with the ends in the sense that the diagram

commutes.

Example 2.11 Let ()? , X) be an exact symplectic cobordism from (Y T, &%) to (Y ~,£7). Then for
any ¢ > 0 and s € R, the glued cobordisms (SY T #, X, Ay+ #:,5 A) and ()? #: SY ", A# 5 Ay-) are
canonically isomorphic to ()? JA).

Definition 2.12 A one-parameter family of exact symplectic cobordisms from (Y ¥, ET)to (Y ,£ ) isa
manifold X equipped with a family of Liouville forms {A"};c; (where I C R is an interval), together
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16 Laurent Coté and Frangois-Simon Fauteux-Chapleau

with embeddings
(2-7) ef:SYt > X,
(2-8) e :SY” - X,

as in Definition 2.2. We will always assume that the family is fixed at infinity, meaning that for every
compact subinterval [a,b] C I,

. {it }te[a,b] 1s constant outside of a compact subset of X, and
o {e;r},e[a,b] (resp. {e; }re[q,p]) is independent of ¢ on some neighborhood of +o0 in SY T (resp. of
—ooin SY™).

Two cobordisms ()’(\ 0, 10) and ()/(\ 1,11) are said to be deformation equivalent if there exists a one-
parameter family (W, ﬁ’)te[o,l] such that ()’(‘0, A9) is isomorphic to (W, 71%) and ()?1,/\1) is isomorphic
to (W, ii!). The deformation class of a cobordism ()? , A) will be denoted by [)? AL

Lemma 2.13 Given a pair of cobordisms ()?01,101) and ()?12, 112) as in Definition 2.7, the glued
cobordisms (X! #, X12, 101 4, 112),6[0,00) form a one-parameter family.> Similarly, there is a one-
parameter family ()?01 #, X12, Aot #.s Xlz)seR for any fixed t > 0. In particular, we have that the
deformation class [)?01 #, X 12, 201 #is 212] is independent of both ¢t and s.

Proof We will construct a two-parameter family ¢, s : X0lgx12 5 xy0ly X12 of diffeomorphisms, with
$0,0 = id, such that the forms ¢7 (A01 4, ¢ A12) agree with A°1#112 outside of a compact set (depending
on ¢, s) and form a smooth family.

In order to simplify the notation, we fix contact forms Al on (Yi € i) fori = 0,1, 2, so that we can view
the symplectization of Y/ as a product R x Y. For C > 0 sufficiently large, we can decompose the
cobordisms X°! and X2 as

(2-9) X = (o0, 1]x YU X' U[C,00) x YO,
(2-10) X2 = (—00,—C]xY2UX2U[-1,00) x Y,

where X°! c X°! is a compact submanifold with boundary {1} x ¥ ! U {C} x Y°, and similarly for X 12,
This induces a decomposition of XOU#, X2 of the form

(2-11) XM, X12 = (—00, —C]x Y2U X2 U[-Lt 4+ 1]x Y UX U[C, 00) x Y°
for any ¢ > 0. Hence, in order to define ¢y 4, it suffices to make a choice of

¢ a smooth family of diffeomorphisms f;:[—1, 1] — [—1,¢ 4+ 1] which coincide with the identity
near —1 and with translation by 7 near 1,

5Strictly speaking, the underlying manifold of xo1 #; x12 depends on ¢, so in order to obtain a family in the sense of
Definition 2.12 one needs to choose suitable diffeomorphisms X1 #, X12 =~ x0l # x'12,
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Homological invariants of codimension 2 contact submanifolds 17
¢ a smooth family of diffeomorphisms g; s: [C, 00) — [C, 0o0) which coincide with the identity near
C and with translation by —¢ — s at infinity, and

e a smooth family of diffeomorphisms /;: (—oo, —C] — (—oo, —C] which coincide with the
identity near —C and with translation by —s at infinity.

We of course also require that fo, go,0 and /g0 be the identity on their respective domains. a

Proposition 2.14 The deformation class of ()? 01 4 ¥12, 201 112) only depends on the deformation
classes of (X°1, 101) and (X12,112).

Proof Let (WOI , a01%) sefo,1] and (VT/IZ, at2s) sefo,1] be one-parameter families of exact symplectic
cobordisms from (Y?, £%) to (Y1, £!) and from (Y1, £1) to (Y 2, £2), respectively. The negative end (2-8)
of (WO, i91-5) will be denoted by e;: SY! — WO and the positive end (2-7) of (W12, 312:5) will
be denoted by e;: SY! — W12, By definition, we can find a neighborhood Ut c SY! of +o0 and
a neighborhood U~ C SY! such that the restriction of e;t to U¥ is independent of s. This common
restriction will be denoted by e*.

Fix a large ¢t > 0 so that the intersection V := /,Lt_l (UT)N U™ is nonempty. Let wol #y W12 be the
space obtained by gluing wol \e (U"\V)and w2 \eT (U™ \ u(V)) along the maps

Vv — 5 WOl\e (U \ V)

Iz

U+~ W2\ et U\ (V)

As a smooth manifold, Wwol #y W12 s canonically identified with Wwol #; W12, Thus we can view
005 #, 1125 as a Liouville form on W2l #y W12 for each s, making (W% #y, W12, OV 4, 0125 sef0.1]
into a one-parameter family of cobordisms. In particular, it follows that (W1 #, W12 01.04, 712.0)
and (WOl#, W12 pOL1y, 112.1) are deformation equivalent. |

Corollary 2.15 There is a well-defined gluing operation on deformation classes of exact symplectic
cobordisms given by

(2_12) [)’(\01’101]#[)’(\12,;\\12] — [)’(\01 #t )’(\12,;\\01 #t’sj&\12]

foranyt >0 and s € R.
Proposition 2.16 The gluing operation (2-12) is associative.

Proof This follows from Remark 2.8. O
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18 Laurent Coté and Frangois-Simon Fauteux-Chapleau

We now discuss submanifolds in exact symplectic cobordisms. Let V C (Y, §) be a contact submanifold.

There is a canonical embedding
(2-13) (SV.Ay) — (SY.Ay)

which takes a pair (p, ) € SV to the unique pair (p, @) € SY such that &, (w) = o, (w) for some
(and hence any) w € T,V \ (§, N T, V).

Definition 2.17 Let VT c (YT, £€7) and V™~ C (Y, £7) be contact submanifolds of the same co-
dimension, and let ()? , )AL) be an exact symplectic cobordism from (Y T, &™) to (Y —,£7). We say that
a smooth submanifold H C X is cylindrical with ends V#E if it is closed (as a subset) and there exist
neighborhoods U* € SY* of 400 such that

(2-14) eV H)NUT=8sVvEnUut,
where e¥: SY* — X are the ends (2-3)—(2-4) of ()?, i).

If H is a symplectic cylindrical submanifold of ()? , )Ak), then we say that ()? L H ) is an exact relative
symplectic cobordism from (Y +, £+, V+) to (Y ~, &7, V7). Note that in this case, the restrictions of e*
to SVENU* endow (H, A|g) with the structure of an exact symplectic cobordism from (V' 7+, é; L) to

(V™ &po).

Example 2.18 If V is a contact submanifold of (Y, &), then, as noted above, SV can be viewed as a
symplectic submanifold of (SY, Ay), and (SY, Ay, SV) is canonically endowed with the structure of an
exact relative symplectic cobordism in the sense of Definition 2.17 by letting et = ¢~ = id.

Notation 2.19 Let X R A and H be as in Definition 2.17. As explained in Notation 2.4, a choice of
contact forms ker A* = £+ endows ()? , A) with the structure of a strict relative symplectic cobordism.
We analogously speak of a strict relative exact symplectic cobordism and write ()? JAH )f_r when we
wish to emphasize that we are fixing contact forms A* on the ends.

Let A C (Y, &) be a Legendrian submanifold. The Lagrangian cone of A is the Lagrangian submanifold

(2-15) L={(p,a)eSY CT*Y | pe A} C(SY,Ly).

Definition 2.20 Let At c (Y1,£%) and A~ C (Y, £7) be Legendrian submanifolds and let (X, 1)
be an exact symplectic cobordism from (Y ™, £T) to (Y —, 7). We say that a Lagrangian submanifold

L C ()? ,X) is cylindrical with ends AT if it is closed (as a subset) and there exist neighborhoods
U* c SY®* of 00 such that

(2-16) e (L)NUE=LENUE,
where e£: SY* — X are the ends (2-3)—(2-4) of ()? , i) and L* are the Lagrangian cones of AT,
A triple ()?, 1, L) is called an (exact) Lagrangian cobordism from (Y T, €t AT) to (Y .7, A7).
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Definition 2.21 The set of equivalence classes of cylindrical codimension 2 submanifolds of X with
ends V*, where two submanifolds are equivalent if they are isotopic via a compactly supported (smooth)
isotopy, will be denoted by 92,1_2()?, vtuvo).

Definition 2.22 A contact submanifold V C (Y, A) is said to be a strong contact submanifold if it is
(setwise) invariant under the Reeb flow of A on Y. We will also say that ()? A H )if is a strong relative
exact symplectic cobordism if both V' C (Y, A%) and V= C (Y, A7) are strong contact submanifolds.

Definition 2.23 Let ()? o1, 101, HO%) and ()? 12, ) 12 H12) be exact relative symplectic cobordisms from
(Y%, €9 V% to (YL, EL, V1) and from (Y1, €1, V1) to (Y2, £2, V?), respectively. For any sufficiently
large real number ¢ > 0, H%! #, H'? sits naturally inside ()/(\01 # X2, 201 #; 112) as a symplectic
submanifold, and ()?01 # X112, 201 #; 212 gol #; H'2) is a relative cobordism from (Y °,£%, V%) to
(Y2,£2,V2). We will refer to it as the —gluing of (X°1,1°1, HOl) and (X 12,112, H12).

Definition 2.24 Let (X!, 1!, H!) and (X2,12, H?) be relative cobordisms from (Y *,£T, V) to
(Y=, &7, V7). Anisomorphism of exact relative symplectic cobordisms ¢ ()/(\1, Xl, HY)— ()/(\2, 12, H?)
is an isomorphism ¢: (X1, A1) — (X2, 2) in the sense of Definition 2.10 which maps H! diffeomor-

phically onto H?2.

Example 2.25 Suppose that ()? A H ) is an exact relative symplectic cobordism from (Y T, &+, V1)
to (Y,€7,V7). Then for any ¢ > 0, the glued cobordisms (SY T, Ay+, SV ™) #, ()/(\,X, H) and
()?, A, H)#;, (SY~,Ay—, SV7) are defined and canonically isomorphic to ()?, A H).

Definition 2.26 A one-parameter family of exact relative symplectic cobordisms from (Y T, €T, V) to
(Y—,&7,V7) is a manifold X equipped with a family of Liouville forms {X’ }ter, a family of symplectic
submanifolds H' C (X, A’), and embeddings
(2-17) e SYt > X,
(2-18) e SY™ - X,
as in Definition 2.17. We will always assume that the family is fixed at infinity, meaning that for every
compact subinterval [a,b] C I,

. {it Veela,p] and {H'};c[q,p] are constant outside of a compact subset of X, and

. {ef},e[a,b] (resp. {e; }refq,p)) is independent of ¢ on some neighborhood of +o0 in SY T (resp. of

—ooin SY 7).

Two relative cobordisms ()? 020 H 0) and ()? LAV H 1) are said to be deformation equivalent if there
exists a one-parameter family (W, il Kt),e[o,l] such that ()?0, 10, H?9) is isomorphic to (W, 1% K%
and (fl, AL H1) is isomorphic to (W, ', K1). The deformation class of a cobordism ()?, i, H) will
be denoted by [)?, A H].
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Example 2.27 Given ()? 01 301 g 01) and ()? 12 312 g 12y as in Definition 2.23, the glued cobordisms
(XO#, X12 0014, 112 HOV#; H'2), ([N 00) form a one-parameter family for N > 0 sufficiently large.
Similarly, for any fixed ¢ > 0, ()?01 #, )?12, 201 #15 112, HO'# H'?) cp isa one-parameter family. As
in Lemma 2.13, it follows that the deformation class

(2-19) [)?01 4, X12 301 Hes A2 gotg H'?)

is independent of 7 3> 0 and s € R.

Proposition 2.28 The deformation class of ()?01 #, X 12, 201 #; 212, H°'#, H'2) only depends on the
deformation classes of (X1, 1%1, HO') and (X12,112, H12),

Proof The proof of Proposition 2.14 also works in the relative case as long as ¢ > 0 is chosen large
enough. a

Corollary 2.29 There is a well-defined gluing operation on deformation classes of exact relative sym-
plectic cobordisms given by

(2-20) [)?01’101’ HOI]#[)?IZ,XIZ, H12] = [)?01#t X12 301 #t,s1127H01#t H12]

foranyt > 0 ands € R.

Proposition 2.30 The gluing operation (2-20) is associative.

Proof Let ()?i”""l, ALt H*1) be a relative cobordism from (Y, £, Vi) to (Y!+1 g+l pitl
for i € {0, 1,2}, and fix t1,> > 0. Note that ((X°! #;, X'2)#,, X23 (H' #, H'?)#,, H**) and
()?01 #r, (X124, X23), HOV #,, (H'2 #,, H??)) can be canonically identified as pairs of smooth
manifolds. Hence, it suffices to show that there exist 51, 52 € R such that

(2-21) A0ty o A2ty 0 A2 =200, o (A2 #y,5, AP2).

One can easily see from Definition 2.7 that taking s; = 0 and s, = —f, works. O
2.2 Homotopy classes of asymptotically cylindrical maps

Definition 2.31 [68, Section 6.1] Suppose that ()? , X) is an exact symplectic cobordism from (Y + 1)
to (Y ~,A7). Given a closed surface X and finite subsets p*, p~ C T (corresponding respectively to posi-
tive and negative punctures), a smoothmapu: X —(pTUp~) — X is said to be asymptotically cylindrical
if it converges exponentially near each puncture z € p™ LI p™ to a trivial cylinder over a Reeb orbit.

More precisely, given any choice of translation invariant metric on R x Y ¥, we require that there exist
a choice of holomorphic cylindrical coordinates near each z € pT such that u takes the form

(2-22) u(s, 1) = exp(ps,y. 1)) 1(s,1)

for |s| large, where y; is a Reeb orbit of period P and h(s, t) is a vector field which decays to zero with
all its derivatives as |s| — oo (ie these properties hold for s 3> 0if z € pT and for s K 0 if z € p7).
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Remark 2.32 There is also a notion of an asymptotically cylindrical submanifold which will not be
needed in this paper.

Definition 2.33 (cf [61, Section 1.2(I)]) Let ()? , )AL) be an exact symplectic cobordism from (¥ T, 1T)
to (Y, A7) and let I'* be a finite set of Reeb orbits in (¥ *, A T).

By truncating the ends of X, we obtain a compact submanifold Xo C X with boundary 0Xo =Y tuUY ™.
We define the set of homotopy classes 7 ()? , T UT™) by

(2-23) (X, TTUuT ™) :=[(S,0S), (Xo, Tt LT )]/ Diff(S, 8S),

where S is a compact connected oriented surface of genus 0 equipped with a homeomorphism 9.5 —
I't U T, and Diff(S, 3S) is the group of diffeomorphisms of S which fix 35 pointwise. (The notation
[—, —] here stands for homotopy classes of maps of pairs.)

Remark 2.34 The right-hand side of (2-23) is independent of the choice of truncation X¢ up to canonical
bijection. In the case where ()’(\ , X) = (R x Y, e*A) is the symplectization of a contact manifold (Y, 4),
we can take Xo = {0} x Y and (2-23) becomes identical to [61, equation (1.2)].

For any choice of truncation X¢ C X, there is a canonical retraction 7: X — X induced by quotienting
by the Liouville flow (more precisely, one should quotient by the backwards Liouville flow at the positive
end and by the forwards Liouville flow at the negative end). If u: X —(pTUp~) — X isan asymptotically
cylindrical map, then the composition 7 o u can be extended to a map

(2-24) 7 (2,05) > (Xo. [T LT,

where X is a compactification of ¥ —(pT L p™) obtained by adding one boundary circle for each puncture.
The homotopy class [u] € w5 (X,TTUT™) of u is defined to be the equivalence class of (2-24).

Definition 2.35 Let ()? , i, L) be an exact Lagrangian cobordism from YT AT, AN o (Y 7,47, A7);
see Definition 2.20.

Given a surface with boundary ¥ and finite subsets p™, p~ C int(¥) and ¢, ¢~ € 9%, a smooth map
u: X — (pT Uc®) is said to be cylindrical if it converges asymptotically near each interior puncture to a

trivial cylinder over a Reeb orbit, and it converges exponentially near each boundary puncture to a trivial
strip over a Reeb chord.

Let I'* be a finite set of Reeb orbits in (Y *, A%) and let I'y+ be a finite ordered set of Reeb chords
of At C (Y*,1%). We let p* be a finite set equipped with bijections y*: p* — I't and we let
¢ = ¢t Uc™ be a finite ordered set equipped with order-preserving bijections a*: ¢+ — Cpt. We let

(2-25) m2(X; Tpw, Tp-. TH.T7)

be the set of equivalence classes of maps from ¥ — ( ptuc®) to X which are asymptotic to y;[ at pe p*t
(resp. af at ¢ € ¢¥), where two such maps u, v are equivalent if there exists a compactly supported
diffeomorphism ¢ of ¥ — (p* U ¢¥) such that u and v o ¢ are homotopic (through cylindrical maps).
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3 Reeb dynamics near a codimension 2 contact submanifold

3.1 The Conley-Zehnder index

A hermitian vector bundle (E, J, w) is a vector bundle E together with an almost complex structure J
and a symplectic structure @ such that J is compatible with w. An asymptotic operator on a hermitian
vector bundle (E, J, ) over S! is a real-linear differential operator A : I'(E) — I'(E) which, in some
(and hence any) unitary trivialization, takes the form

(3-1) A:C®(STR?™) — C®(SY,R?™), n>—Jdm—S(O)n,

where t € S and S: S! — End(R?") is a loop of symmetric matrices. The asymptotic operator A4 is
said to be nondegenerate if 0 is not an eigenvalue.

Fix a hermitian vector bundle (E, J,w) over S! and a unitary trivialization 7. Given a nondegenerate
asymptotic operator A, we can obtain a nondegenerate path of symplectic matrices by solving the ordinary
differential equation

(3-2) (=T —S()W() =0, P(0)=id.

Conversely, given a nondegenerate path of symplectic matrices, we can recover a nondegenerate asymptotic
operator by solving (3-2) for S(#).

The Conley—Zehnder index CZ(A) = CZ(W¥) € Z is an integer-valued invariant which can be associated
equivalently to a nondegenerate asymptotic operator equipped with a unitary trivialization t or to a
nondegenerate path of symplectic matrices. It only depends on t up to homotopy through unitary
trivializations. We refer the reader to [68, Section 3.4] or [33] for a detailed overview of the Conley—
Zehnder index.

Definition 3.1 Let (Y, = ker A1) be a contact manifold and let y be a Reeb orbit of period P > 0,
parametrized so that A(y") = P. Given a choice of d A—compatible almost complex structure J on &, we
can define the asymptotic operator A, : I'(y*§) — I'(y*§) by A, = —J(V; — PVR},), where V is some
symmetric connection on Y.

The Conley—Zehnder index of a Reeb orbit y relative to a trivialization t of y*§ will be denoted by
CZ'(y) :=CZ'(A,).

Let us now consider a contact manifold (¥ 2”1, £ =ker 1) and a strong contact submanifold (V273 1|y).
Observe that the contact distribution splits naturally along V' as

(3-3) Ely = Ely @&y,

where §|IT, =&y NTV and € |J1; is the symplectic orthogonal complement of & |IT, C &|y with respect to d A.
Suppose that J is a d A—compatible almost complex structure on § which respects the splitting (3-3).
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Lety:S! — V be aReeb orbit. Since J respects the above splitting, then so does the associated asymptotic
operator, which we can therefore write as 4, = A;,r @ A)J;. If we choose a unitary trivialization 7 of §|,
which is also compatible with the splitting, we can define CZ%.(y) :=CZ"® (AJT ) and CZ}, (y) :=CZ" (A)J;).
We call these respectively the tangential and normal Conley—Zehnder indices of y with respect to t.

We define the integers
(3-4) ay” () :=[CZy (v)/2].
(3-5) ay’ () = [CZy (y)/2].

Let py(y) = a]rv;-" ) —af\}_ (y) €40, 1} be the (normal) parity of y, and observe that it is independent
of the choice of trivialization. We have

(3-6) CZ(y) = 2ay () + pN(y) =20y (1) = PN (Y.
from which it also follows that py (y) = CZ}, (y) mod 2.

There is a canonical isomorphism

(3-7) §ly = Ny/v.

where Ny, denotes the normal bundle of V C Y. If (V, §y) C (Y, §) are co-oriented and hence oriented,
then Ny, y is also oriented and (3-7) is orientation-preserving. If we assume that Ny, is trivial, then it
follows that (3-7) induces a bijection between homotopy classes of trivializations of Ny, compatible
with the orientation and homotopy classes of unitary trivializations on & |#. Since the Conley—Zehnder
index only depends on the homotopy class of unitary trivializations, we may define CZ}; (y) with respect
to any homotopy class of trivializations t of Ny, compatible with the orientation.

3.2 Normal dynamics and adapted contact forms
We now state some important definitions, which will be used throughout this paper.

Definition 3.2 A trivial-normal contact pair (or just TN contact pair) is a datum (Y, €, V') consisting
of a closed co-oriented contact manifold (Y, £) and a co-oriented codimension 2 contact submanifold
V C (Y, £) with trivial normal bundle Ny, y .

An important example of a TN contact pair is the binding of a contact open book decomposition; see
Definition 3.10. A choice of (homotopy class of) trivialization T on Ny, is called a framing and we say
that (V, ) C Y is a framed codimension 2 submanifold. Note that we do not assume in Definition 3.2
that V and Y are nonempty. For future reference, we let £ denote the unique contact structure on the
empty set.

Definition 3.3 Given a TN contact pair (Y, £, V') with V nonempty, let R(Y, &, V') be the set of triples
t= (ay, t,r) where

o ay € Q1 (V) is a nondegenerate contact form for (V, &y),
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* 7 is a homotopy class of trivializations of Ny, (ie a framing) which is compatible with the
orientation, and

e r > 0 is a strictly positive real number, and we have (1/r)Z N S(ay) = &, where S(ay) is the
action spectrum of oy .

If V = @ (with Y possibly also empty), we define R(Y, &, @) = {(¢g, 15,0)}, where oy and 174 are
understood as a contact form and normal trivialization on the empty set.

Definition 3.4 Given a TN contact pair (¥, &, V) and v = (ay, t,7) € R(Y, &, V), we say that a contact
form ker A = £ is adapted to v if

¢ ) is nondegenerate,

o Ay =ay,

e V is a strong contact submanifold of (Y, 1) (see Definition 2.22), and

» we have CZ} (y) = 1 + 2[rP, ] for all Reeb orbits y C V, where P, is the period of y.

In the case that V = &, any contact form A is considered to be adapted to the unique element («g, 75, 0) €
R(Y, &, ). Given a contactomorphism f: (Y,&, V) — (Y, &, V'), we write fit = (feay, f4T.7) €
RY',E, V). If ¢;: V — Y is an isotopy of contact embeddings where ¢y is the tautological embedding
VLV Y and ¢1(V) = V’, then ¢; extends to a family of contactomorphisms f;. We then write
(¢1)«t := (f1)«t; this is independent of the choice of extension.

We say that A is positive elliptic near V # @ if it is adapted to some v = (ay, t,7) € R(Y, &, V); we refer
to r > 0 as the rotation parameter.

Remark 3.5 Our insistence on allowing the case where ¥ = & in the above definitions is explained
by the need to treat Liouville manifolds as special cases of Liouville cobordisms in the arguments of
Section 7.

We will prove in Proposition 3.9 that adapted contact forms always exist, ie for any TN contact pair
(Y,€,V)and v = (ay, 7,r) € R(Y, &, V) there exists a contact form adapted to v. The first step is to
construct a suitable local model.

Construction 3.6 For 0 < e < 1, let D? C R? be the standard disk of radius € (in the sequel, we will
often denote this disk by D2). Let (V,ay) be a contact manifold and let ¢: D? — R~ be a smooth
positive function which has a nondegenerate critical point at O and satisfies ¢ (0) = 1. We define

1

(3-8) af = 5@V +2p2).

where Ap2 = %(x dy — y dx) is the usual Liouville form on D?. This is a contact form on V x D? whose
restriction to V' = V x {0} coincides with . Its Reeb vector field is given by

(3-9) Ry = (¢ —Zp2¢)Ry + Xy,
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where Zp> = %(xax + y0dy) is the Liouville vector field of Ap> and X¢ = —(0,¢)0dx + (3x¢)0, is the
Hamiltonian vector field of ¢ with respect to the symplectic form wp2 = dAp2. Our assumptions on ¢
imply that Ry = Ry on V x {0}, so that (V, ay) is a strong contact submanifold of (V x D2, cx{’i). We
will let

_ axx¢(0) d xd)(o) 2X2
>-10) S = (axy¢(o> aﬁyqsw)) <K

denote the Hessian of ¢ at the origin. Since Sy is symmetric and nondegenerate, its eigenvalues are real
and nonzero, so its signature Sign(Sg ) is one of 0, £2. We will say that ¢ is hyperbolic if Sign(Sg) = 0,
positive elliptic if Sign(Sg) = 2 and negative elliptic if Sign(Sg) = —2. In the elliptic case, we define
Cp = \/m /(27); this is a positive real number since det(Sg) > 0. Finally, we note that the splitting
(E8)lv = (Ep)I], ® (6) |5 —see equation (3-3)—is given by (£4)[} = £y and (55)[% = ToD2. We will
let 74 denote the trivialization of (E¢)|IL, by {0x. dy}.

We say that a{’; is nondegenerate on V if every Reeb orbit of oy is nondegenerate when viewed as a
Reeb orbit of cxﬁ.

Proposition 3.7 Carrying over the notation of Construction 3.6, suppose that ay is nondegenerate. If ¢
is elliptic, then af; is nondegenerate on V' if and only if (1/cg)Z N S(ay) = &, where S(ay ) denotes
the action spectrum of ay .

Proof Let y be a Reeb orbit of period P contained in V. Recall that y is nondegenerate if and only if its
asymptotic operator is nondegenerate. Choose a trivialization t and an almost complex structure J on
(£4)|, which preserve the splitting (§5)|, = (§v)|y ® ToD? and coincide with 74 and Jo respectively
on ToD?, where Jo denotes the standard almost complex structure on R? = Ty D2. The asymptotic
operator A, is compatible with this splitting and can therefore be written as A4, = A; @ Af;. The
tangential part A;,r is nondegenerate since it coincides with the asymptotic operator of y as a Reeb orbit
in V. The normal part Af; is given explicitly by

(3-11) Ay =—Jod—P-Sp

(this follows from a short computation using the formula for the Reeb vector field Ry in Construction 3.6).
Define a path W of symplectic matrices by W(¢) =exp(tP-JoSg). Then A)J; is nondegenerate if and only if
W(1) doesn’t have 1 as an eigenvalue. If ¢ is elliptic, then the eigenvalues of W (1) are exp(4iP \/W).
Hence, y is nondegenerate if and only if P \/W is not an integer multiple of 27, ie P ¢ (1/c¢)Z. It
follows that Ay is nondegenerate if and only if (1/c4)Z N S(ay) = @, as claimed. |

The important feature of Construction 3.6 is that the normal Conley—Zehnder indices of the Reeb orbits
in V can be computed explicitly.
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Proposition 3.8 Assume oeg is nondegenerate on V. If ¢ is elliptic, then

(3-12) CZ2 (y) = £(1 +2[cg Py )

for every Reeb orbit y contained in V, where P, > 0 denotes the period of y and the sign is + or —
depending on whether ¢ is positive elliptic or negative elliptic.

Proof We have CZ;‘}’ (y) = CZ(¥), where W(t) = exp(tP - JoSy) is the path of symplectic matrices
defined in the proof of Proposition 3.7; see [68, Section 3.4]. Proposition 41 of [33] implies that

(3-13) CZ(¥) = £(1+2[cs P))

if Sign(Syp) = £2. |

Proposition 3.9 Fix a TN contact pair (Y, €, V) and an element v = (ay, t,r) € R(Y, &, V). Then there
exists a contact form A on (Y, &) which is adapted to t.

Proof Let ¢ be as in Construction 3.6. The standard neighborhood theorem for contact submanifolds
(see [29, Theorem 2.5.15]) implies that the inclusion map V — Y extends to a contact embedding
t:(Vx D€2, ker(a{’i)) — (Y, &) such that ¢*z is homotopic to 74, for some € > 0 sufficiently small. Hence
there exists a contact form A for & such that (*A = cx{’i near V. In addition to choosing ¢ so that A
is adapted to t, we also need to make sure that A can be modified away from V' so that it becomes
nondegenerate. By [2, Theorem 13], this can be achieved by choosing a ¢ such that the following two

conditions are satisfied:

. a{’i is nondegenerate on V.

o All the Reeb orbits of a$ in V x D2 are contained in V.

Let us set ¢ = 1 + 7 (x? 4 y2). Proposition 3.7 implies that ocf; is nondegenerate on V' since

Cyp = oy = r.

Since Ry = Ry + Xy, every Reeb orbit y of a{’i is of the form y = (yv, y¢), where yy is an orbit of Ry
and yg is an orbit of X with the same period P > 0. From the formula Xy = —27rydy 4+ 27rx0,, we
see that if y4 were not constant, we would have P € (1/r)Z, contradicting our assumption on r; see
Definition 3.3. Thus y is contained in V. a

3.3 Open book decompositions

In this section, we consider normal Reeb dynamics for bindings of open book decompositions. We begin
by recalling the definition of an open book decomposition; we refer to [62, Section A.1; 29, Section 4.4.2]
for a historically informed survey of this theory.
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Definition 3.10 An open book decomposition (Y, B, ) of a closed, oriented n—manifold Y consists of
the following data:

(i) An oriented, closed, codimension 2 submanifold B C Y with trivial normal bundle.
(ii) A fibration 7: Y — B — S which coincides with the angular coordinate in some neighborhood

Bx{0}CBxD?>=Bx{(x,y)| x>+ y%2 <1}

The submanifold B C Y is called the binding and the fibers of & are called pages.

Observe that the data of an open book decomposition induces a natural trivialization of the normal bundle
to the binding. We also recall what it means for an open book decomposition to support a contact structure.

Definition 3.11 [31] Given an odd-dimensional manifold ¥ 2”~!, an open book decomposition (Y, B, i)
is said to support a contact structure £ if there exists a contact form £ = ker o such that the following
properties hold:

(i) The restriction of « to B is a contact form.
(ii) The restriction of da to any page 7 ~!(6) is a symplectic form.
(iii) The orientation of B induced by « coincides with the orientation of B as the boundary of the

symplectic manifold (P, da), where Pg = 7~ 1(6) is any page.

Such a contact form is called a Giroux form (and is also said in the literature to be adapted to the open
book decomposition).

Remark 3.12 Condition (ii) in the above definition is equivalent to the Reeb vector field of « being
transverse to the pages.

For future convenience, we state the following definition.

Definition 3.13 Let G be the set of TN contact pairs (Y, &, V') having the property that £ is supported by
an open book decomposition 7: Y —V — S with binding V.

Lemma 3.14 Let (Y, B, w) be an open book decomposition supporting the contact structure £. Let ap
be a contact form for (B, £p) and let f: [0, 1) — R be a positive smooth function such that f(0) = 1 and
f'(r) <0 forr > 0. Then there exists a Giroux form a and an embedding ¢: B X De2 — Y (for some
small € > 0) with the following properties:

() a|lp=oap.
(2) The projection 7 o ¢ is given by (r, 0) — 6 on B x D? — B x {0}.
(3) ¢*a = f(r)(a|p+Ap2).
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Proof The proof is in two steps. First, we will show that there exists a Giroux form & such that @|p = op.
Second, we will construct & by modifying & so that (1)—(3) are satisfied.

Step 1 Let o’ be an arbitrary Giroux form for (Y, B, ). Since «’|p and ap define the same contact
structure, we can write ag = (1 + /) (/| g) for some smooth function /: B — R. We may assume without
loss of generality that 2 > 0 everywhere, since any positive constant multiple of &’ is also a Giroux form.

It is shown in the proof of [18, Proposition 2] that there exists a tubular neighborhood B x D? of the
binding on which 7 = 6 and &’ = g(c/|g + Ap2), where g: B x D2 — R is a positive smooth function
satisfying g = 1 on B x {0}, Ap2 = %(x dy —y dx) and € > 0 is a suitably small constant. Note that
g(@’|g + Ap2) is a Giroux form on (B x D2, B x {0}, 7 = 0) if and only if dg/dr < 0 for r > 0.

Let 0: [0, €] = R be a nonincreasing smooth function such that o () = 1 for r near 0 and o (r) = 0 for r
neare. Set g:=(14+0o(r)h)g. Then 0,2 = d,0-hg+ (1+0ch)-9,g <0. Now we define & by replacing
g with g.

Step 2 By the previous step, we may fix a Giroux form & so that &|p = ap. Appealing again to the
proof of [18, Proposition 2], there exists a tubular neighborhood B x Dez, of the binding on which 7 = 6
and & = y(&|p + Ap2), where y: B x D% — R is a positive smooth function satisfying y = 1 on B x {0},
Ap2 = %(x dy —y dx) and €’ > 0 is a suitably small constant. Again, we have that y(&|p + Ap2) is a
Giroux form on (B x D2, B x {0}, # = 0) if and only if dy/dr < 0 for r > 0.

6/ ’
Let§: B x DEZ/ — R be a positive smooth function such that § = f near B x {0}, § = y near B X 8D€2,,
and 9,6 < 0 for r > 0. Let « be the unique contact form on Y which coincides with @ outside the image

of ¢ and satisfies ¢*o = §(&|p + Ap2). Then « is a Giroux form and satisfies conditions (1)—(3). m]

Corollary 3.15 Consider an open book decomposition (Y, B, ) which supports a contact structure § and
let T denote the induced trivialization of the normal bundle of B C Y. Choose an element t = (ap, ,7) €
R(Y, &, B). Then there exists a Giroux form « which is adapted to t; see Definition 3.4.

Proof Let kx = mr and define f(s) = (1 4+ ks%)~! for s € [0,1). Since f(0) =1 and f'(s) <0, it
follows that there exists a Giroux form @ satisfying the conditions stated in Lemma 3.14. As we observed
in the proof of Proposition 3.9, there exists a neighborhood ¢/ of B with the properties that

e { is nondegenerate on U/, and

e all the Reeb orbits in I/ are contained in B.
According to [2, Theorem 13], we can obtain a nondegenerate contact form by multiplying & by a smooth

function g: Y — R4 with g = 1 near B. Moreover, we can assume that g — 1 is arbitrarily C !~small
and hence that g is still a Giroux form.

Since g&@ = o near B, it follows that (g&)|p = ap and that B is a strong contact submanifold with respect
to ga. Finally, the last point in Definition 3.4 can be verified just as in the proof of Proposition 3.8. O
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4 Standard setups and tree categories.

Contact homology is defined in [61] by counting pseudoholomorphic curves (and, more generally,
pseudoholomorphic buildings) in four setups. To keep track of the combinatorics of these curves, Pardon
introduces certain categories of decorated trees. We briefly review this formalism here, referring the
reader to [61, Section 2.1] for details.

4.1 Standard setups

Setup I A datum D for Setup I consists of a triple (Y, A, J), where Y is a closed manifold, A is a
nondegenerate contact form on Y and J is a d A—compatible almost complex structure on § = ker A.

Setup II A datum D = (D"‘, D, )’(\, 1, f) for Setup II consists of
o dataD* = (Y*, A%, J¥) asin Setup I,
e an exact symplectic cobordism ()? , i) with positive end (Y T, A1) and negative end (Y —, A7), and

e adA-tame almost complex structure J on X which agrees with J* at infinity.

Setup III A datum D = (D, D™, (X, A, ft),e[o,l]) for this setting consists of
o dataD* = (Y* A%, J*) asin Setup I,

¢ a family of exact symplectic cobordisms ()? , it)te[o,l] with positive end (¥ T, A7) and negative
end (Y~,A7), and

 adA'-tame almost complex structure J' on X which agrees with JE at infinity.

Note that for every 7o € [0, 1], there is a datum D'=% = (DT, D~, X, A0, j10) as in Setup II.

Setup IV A datum D = (D!, D12, (X021 02 fOZ,t)te[O’oo)) for this setting consists of
e data
DOl = (p°, D!, X0 301 Oy and D2 = (D! D2, X12,312, 12
as in Setup II, where D= (Yi,)Li, Ji) fori =0,1,2,

e a family of exact symplectic cobordisms ()? 022, 202.1 )te[0,00) With positive end (Y2 1% and
negative end (Y2, 2), which for ¢ large coincides with the z—gluing of (X°1, 1°1) and (X2, 112),
and

o a dA%2_tame almost complex structure J 92 on X2+ which agrees with J° and J2 at infinity,
and is induced by JV and J°2 for ¢ large.
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4.2 Trees

For each setup, Pardon [61, Section 2.1] defines a category S for « = I, II, III, IV, which depends
on some datum D. Each object T € § is a decorated tree (or forest) representing a certain class of
pseudoholomorphic curves (or more generally of buildings). Geometrically, the vertices correspond to
curves, edges correspond to asymptotic orbits, and the decorations keep track of additional information
(such as the homology classes of the components, and their “level” in the SFT compactification).

A morphism of trees in Sy consists of two pieces of data. First, a contraction of some edges, with the
important caveat that only certain contractions are allowed, which depend on the decorations on the tree.
Second, one specifies some additional data on external edges, which depends on the decorations of the
external edges. Geometrically, a morphism of trees correspond to gluing holomorphic curves, and the
data which one specifies on the external edges encodes different ways of moving asymptotic markers.
For T € Sx, we let Aut(T') denote the group of automorphisms of 7. Given a morphism 77/ — T, we let
Aut(T’'/T) C Aut(T’) be the subgroup of automorphisms of 7’ which are compatible with T/ — T'.

In each category Sy, there is an operation called concatenation whose input is a collection of trees
(satisfying certain conditions, and with additional matching data), and whose output is a single tree.
Geometrically, concatenations of trees correspond to “stacking” holomorphic buildings. The precise rules
for concatenations are rather involved and depend on the individual setups.

Remark 4.1 A datum D for Setups II, III, IV determines multiple categories of trees: this is because
such a datum itself contains (by definition) data for multiple setups. We always follow the notation of
[61, Section 2.1] fo denote the resulting tree categories. So, for example, if D = (DT, D™, X , 1, J )isa
datum for Setup II, we write Syj := Sy(D), SI’L = S(DT) and Sy = S1(D7). Similarly, a datum for
Setup III determines categories Spr, S50, Si=!, S, and a datum for Setup IV determines categories
Sv, S, SE2, 8P, St sz

4.3 Virtual moduli counts

To an object T € S«, we can associate a moduli space M(T") [61, Section 2.3] which carries an action of
Aut(T) — this action corresponds geometrically to changing asymptotic markers. Note that 7 € Sy has a
well-defined notion of index and virtual dimension [61, Definition 2.42]. The compactified moduli space
M(T) is defined by (see [61, Definition 2.13])
4-1) M(T):= | | MT")/Aw(T'/T).

T'—-T
Theorem 1.1 in [61] provides a perturbation datum 6 € ®4(D) and associated virtual moduli counts
#M (T)‘éir € Q (which are zero for vdim(7T") # 0) satisfying the master equations

1 _ .

4-2 0= #M(THVIr

@ 2 T
codim(7’/T)=1
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and

v vir 1
(4-3) MO = (T T

Y [T#mamy”

4
By standard arguments, this can be used to define the various maps involved in the definition of contact
homology (such as the differential @) and show that they satisfy the expected relations (such as d? = 0);

see [61, Section 1.7].

5 Intersection theory for punctured holomorphic curves

5.1 Definition of the Siefring intersection number

We will make use in this paper of an intersection theory for asymptotically cylindrical maps and sub-
manifolds. The four-dimensional theory was constructed by Siefring [64] and assigns an integer to a
pair of asymptotically cylindrical maps in a 4—dimensional symplectic cobordism; see also the book by
Wendl [69]. The higher-dimensional theory, also due to Siefring, assigns an integer to the pairing of
a codimension 2 (asymptotically) cylindrical hypersurface with a (asymptotically) cylindrical map. A
detailed overview can be found in [54].

Consider a strong exact symplectic cobordism ()?, i) from (Y, A1) to (Y7, 17). Let (VE,1%|y) C
(Y%, A%) be strong contact submanifolds and let H C X be a codimension 2 submanifold with cylindrical
ends VT LUV™.

We let t denote a choice of trivialization of & i|JI; 4 along every Reeb orbit in V*. We require that
the trivialization along a multiply covered orbit be pulled back from the chosen trivialization along the
underlying simple orbit. Let u: ¥ — (p;7 U p;)) — X be a map which is positively/negatively asymptotic
atz e pff to the Reeb orbit y,. Now set

(5-1) ue, H:=u"-H,

where u? is a perturbation of u which is transverse to H and constant with respect to 7 at infinity, and
(—-—) is the usual algebraic intersection number for transversely intersecting smooth maps. While (5-1)
depends on the choice of trivialization 7, Siefring showed that this count can be corrected so as to become
independent of t. This leads to the following definition.

Definition 5.1 [54, Section 2] The generalized (or Siefring) intersection number u * H € 7 of u and
H is defined by

(5-2) uxH=ue: H+ Y oy (y2)— Y ap’ ().

zepk Z€pu

Proposition 5.2 The intersection number u * H only depends on the equivalence classes of u in
7o(X, THUT™), and H in Q2,—»(X, VT UV 7); see Definition 2.21.
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32 Laurent Coté and Frangois-Simon Fauteux-Chapleau

Proof The intersection number u? - H is clearly invariant under compactly supported isotopies of H .

Given a truncation Xo C X, we can proceed as in Section 2.2 to associate to u¥ a map #*: X — X,. Let
Hy = H N Xy. If we choose Xy sufficiently large (so that H is cylindrical in its complement), then Hy
will be a submanifold with boundary dHy = Ho N 3dXo = V™ L V™. Note that #® - Hy only depends on
[u] € m> ()? , [T LT ™). Moreover, we have u? - Hy = u* - H; indeed, if X is sufficiently large, then the
intersections of u* with Hy are exactly the same as those of u* with H. |

5.2 Positivity of intersection

We now discuss positivity of intersection for the Siefring intersection number. Given a contact manifold
(Y,& = ker 1) and an almost complex structure J on &, we adopt the usual convention of letting J
denote the induced almost complex structure on the symplectization. An almost complex structure on a
cobordism ()? , X) between two contact manifolds (Y *, A%) is called cylindrical if it agrees at infinity
with J £ for some choice of d A*_compatible almost complex structures J * on ker(AF).

Proposition 5.3 [54, Corollary 2.3 and Theorem 2.5] Let ()’(\ , )At) be an exact symplectic cobordism
from (Y *,A%) to (Y~,A7). Let u and H denote an asymptotically cylindrical map and a cylindrical
submanifold of codimension 2 in X, respectively.

Suppose that u and H are J —holomorphic for some cylindrical almost complex structure J on X which
is compatible with dA. If the image of u is not contained in H, then Im(u) N H is a finite set and

(5-3) uxH>u-H.

(Note that, by ordinary positivity of intersection for two pseudoholomorphic submanifolds, this implies
that u * H > 0, and that Im(u) and H are disjoint if u * H = 0.)

When the image of u is contained in H, positivity of intersection does not hold. The following computation,
which will be useful to us later, is one example of this. The notation y refers to the trivial cylinder
R x S — ¥ over the Reeb orbit y; similarly, V=RxV CY is the cylinder over the strong contact
submanifold V.

Corollary 5.4 Let y be a Reeb orbitinY. If y is contained in V, then
(5-4) PV =—pn ().

Proof By definition,

(5-5) PV =77V ey ) oy @),

We can choose the perturbation % so that its image is disjoint from V. The result follows since
8

a;\fr(y) —ay (y) = pn(y) by definition. |
Remark 5.5 If y is disjoint from V, then ¥ % V=o.
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Homological invariants of codimension 2 contact submanifolds 33

Corollary 5.4 shows that positivity of intersection fails for curves contained in V. However, we still have
a lower bound on the intersection number u * V when u = y is a trivial cylinder, namely, y * V>-1
since py (y) € {0, 1}. In the remainder of this section, we show that if (¥, &, V') is a TN contact pair and
A is positive elliptic near V, then the intersection number u * V is bounded below for all asymptotically
cylindrical curves u contained in V. We also give an analogous result for cylindrical submanifolds of
symplectic cobordisms H C ()? , w) with trivial normal bundle.

Proposition 5.6 Fix a TN contact pair (Y,&,V) and a datum v = (ay,t,r) € R(Y, &, V). Consider
a contact form A on (Y, £) which is adapted to t, and an almost complex structure J on & which is
compatible with d A and which preserves £y . Suppose that u is a J —holomorphic curve whose image is
entirely contained in V.If A s positive elliptic near V, then u % V>1- Pu, Where p, denotes the number
of punctures (positive and negative) of u.

Proof We have by definition that
(5-6) ay (vz) = CZY (yz)/2] = |rP;] for z € p;f.
(5-7) ait(y:) = [CZYy (y2)/2] = 1+ |rP;] for z € p;,

where P, denotes the period of the Reeb orbit y,. Using the trivial bounds x — 1 < | x| < x and the fact

A~

that u® - V = 0, we obtain
(5-8) uxV > Z(er—l)—Z(1+er)z—pu+r(ZPZ—ZPZ).
zep ZEPpy zepk ZEpy

The fact that u is J- —holomorphic implies that ZZ ept
Thusu*V >1— Pu, as desired. a

P, — ZZGP; P is nonnegative; see [68, page 60].

We will need an analog of Proposition 5.6 for cobordisms. Note that if V' C Y is a codimension 2 contact
submanifold, then the normal bundle of ¥V =R x ¥V CR x ¥ =Y can be identified with the pullback of
& |IL, under the projection V — V. Hence, any trivialization t of & |J‘; induces a trivialization of the normal
bundle of V, which we will denote by 7.

Proposition 5.7 Fix TN contact pairs (Y £, £+, V*) and elements t* = (oe%, tE rE)eR(YE g V).
Let A* be contact forms on (Y *, §%) which are adapted to v*, and let ()?, X H)ﬁir be a strong rela-
tive symplectic cobordism from (Y T, £, V1) to (Y™,£~, V™). We assume that there exists a global
trivialization © of the normal bundle of H which coincides with T* near 4oo.

Let J be an almost complex structure on X which is cylindrical and compatible with dA* outside a
compact set, and such that H is J —holomorphic. Let u be an asymptotically cylindrical map in X which
is J. —holomorphic and whose image is entirely contained in H . Following the notation of Proposition 5.6,

if A is positive elliptic near V¥, thenu x H > —py +r* 3" _ & P, =1~ Y, P;. In particular,

ZEPpy
u * H > 0 if u has no negative puncture.
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Proof We have
(5-9) ux H=u" H+Za “(y2) - Z“ (72)-

zepyt Z€Pu
We can choose the perturbation u® so that it is disjoint from H, so u®- H = 0. We now argue as in
Proposition 5.6 to find that

(5-100 uxH> > (TP,—=1)= Y (I+r"P)=—py+rT Y P.—r" > P, O

zept Z€pu zepyt Z€Ppu
5.3 The intersection number for buildings

In this section, we use Siefring’s intersection theory to define an intersection number for buildings of
asymptotically cylindrical maps and buildings of asymptotically cylindrical codimension 2 submanifolds.
Since the differences between S, Sy, Sir and Spy don’t matter for this purpose, we start by defining a
category S of labeled trees which only keeps track of the information needed for intersection theory; in
particular, there are obvious “forgetful” functors Sy — S.

The category S = S (XY ;) depends on the following data:

(i) An integer m > 0 and a collection of m + 1 co-oriented contact manifolds (Y?, £), each equipped
with a choice of contact form A! for 0 <i < m.

(ii) For each pair of integers 0 <7 < j < m, an exact symplectic cobordism ()? i, Al ) with positive
end (Y7, £") and negative end (Y7, £/). We require that X'l = SY' be the symplectization of Y’
and that X'¥ = XU #X /¥ for i < j < k; this makes sense in light of Remark 2.8.

An object T € S is a finite directed forest, ie a finite collection of finite directed trees. We require that
every vertex has a unique incoming edge. Edges which are adjacent to only one vertex are allowed; we
will refer to them as input or output edges depending on whether they are missing a source or a sink. The
other edges will be called interior edges. We also have the following decorations:

e For each edge e € E(T), a symbol x(e) € {0,...,m} such that x(e) = O for input edges and
x(e) = m for output edges, together with a Reeb orbit y, in (¥ *), 1 *()),

e For each vertex v € V(T'), a pair x(v) = (xT(v), *~(v)) € {0,... ,m}2 such that * T (v) < *~(v),
and a homotopy class B, € 2 ()?*(”), Ye+(v) U 1Ye~ te—cE—(v))> Where e (v) denotes the unique
incoming edge of v and E~ (v) denotes its set of outgoing edges. We require that x (et (v)) = * T (v)
and x(e™) = x~ (v) for every e~ € E~(v).

Remark 5.8 Geometrically, these decorations specify how different curves and orbits fit together to
form a holomorphic building. For example, suppose m = 1 and 7T is a tree with one vertex v and one
input edge e. If x(e) = 0 and *(v) = 00, then T describes a curve in SY? with one positive puncture
and no negative punctures. If x(e) = 0 and *(v) = 01, then T describes a curve in X°1 with one positive
puncture and no negative punctures. This labeling scheme of course follows [61, Section 2.1].
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We will let FT+ and I'; denote the collections of Reeb orbits associated to the input and output edges of
an object T € S. In the case where T is a tree, the unique element of FTYL will be denoted by )/;f .

A morphism 7: T — T’ consists of a contraction of the underlying forests (meaning that 7" is identified
with the forest obtained by contracting a certain subset of the interior edges of T') subject to the following
conditions:

* For every noncontracted edge e € E(T'), we require that x(7(e)) = *(e) and yr (o) = Ve-

« For every vertex v € V(T), we have T ((v)) < *T(v) and *~ (7 (v)) > *~(v).

* For every vertex v’ € V(T"), we require that B,/ = #5(y)=y Pv-
Note that for any morphism 7" — 7', we have F; = FT+, and I';' = T'p).
Remark 5.9 Forevery T € S, we get a morphism 7" — T, by contacting all of the interior edges of 7.
Each component of T, is a tree with a unique vertex. In the case where T is connected, we will write

Br =#,8y € 12 ()? Om. y;: U ;) for the homotopy class labeling the unique vertex of Tiyax. Note that
for every morphism 7' — T, we have Tiax = T, In particular, if 7 and T’ are trees, then S = 7.

Definition 5.10 Let 7 € S and let {T;}i denote its connected components. The intersection number
T x H of T with a codimension 2 cylindrical submanifold H C X0 is defined to be

(5-11) T+«H=Y pr,*H.

By Proposition 5.2, this intersection number only depends on the class of H in 22,—» ()’(\ Om Yo pym).
By Remark 5.9, it is “invariant under gluing”:

Proposition 5.11 Let T, T’ € 8. If there exists a morphism T — T, then T x H = T' % H .

Suppose now that m = 0, so that objects T € S represent buildings of curves in the symplectization Y of
a single contact manifold (Y, 1) := (Y%, 19), and that H = V:=R x V is the trivial cylinder over some
strong contact submanifold V' C Y of codimension 2. In that case, the intersection number 7" *x H can be
expressed more explicitly as follows.

Proposition 5.12 For any T € S , we have
(5-12) T+«V= Y BpxV— D PexV.
veV(T) ecEn(T)

Proof The proof will be by induction on the number of interior edges. If this number is zero, then (5-12)
is true by definition. Otherwise, pick an edge e € E™(T') and contract it to obtain a morphism 77: 7 — T’
where T’ has one less interior edge than 7. We can assume inductively that 7"’ satisfies (5-12). Since
T %V = T’ % V, it suffices to show that

(5-13) But ¥V A Bu= sV —Pex V =Py xV,

where v and v~ are the source and sink of e, respectively, and v/ = 7(vF) = 7 (v7).
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To do this, start by picking curves u+: ¥+ — Y representing the classes B, +. Fix a choice of cylindrical
coordinates near the positive puncture of ¥~ and near the negative puncture of u™ corresponding to e.
We can assume that u 4 is cylindrical at infinity, so that there exists a constant C > 0 such that

(5-14) UL(s,t) =(Pe-s,ye(t)) for Fs>C,

where P, is the period of the orbit corresponding to e. Now let

(5-15) Tt =3F\ ((—o0, —3C) x §1),

(5-16) ST =37\ ((3C,00) x S1),

and let ¥ = X1 # X~ be obtained by identifying [-3C, —C] x S! ¢ % with [C,3C]x S! C =~ via

translation by 4C. The curve u4 #u_: ¥ — Y which is given by 7ocp, ou4 on T and T_acp, OU—
on X~ (where Ty: Y — Y denotes translation by s) then represents the homotopy class f,+ # By— = Bu.

Choose a trivialization t of & |# along the relevant Reeb orbits and use it to produce perturbations u7_ and
(u+4 #u_)" as in Section 5.1. We can do this in such a way that (u4 #u_)* is obtained by gluing u7,
and u*. Then
(5-17) i #u )"V =ul-V4+u® -V,
SO
(i tu)xV=u®-V+ul -V +ay (yH) - Z it (y2)
ZEP;+#M_
=ul-V4ul -Vtog 0D +ag - Y af )= Y, ay’ ()
z€pu, z€pi_
=upxV4u_xV+ Otjtv;-"()/e) —ay (ve)
=us xV+u_xV + py(ye).
We have p(ye) = —J. * V by Corollary 5.4, so this implies that
(5-18) B xV = (u+#u_)*l7=u+*l7+u_*l7—)7e*l7=ﬁv+ *xV 4 Bo— sV —PoxV,

as desired. O

Definition 5.13 Given 7 € S, we say that T is representable by a holomorphic building if there exists
a d A—compatible almost complex structure J on & such that, for every vertex v € V(T'), the homotopy
class 8, € nz(}?, Ye+(w) U Ve~ te—cE—(v)) admits a J —holomorphic representative. We say that T is
representable by a J—holomorphic building if we wish to specify J.

Corollary 5.14 Let T € S. Suppose that there exists a morphism T’ — T and a d \—compatible almost
complex structure J on & such that T’ is representable by a J —holomorphic building. Suppose also that
Vis f—holomorphic. If A is positive elliptic near V, then T % V>-I (T, V), where I' (T, V') denotes
the number of output edges e of T such that y, is contained in V.
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Proof By Proposition 5.11, T % V = T’ x V. By Proposition 5.12,
(5-19) T'sV= > BuxV— > PexV.
veV(T) e€Ein(T")

According to Proposition 5.3, we have f * V >0, unless the holomorphic representative of 8, is entirely
contained in V, in which case Proposition 5.6 tells us that 8, * V > —#E ~(v). By Corollary 5.4, we have

(5-20) —HE"()= Y PexV.
ecE—(v)

Given v € V(T’), let us denote by I'"(v, V) the number of output edges e € E~(v) such that y, C V.
Appealing again to Proposition 5.12, we have

(5-21) T*V= 3" BuxV— > PexV
veV(T") ecEm(T")
-y (ﬂv*I?— ) ye*9)+ T pex?
veV(T) ecE—(v) ecE—(T)
= Y BuxVA+I (V)T (T.V)
veV(T")
Z _F_(Tv V)a

where we have used the fact that 7 and 7' have the same exterior edges in the last line. This completes
the proof. a

More generally, suppose we are given the following data, where m is now allowed to be any nonnegative
integer:
e For each 0 < i < m, a strong contact submanifold V! C Y? of codimension 2.
e Foreach 0 <i < j <m, ahomotopy class 7;; € Qz,l_z(fij, Viy Vj). We require that n;; := [17,]
be the homotopy class of Vi=Rx V!, and that Nik = nij #njx forany i < j <k.

Let 7 := Nom € Qan—2 (X0 VO Y™,

Proposition 5.15 Let T € S. Then

(5-22) Txn= Z Buv * Nw(v) — Z Ve * I//\*(6)‘
veV(T) ecEn(T)

Proof We will say a vertex v € V(T) is a symplectization vertex if x(v) = ii for some i, and we will call
it a cobordism vertex otherwise. This induces a partition E™(7) = E*(T)U E*(T) U E*(T) of the set
of interior edges according to the types of the vertices they are adjacent to — here the superscripts s and ¢
stand for “symplectization” and “cobordism”, respectively. Similarly, the set of exterior edges admits a
partition E*Y(T) = ES(T)u E°(T).
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We can (and will) assume without loss of generality that E%(T') is empty. Indeed, let T — T’ be the
morphism obtained by contracting all the edges in E*(T). Replacing T with T’ doesn’t change the
left-hand side of (5-22) by Proposition 5.11 and doesn’t change the right-hand side by Proposition 5.12.

Let I = V(T)U E(T) U E*(T) and choose a family of curves {u; };c; with the following properties:

e For each v € V(T), u, is a curve in the homotopy class 8, which is cylindrical at infinity.
e Foreache € ES(T) U E(T), ue = Ve is the trivial cylinder over the Reeb orbit y,.
For ¢ > 0 sufficiently large, we can glue the u; to obtain a curve u in X 00#, X O1#, X 11#,.. .4, XM ~ x0m

representing 7'. We can also choose representatives H;; of n;; so that H;; = 17, and H := Hy,, coincides
with Hoo #; Ho1 #; +- - #: Hym.
As in the proof of Proposition 5.12, we can choose perturbations u* and {u}} so that
(5-23) u'-H =Y ul-H,
iel
where H; := Hy) fori =v € V(T) and H; := A*(e) fori =e € ES(T) U E(T). The difference
> ;ui* Hi —u = H is therefore equal to
(5-24) Yo ey -yt +2 >y (re) —ay T (re)
ecEs(T)UE(T) ecE«(T)
= Z ]’/\e k f}*(e) + 2 Z )76 k f/\*(e)

e Ex(T)UE(T) e E<(T)
= Z Ye * I//\*(e) + Z Ye * I//\*(e)-
ec En(T) ecE¢(T)UE(T)

Since u; * Hi = P¢ % 17*(3) fori =e e E°(T)U E(T), we conclude that

(5-25) uxH= ) upxHipy— ) Pe * V(o)
veV(T) ecEn(T)

which implies (5-22). d
Definition 5.16 Given 7 € S, we say that T is representable by a holomorphic building if for every
vertex v € V(T), there exists an adapted almost complex structure J? on X*® such that
A~ A~ + —
By € 12(X* )yt (o) U Ve te-cE-(v) and M) € Qan2(X*O V*T O yy* @)

admit J Y—holomorphic representatives.

Proposition 5.17 LetT € S. Suppose that there exists a morphism T' — T where T’ is representable
by a holomorphic building. Suppose that A! is positive elliptic near V' for all 0 <i <m, and letr; > 0

be the rotation parameter; see Definition 3.4. If By * N4y = —#{E~(v)}, then T x n > - (T, V™).
(Recall that 7 := nozm.)
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Proof By Proposition 5.11, we have T s = T’ % 5. Given v € V(T"), let us denote by '~ (v, V*~ @)
the number of output edges e € E~(v) such that y, C V* @),

Arguing as in the proof of Corollary 5.14, we obtain from Proposition 5.15 that

(5-26) T'sV= 3 Boxmw— D, TexVae
veV(T’) ecEM(T")
= Z (:Bv *Nx(v) — Z Ve * I’/\*(e)) + Z Ve * f/\*(e)
veV(T") ecE—(v) ecE—(T)
= Y (Bux V4@V D) —T7(T,V)
veV(T’)
2 _F_(T7 V)?

where we have used the fact that 7 and T’ have the same exterior edges in the last line. This completes
the proof. a

5.4 The intersection number for cycles

For future reference, we collect some basic facts about intersection numbers for cycles in oriented
manifolds. This subsection takes places entirely in the smooth category and does not involve any contact
topology.

Definition 5.18 Let M be an oriented, compact manifold of dimension n, possibly with boundary. Let
S1, 82 C M be disjoint closed embedded submanifolds of M. (We allow the S; to intersect dM, in which
case the S; are required to be embedded submanifolds after enlarging M by a collar). Then we can define
a pairing

(5-27) —— Hy(M,S1;Z)x Hy— (M, S2;2Z) > Z, (A,B)—~ A-B,

where A - B is a signed count of intersections between cycles representing A and B. More precisely, we
represent cycles by C °° chains; by general position, these chains may be assumed to intersect transversally
after an arbitrarily small perturbation which does not affect their homology class. It is a folklore result,
which is beyond the scope of this paper, that the resulting count is well-defined and graded-symmetric;
see eg [32, Section 2.3].

We note that the intersection number in Definition 5.18 could be defined under much milder hypotheses,
but this is not necessary for our purposes. If A and B are (the pushforward of the fundamental class of)
oriented manifolds, then 4 - B coincides with the usual intersection number for submanifolds. By abuse
of notation, we will view the intersection pairing as being defined on both homology classes and oriented
submanifolds.
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Definition 5.19 Fix a closed manifold Y of dimension m > 3 and a closed codimension 2 submanifold
V C Y. Suppose that Hy(Y;Z) = Hy(Y;Z) = 0.

Let y: S! — Y — V be a loop with embedded image. The linking number of y with respect to V is
denoted by linky (y) and defined by

(5-28) linky (y) :=V-Cy,

where C) is a cycle bounding y (which exists since H1(Y;Z) = 0). This is well-defined due to our
assumption that H>(Y;Z) = 0.

Suppose now that A C Y — V is a submanifold with 7o(A) = 71(A) =0. Letc:[0,1] > Y —V be a
path with embedded image having the property that ¢(0),c(1) € A. Let¢: S! — Y — V be a loop with
embedded image obtained by connecting c¢(1) to ¢(0) by a path in A. The (path) linking number of ¢
with respect to V' is denoted by linky (c; A) and is defined by setting

(5-29) linky (c; A) :=V -Cg,

where C7 is a cycle bounding ¢. This is independent of ¢ since 71 (A) = 0, and independent of Cz since
Hy(Y;Z)=0.

Remark 5.20 Fix an open book decomposition (Y, B, ) and let y: S' — Y — B be a loop. Then it is
not hard to show that we have linkg (y) = deg( o y).

Similarly, suppose A C Y is a submanifold which is contained in a page of (Y, B, 7). Letc:[0,1] =Y —B
be a path with the property that ¢(0), c(1) € A. Then the composition 77 oc: [0, 1] — S! induces a map
¢:[0,1]/{0,1} — S!. We then have linkg(c; A) = degc.

Lemma 5.21 Let Y * be oriented manifolds with Y+ # & and let B¥ C Y* be oriented submanifolds.
Let W be an oriented, smooth cobordism from YT to Y~ and let H C W be an oriented subcobordism

from B to B™, ie H is an embedded submanifold which admits a collar neighborhood near the boundary
of W. Suppose that Hi(Y*;7Z) = Hy(Y*;Z) = Hy(W,Y+;Z) = 0.

Let ¥ be a Riemann surface with k + 1 boundary components labeled y T, Y1s---s Vg - Suppose that
u: (,0%) — (W, W) is a smooth map sending y* intoY " — BT and y~ intoY ~ — B™.

Then
k
(5-30) linkg+ (yH) =Y linkg-(y;) = H -u(),

i=1

where we have identified the boundary components of ¥ with the restriction of u to these components.
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Proof Choose a 2—chain B~ € Co(Y ™;Z) with 0B~ =y U---Uy, . Glue B™ to u(X) along the y;~
and call the resulting chain C € C,(W;Z). Wenow have H -C = H -u(X) + Zf-‘zl linkg—(y;").

By the long exact sequence of the triple (W,Y ™, y™) and our assumption that Hy(W,Y T;Z) = 0,
the natural map Hy(Y,yV;Z) — Ho(W,y™;Z) is surjective. Let C e Hy(YT, yT:Z) be a lift of
C e Hy(W,yt;Z). Then H-C = H-C = Bt .C =linkg+(y). O

Lemma 5.22 We carry over the setup and notation from Lemma 5.21. In addition to the data considered
there, let AE c Y*— B¥ be an oriented , smooth submanifold and let A C W be an oriented subcobordism
from AT to A~ which is disjoint from H. We suppose in addition that 7ro(A*) = 71 (AT) = 0.

Let X be a closed, oriented surface of genus zero with s + 1 boundary components labeled y*, y1, ..., yn.
For o € N4, we place 20 disjoint marked points on y*, thus partitioning y* into 20 subintervals. Let us
label these subintervals by the symbols ¢ T, bo1, ¢y b12.¢5 ..., bg—1)s:C5 » bso, in the order induced
by the orientation.

Suppose now that u: (X,9%) — (W, dW U A) is a smooth map sending (c ™, dc™) into (Y T — B+, A™T),
sending (c¢; , dc;") into (Y~ — B™, A7), sending b;(; 1) into A, and sending the y;” intoY ~ — B™.

Then

o s
(5-31) linkg+(c*: A*) =) linkp-(c; s A7) = Y linkp—(y;) = H -u«[Z],
where we have again identified the boundary components of 3 with the restriction of u to these compo-
nents. =

6 Energy and twisting maps
6.1 Twisting maps

In order to define invariants of codimension 2 contact submanifolds, we will proceed as follows. First, we
will use Siefring’s intersection theory to define maps ¥ : S — R. Here R could be any Q-algebra, though
we will only use R = Q[U] and R = Q. We will then use these maps to define “twisted” moduli counts

(6-1) #y M(T)'" := #M(T)"" - y(T) € R.
The maps  will have the property that
(6-2) Y(T') =¥ (T) for every morphism T’ — T, and
(6-3) v T) = [y,
i

which implies that the master equations (4-2) and (4-3) still hold if #M"'" is replaced by #y M"'.
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The properties which must be satisfied by the maps ¥ in order to obtain twisted counts which are suitable
for defining our invariants can be conveniently axiomatized in the notion of a twisting map. We now
define precisely this notion in each of the four setups.

Setup I Fix a datum D for Setup I. Let SféQJ denote the full subcategory of Sy spanned by objects 7" for
which the moduli space M(T) is nonempty.

Definition 6.1 Let R be a Q-algebra. The set W(D; R) of R—valued twisting maps consists of all maps
v Sf"é Q(D) — R satisfying the following two properties:
e For any morphism 7/ — T, ¥ (T") = y(T).
e For any concatenation {T; };, v (#; T;) = [[; ¥ (T;).
Fix a twisting map ¢ € W(D; R). Let
(6-4) CC.(Y.£.9)5 =P Sym”n( o, oy)

n=0 )4 epg(md

be the free supercommutative Z/2—graded unital R—algebra generated by the good Reeb orbits. The
grading of a Reeb orbit is given by its parity, which is defined as

(6-5) ly| =signdet(] —A,) e {£1}=7/2,

where A, is the linearized Poincaré return map of & along y; see [61, Section 2.13]. Recall that a Reeb
orbit is good if and only if it is not bad; a Reeb orbit y is bad if it is an even multiple of some simple
Reeb orbit y such that y and y; have different parity [61, Definition 2.49].

Theorem 1.1 of [61] provides a set of perturbation data ®1(D) and associated virtual moduli counts
#/\_/II(T)Eir € Q satisfying (4-2) and (4-3). We define the twisted moduli counts

(6-6) #y MU(T))" = #M(T)}" - ¥(T) € R

It follows easily from Definition 6.1 that the twisted moduli counts also satisfy (4-2) and (4-3). We may
therefore endow CC,(Y, &, ¥); with a differential d, y 9 which is given by

1 _ .
(6-7) dy,go0y+) = D ———— -ty Mi(T)y or-,
(Dt |Aut(T)]

where the sum is over all trees T € Sy (D) representing curves with positive orbit y* and negative orbits
r—— Pgood-

The homology of (CC.(Y,&, V)4, dy, 1,6) is a supercommutative Z /2—graded unital R—algebra, which is
denoted by

(6-8) CH,(Y.§,Y)x.7.6-
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Setup II Fix a datum D for Setup II. Suppose now we are given a map of Q—algebras m: RT — R~
and twisting maps ¥+ € Wy(DT; R¥).

Definition 6.2 The set Wy (D; ¢+, ¥ ™) consists of all maps v : Sflé@(D) — R satisfying the following
two properties:
e For any morphism 7/ — T, ¥/(T") = y(T).

¢ For any concatenation {7;};,

(6-9) w(#in)z( I1 m(w(n»)( 11 wn)( 11 w—(n)).

Ties’ T;€Sn T; €S
Fix a twisting map ¥ € W(D; ¥, ¥ ™). Theorem 1.1 of [61] provides a set of perturbation data ®y(D)
together with a forgetful map
(6-10) On(P) — O(DF) x OY(D")
and associated virtual moduli counts # My (T gir € Q. We define the twisted moduli counts
(6-11) #y Mu(T))" = #Mu(T)§" - y(T) e R™.

For any 6 € O (D) mapping to (81,07) € ©1(D) x ©1(D ™), we obtain a unital R —algebra map

(6-12) (X, A, V)i CC.(Y T 67 U )4 s+ g+ = CClY 67 )i g6
which maps o,,+ to
1 _ )
6-13 — - # )y or—,
(6-13) Z Aut(T) yMu(T)y or
w(T)=0

with the sum over all trees T € Sii(D) representing curves with positive orbit y* and negative orbits
'™ — Pgood(¥Y 7). This is a chain map, since it follows from Definition 6.2 that the twisted moduli counts
satisfy (4-2) and (4-3).

Setup III Fix a datum D for Setup III. There are three types of concatenations {7;}; in Sy = Si(D):
() {Ti} C S USTO U Sy, in which case s(#; ;) = {0}.
(2) {Ti} C S USTUST, in which case s(#; ;) = {1}.
3) {T:} C ‘51+ USm US; and T; € Sy for a unique i = ig, in which case s(#; T;) = s(Tj,).

(Here S =3 SItIE{O’l} , S are tree categories determined by D, following the notation of [61, Section 2.1].)

Suppose now we are given a map of Q-algebras m: R — R~ and twisting maps Y+ € ¥ (D*; RT),
YO e (=% y Yy ) and yl e (D' Tyt YT,
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Definition 6.3 The set Wy (D; ¥°, ¥1) consists of all maps v : 817&@ (D) — R~ satisfying the following
properties:
e For any morphism 7/ — T, y(T") = y(T).
¢ For any concatenation {7;}; of the first type,
(6-14) YT =( I mw*(n)))( I w"(m)( I w—(T,-)).
T;est T; €550 T;esy
e For any concatenation {7;}; of the second type,
(6-15) w#,-T,->=( I m(w+(n>>)( I wm)( [T vm)
Tyes T;esh™! Ties
¢ For any concatenation {7;}; of the third type,

(6-16) vty =( T m(wm)))w(ﬂo)( [T v-m)

T; ESIJF T, €S

Fix a twisting map ¥ € W (D; wo, wl). Theorem 1.1 of [61] provides a set of perturbation data Oy (D)
together with a forgetful map O (D) — O (D) X@,(p+)xe,0-) 1 (D') and associated virtual moduli
counts #Mi(T)y" € Q; note that the fiber product is defined with respect to (6-10). We define the twisted
moduli counts

(6-17) #y Min(T)y" = #Mu(T)y" - y(T) € R™.
If ()? , At ) is a family of exact cobordisms, then for any 6 € @y(D), we obtain an R+ —linear map
(6-18) KX A0, g g CCUY 6 Yt g4 g+ = CCupt (V67,0 )i s 0
which sends the monomial [[; ., 0+ to
(6-19) ) m Ay Mun({Tidien)y" [ | o

vdim({T;}icr)=0 iel
with the sum over trees T; € Syr(D) with positive orbit yi+ and negative orbits I;~ — Poood(¥Y 7).

Equations (4-2) and (4-3) applied to the twisted moduli counts imply that this is a chain homotopy between
d(X,A°, ¥0) 70 go and O(X, AL, Y1) 71 o1 and hence that the induced maps on homology

¢'()?,10,¢0)j0,90

(6-20) CH.(Y T 6T yt) 4 j+ o+

~N- -

CH.(Y,§ . ¥ )a—u—0-

d’(fyil,lﬁl)jlﬂl
are equal.
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Setup IV Fix a datum D for Setup IV. There are three types of concatenations {7;}; in Sy = Sv(D):
(1) {T;} C S USY? L S?, in which case s(#; T;) = {0}.
2) {T;} S usSH us uSt?uS?. in which case s(#; T;) = {oo};

3) {T;} C SIO LSy U SIZ and 7; € Syy for a unique i = io, in which case s(#; T;) = s(T;,).

(We again follow the notation of [61, Section 2.1] for tree categories determined by D.) Suppose now we
are given maps of Q-algebras m°!: R — R! and m!?: R! — R2, and twisting maps
L e (DR for i =0,1,2,
(6-21) W o
v e Uy(DY; ¢’ ¢/) for ij =01,12,02.
Set m%%2 = m12om®: RO - R2.

Definition 6.4 The set Wy (D; {/"/}) consists of all maps ¥ : Sff,g (D) — R? satistying the following
properties:

e For any morphism 7/ — T, y(T") = y(T).
¢ For any concatenation {7;}; of the first type,

(6-22) w(#,-ri)=( I m°2(w°(n>>)( I w"%m)(

T;es? T; €892

I wz(n)).

T; GSIZ

e For any concatenation {7;}; of the second type,

623y =( T w20 an)( TT w2 an)( T w2t @)

T;e8? T; e8! T;es}
( ] w”(Ti))( I1 wzm)).
T,'GSIllz T,'GSI2

¢ For any concatenation {7;}; of the third type,

(6-24) w<#,-Tl->=( 11 m°2<w°(n>))w(n0)( 11 wz(m).

T; GSIO T; GSIZ

Fix a twisting map ¥ € Wiy (D; {¢/"/}). Theorem 1.1 of [61] provides a set of perturbation data @y (D)
together with a forgetful map O (D) — Oy (D?) X @,(D0)x @ (D2) (Or(Dh) X@,(p1) Ou(D'?)) and
associated virtual moduli counts #./\_/IIV(T)Eir € Q — here again, the fiber product is defined using (6-10).
We define the twisted moduli counts

(6-25) #y Miv(T)" := #Mv(T)§" - y(T) € R*.
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As in the previous section, we obtain an R°—linear map
(6-26) CCo(Y°. . 9)0 j0.g0 = CCor 1 (Y2, E2.9) 2 12 g2
which is a chain homotopy between the maps
(X2, 202, lﬂoz)foz’go2 and (X2, A2, wlz)flz’glz o d(XO1, A0t wm)fm,gou

so that we get the commuting diagram

501 % CH, Yl, 1, 1
(6-27) ¢(X01,,101’1/,01)j01y ( é" W)Alﬁjl,gl

CH.(YO, SO’ WO)AO,JO,GO

¢(XA]29112>W12)‘712,912

> CHJ(Y?,6%,92)2 72,02

q”()?oz,ioz,woz)joz!goz
6.2 The energy of a (strict) symplectic cobordism

In this section, we introduce a notion of energy for (families of strict) exact symplectic cobordisms, and
for certain classes of almost complex structures.

Notation 6.5 Recall that a strict exact symplectic cobordism from (Y +, A7) to (Y, 17) is the data of
an exact symplectic cobordism ()? , A) and embeddings
(6-28) e RxYE A% = (X, 1),

which preserve the Liouville forms and satisfy certain additional properties stated in Definition 2.3.
When we consider strict exact symplectic cobordisms in this section, we will routinely abuse notation by
identifying subsets of R x ¥ * with their image under e*. We hope that this abuse will make this section
easier to read without introducing any substantial ambiguities.

We begin with the following definition.

Definition 6.6 Let ()? , i) be a strict exact symplectic cobordism from (Y *, A1) to (Y, 17). A Type A
cobordism decomposition is the data of a pair of hypersurfaces

(6-29) Ho={-C_y}xY~ and Hi={Ci}xY™T

for C1 € R, such that

(6-30) (=00, =C)x Y )N ((C4,00) x Y T) = 2.

The intersection in (6-30) takes place inside X ;if Y™ =, we set H- = &, C— = 0 and we consider
that (6-30) is tautologically satisfied. We let Z()? , 1) = E(X\ AT A7) be the set of all such Type A
cobordism decompositions.

Remark 6.7 Since we are working with strict cobordisms, the real numbers Cy € R are uniquely
determined by the hypersurfaces # . The data of the pair (H—, H+) is therefore equivalent to the data
of the pair (C—, Cy).
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Definition 6.8 Let ()? , 1) be as in Definition 6.6 and let 0 € X ()? , 1) be a Type A cobordism decompo-
sition. We let £(0) := C_ + C4 be the energy of the decomposition 0. We define
(6-31) EX, M) =EX, AT, 17):=  inf _ £(0) eRU{—o00}

oceX(X,A)
to be the energy of ()/(\ , X); this is well-defined since a cobordism decomposition clearly always exists.
We note that the energy may in general be negative.

Given C € R, let E()? , i)<c C E()? , X) (resp. < C) denote the subset of cobordism decompositions of
energy strictly less than C (resp. at most C).

Lemma 6.9 (energy of a symplectization) Suppose that ()? , ;\\) = (SY, Ay) is a symplectization which
is endowed with the canonical structure of a (strict) exact symplectic cobordism from (Y, A7) to (Y, A7);
see Example 2.6. Fix f:Y — R such that AT = e/ A~. Then £(SY,Ay) < —min f.

Proof Lete®:(RxY, Xi) — (SY, Ay) be the canonical identifications induced by AT . Let H4 = {0}x Y
in the coordinates induced by e™. This means that H4+ = {(f(»),y) |y € Y} CR x Y in the coordinates
induced by e™. Now given any C_ > —min f, we can let H_ = {—C_} x Y in the coordinates induced
by e™. It follows that £(SY, Xy) < C-. Since C_ > —min f was arbitrary, the claim follows. |

Remark 6.10 If we assume in addition that AT = 1™, then it is easy to verify that in fact £(SY, Ay) =0.
Lemma 6.11 We have 5()?, X) =—ocifandonlyif Y~ = &.

Proof Suppose that Y~ is nonempty and choose a cobordism decomposition ¢ for ()? , X) given by
a pair of hypersurfaces H_, H4+ C X. Let (X, A) be the truncated Liouville cobordism with negative
boundary #_ and positive boundary 4. Observe that the image of the negative boundary under the
Liouville flow must touch the positive boundary in some finite time 7" < oo —indeed, this follows
from the fact that (X, A) has finite volume. Given any other cobordism decomposition ¢’, we now have
E(w)y>=E()—T.

Suppose now that Y~ is empty. Then (6-30) is a vacuous condition. Since the backwards Liouville flow
of any slice {C+} x Y T is defined for all time, it follows that we can find a cobordism decomposition of
arbitrarily negative energy. m|

LemmAa 6.12 Fix aAstrict exact symplectic cobordism (X, ) from (Y*, A7) to (Y~,A7). Then
XX, A)<c CE(X,A) s

(a) nonempty for C > 8()?, 1),

(b) path-connected for all C € R. (Note that the empty set is path-connected.)
If moreover ()?, )Ak) = (SY, Ay) is a symplectization and AT = A, then 2()?, 1)50 is nonempty and

path-connected.
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Proof Note first that (a) is tautologically true. Next, note that (b) is obvious when Y~ = &. It therefore
remains to prove (b) under the assumption that Y~ # &.

Let us consider a pair of cobordism decompositions o, 0’ € E()? , i)<c. By definition, o and o’ are
entirely determined by the constants —C—, C4. € R (resp. —C_, C), where we are following the notation
of Definition 6.6.

Suppose first that —C_ = —C. Up to relabeling o and o”, we can assume that C+ < C’, . Now just translate
C!_ in the negative direction until C, = C.. This translation defines a one-parameter family of cobordism
decompositions taking o’ to o, whose energy is clearly bounded by max(£(0), £(0”)) = £(0’) < C. An
analogous argument works if we now suppose C+ = C jr and —C_ # —C’.

Suppose finally that —C_ # —C. and C+ # C/_. Up to relabeling o and o, we can assume that C+ < C},..
If —C’ < —C_, then we translate —C’_ in the positive direction until —C’ = —C_. If instead —C_ < —C’,
then we simultaneously translate —C_ and C+ in the positive direction until either —C_ = —C’ or

C4 = C._. This takes us back to the case treated in the previous paragraph.

Finally, if ()? , X) = (SY, Ay) is a symplectization with AT = 1™, then any Type A cobordism decompo-
sition o € E()? , )At)so has vanishing energy (Remark 6.10) and is equivalent to a choice of hypersurface
H=H_=H4={CxY}. The space of such choices is in natural bijection with R, so it is in particular
nonempty and connected. |

Definition 6.13 Let ()? , X t)tefo,1] be a one-parameter family of (strict) exact symplectic cobordisms;
cf Definition 2.12. A one-parameter family of Type A cobordism decompositions is just the data of a
family of hypersurfaces

(6-32) Ho(t)={—C_(t)}xY™ and Hi(t)={Ci(t)}xY™T
such that
(6-33) (=00, —C_(1)) x Y )N ((C(t),00) x Y ) = @.

If Y~ = &, we again set H_(t) = &, C_(¢) = 0 and we consider that (6-33) is tautologically satisfied.)
We let Z()? . At)tefo,1] be the set of all such families of cobordism decompositions. (Note that X ()? Ato)
is a Type A cobordism decomposition for each fixed choice of #y.)

Definition 6.14 With the notation as above, with define the energy of a family of Type A cobordism
decompositions o € E()/(\, At)tefo,1] to be (o) := sup,; (C—(t) + C+(1)).

Let (fOI, )ALOl) (resp. ()?12,;\\12)) be a strict exact symplectic cobordism from (Y, 1%) to (Y1, A1)
(resp. from (Y1, A1) to (Y2, 1?)). Let ()? . At)te[0,00) be a one-parameter family of strict exact symplectic
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cobordisms which agrees for ¢ > a large enough with the r—gluing ()? 01y, x12, 201 #; on)te[a,w); see
Definition 2.7. For t > a, note that there are canonical Liouville embeddings

Lot ()’(\01’1\01) Hie/2 (X\Ol’ et/2101) N ()’(\01 #, )’(\127101 #, 1\02)’

oy ()’(\12’112) H—t/2 ()’(\IZ’e—t/ZXIZ) — ()’(\01 #, )’(\12’101 #, 102).

Definition 6.15 A Type B cobordism decomposition of ()/(\ , it),e[o,oo) is the data of a family of hyper-
surfaces

(6-34) Ha(t) ={—Ca(1)} xY? and  Ho(t) = {Co(t)} x Y°,
and a Liouville embedding ([—C;(¢), Ci O] xY1 eShy) — ()?, )Att) such that
(6-35) (=00, —Ca (1)) x Y2, (=C1(t),C1(t)) xY' and (Co(r),00) x Y

are pairwise disjoint. (In the case that Y~ = &, we set H2(¢) = @ and C»(¢) = 0, and replace (6-35) by
the condition that (—C; (¢), C1 (1)) x Y and (Co(z), o0) x Y © are pairwise disjoint.)

We let
(6-36) Hi() ={~=C1(0)}xY" and Hi(0) ={C1()}xY".
This data is required to satisfy the following hypotheses:

(1) C1(0) = —C1(0).

(2) For ¢ large enough, Ho and H(r) (resp. #1(¢) and Ha(r)) are in the image of the canonical
embedding o s (resp. t2,+). Moreover, their preimages define a Type A decomposition on ()’(\ 01 01y
(resp. on ()? 12 X12Y) which is independent of t.

We let Xp (()? , it)te[o,oo)) denote the set of all such cobordism decompositions. We will write X (—)
instead of ¥ p(—) when the subscript is understood from the context. As in Remark 6.7, note that the
data of the hypersurfaces H, (1), H1(t), 7':1/1 (z) and Ho () is equivalent to the data of the constants C» (%),
Ci(t), C1(¢) and Co(7).

Definition 6.16 It follows from property (1) of Definition 6.15 that a Type B cobordism decomposi-
tion 092 € © B(()? , At)€[0,00)) induces a Type A cobordism decomposition o € X4 ()? , A0) by taking
H_ = H,(0) and H4 = Ho(0). We say that o is induced at zero by 2.

Similarly, it follows from property (2) of Definition 6.15 that a Type B cobordism decomposition
02 € Sp((X, 21)se[0.00)) induces a pair of Type A decompositions 6°! € T4(X°!,1°1) and 02 €
I ()/(\02, A192). We say that the pair (6°!, 0'?) is induced at infinity by 2.
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Definition 6.17 With the notation as above, we define the energy of a Type B cobordism decomposition
o€ EB()?, it) to be £(0) 1= sup;(Ca(t) + Co(t) — C1(2) — C1(1)). We let
(6-37) EX,A):= inf _ £(0) e RU{—oc}.

oeBp(X.Ar)
Given C € R, let E()?, X,)<C C E()?, i,) (resp. < C) denote the subset of Type B cobordism decom-
positions of energy strictly less than C (resp. at most C).

The following lemma asserts that our notions of energy for Type A and Type B decompositions are
compatible with the map which associates to a Type B decomposition the Type A decomposition induced
at zero or infinity. It will be used implicitly in the sequel.

Lemma 6.18 Let 0°2 be a Type B cobordism decomposition. Suppose that o is induced at zero by o2
and that (6°!, 012) is induced at infinity. Then (o) < £(0°%) and £(c°1) + £(01?) < £(0?).

Proof The first claim follows from (1) in Definition 6.15 and the definition of energy for Type A and
Type B cobordism decomposition. The second claim follows similarly from (2) in Definition 6.15. O

Corollary 6.19 We have £(X,A;) = —oc ifand only if Y2 = @.

Proof One direction follows from Lemmas 6.11 and 6.18. The other one can be checked by inspection,
using the backwards Liouville flow as in the proof of the corresponding statement in Lemma 6.11. O

Definition 6.20 Suppose that ()? , i) and ()? X ) are exact symplectic cobordisms. For C € R, let
SA((X.2), (X, A))<c CSA(X, ) x T4 (X, X) (resp. (—)<c) be the subspace of pairs (o, 0”’) of Type A
cobordism decompositions such that £(o) + £(o”) < C (resp. < C).

Lemma 6.21 Given C € R such that (X%, 102”)<c is nonempty, the map which associates to a
decomposition 92 € £ (X921, 192:1) _¢ the pair (6°!, 612) € £,4((X°, 201), (X12,112))_¢ induced
by 692 at infinity is surjective. If \° = A! = A2 and ()?01,101), ()?12, 112) are symplectizations, the
same statement holds with < in place of <.

Proof Choose a Type B decomposition 5°2. Let (5°!,512) be the Type A decompositions induced by
592 at infinity. According to Definition 6.15, this means that there exists a 7' > 0 so that for t > 7', we
have that o (¢) and 71 (¢) are independent of 7 after pulling back via the canonical embedding to; (and
similarly 71 (¢) and H»(¢) are independent of ¢ after pulling back by ¢12). By a routine modification of
the arguments of Lemma 6.12(b), one can now construct a Type B decomposition 692 so that 0,02 = 5,02
fort € [0, T], £(c9?) < £(5°2) and ¢°? induces the pair (o°1, 012). O
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Lemma 6.22 Suppose that ()? 02, 302, ) is the (t + T)—gluing of two exact symplectic cobordisms
(XO1 201y and (X'2,212), for T > 0 an arbitrary fixed constant and t € [0, 00) a parameter; see
Definition 2.7 for the definition of this gluing and Lemma 2.13 for the parametric version. Suppose
that either ()/(\01,101) or ()?12, 112) is a symplectization; see Example 2.6. Then S(foz’t, )ALOZ”) =
g()’(\OI’XOI)_i_E()’(\IZ,XIZ)_

Proof By Lemma 6.11 and Corollary 6.19, we may assume that X2 hasa nonempty negative end.

We only treat the case where ()? 01,;\\01) is a symplectization and 7 = 0, since the other cases are
analogous.

Choose 0°1 so that £(c°1) < S()?OI,XOI) + €, and choose 012 so that £(01?) < 5()?12, 112) + €. Let
X0l c X01 and X2 ¢ X2 be the Liouville subdomains which determine the Type A decompositions

0

0% and 012, respectively.

Note that X °2 comes equipped with tautological embeddings to ¢ : X015 X021 4pg log: X112, x02.1,
see Definition 2.7. For T large enough and ¢ > T”, note that 1o ,(#2) is in the image of 5 ; (’Hi) under
the Liouville flow. These hypersurfaces therefore bound Liouville domains ([—C1 (), Ci (O] x Y1, e5Ay).

Let f:[0,00) — R be a function which equals —(C1(T") + C{(T”)) on [0, T’], is nondecreasing on
[T',T" + 1] and is zero on [T + 1,00). Let 77: X% x [0,00) — X°! be defined by tf(x,7) =
¢f0(1t)+T’+1—t (x), where qﬁ?l is the time-¢ Liouville flow on X°!. Now define a map Lo, : X015 x021
by letting 1o,; (x) = to,s 0 T7 (X, 1).

We now define the data of a Type B cobordism decomposition by letting
638)  Ha()=124(H2). 1) =12, (HD). T =To,(H2(). Ho=To.(H} ().

One can check that this data indeed defines a Type B cobordism decomposition, which has energy precisely
equal to £(0°!) + E(01?) < S()?Ol A0 4 8()/(\12, A12) 4+ 2¢. Since € was arbitrary, we conclude that
5()?02,t’ on,z) < 5()201’101) _i_g()?lz’ 112). O

We now discuss almost complex structures for Setups II-IV.

Setup I Fix a datum D = (DT, D™, X, A, J) for Setup II, with DE = (Y £, 1%, J£). Let (VE, 7 %)
(Y £, £%) be framed codimension 2 contact submanifolds; let o := )LjE|VjE and assume that V¥ is a

strong contact submanifold with respect to A*. Let J* be d A*—compatible almost complex structures
on §* C TY* which preserve E¥ N TV,

Let H C X be a codimension 2 symplectic submanifold such that ()? , i, H) is an exact relative symplectic
cobordism from (Y1, £, V1) to (Y™,€, V™). We will also consider (see Notation 2.4) the strict
symplectic cobordisms ()? , )L)f_r and (H, A| H)gt.

Geometry & Topology, Volume 28 (2024)



52 Laurent Coté and Frangois-Simon Fauteux-Chapleau

Definition 6.23 Fix a Type A cobordism decomposition o € X (H, X| ), which is specified by a pair of
hypersurfaces H— = {—C_} x V™~ and H4+ = {C+} x V. We say that an almost complex structure J
on X is adapted to o if the following properties hold:

o Jis compatible with dn,

e J coincides with J & near the ends (where J ¥ is the canonical cylindrical almost complex structure

induced on (I?, Xi) by J¥),
e HCXisalJ —complex hypersurface,
o J preserves kera™ C TV ™ on [Ca, 00)x VT (resp. preserves kera™ C TV ™ on (—oo, —C1]x V™)

and the induced almost complex structure is do: ™ —compatible (resp. da~—compatible).

In the case that V'~ = &, the conditions involving V'~ are considered to be vacuously satisfied.

Definition 6.24 Given an almost complex structure J on ()? , i) we define its energy
(6-39) E(f) =inf{€(0) |0 € X(H, X|H), J is adapted to 0} € R U {Fo00}.

We define £ (f ) = o0 if J is not adapted to any cobordism decomposition.

Let J ()? , )A& H) ¢ (resp. < C) be the set of almost complex structures of energy less than C (resp. at
most C). Let J ()? A HY =T ()? , A, H) <o be the set of almost complex structures adapted to some
decomposition o € E(I-AI , i| H).

Lemma 6.25 The set 7(X, A, H)c is
(a) nonempty for C > E£(H, /A\|H), and
(b) path-connected for all C € R. (Note that the empty set is path-connected.)

If moreover (H, X|H) = (SV, Ay) is a symplectization and «™ = a~, then j()?, 2. H )< is nonempty
and path-connected.

Proof To prove (a), it is enough to show that given any cobordism decomposition o, there exists an
almost complex structure adapted to it, ie meeting the conditions of Definition 6.23. To prove (b), it
follows from Lemma 6.12 that it is enough to prove a similar statement in families: namely, if {07 };¢[q4,p]
is a family of cobordism decompositions and J, and Jj are almost complex structures adapted to oy,
and op, respectively, then there is a family {J;};c[4.5] adapted to o;. All of these statements can be
proved by standard arguments, using the fact that the space of almost complex structures compatible with
a given symplectic structure can be viewed as the space of sections of a bundle with contractible fibers;
see eg [52, Proposition 2.6.4].

Ifat =~ and (H, X| H) is a symplectization, then Lemma 6.12 implies that X (H, i| H ) <o is nonempty
and path-connected. Hence the same arguments involving extensions of almost complex structures imply
that J ()’(\ , A, H)<¢ is nonempty and path-connected. m|
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Setup IV Fix a datum D for Setup IV. We write D = (D!, D12, (X021 021 .]Aoz’t)te[oyoo)), where
DOl — (PO, D!, )?017101’ JA01)’
D= AL JY) fori=0,1,2.
Let (Vi, 1)) C (Y, £) be framed codimension 2 contact submanifolds; set Qyi = Al |yyi and assume that
Vi are strong contact submanifolds with respect to A’. Let
HOUc X0 g2 X2 and (H%2! )’(‘oz,z)te[om)

be cylindrical symplectic submanifolds such that ()? 02,2, on’t, HO%:1) t€[0,00) 18 a family of relative
symplectic cobordisms that agrees for ¢ large with the f—gluing of the relative symplectic cobordisms

()?01 ,A0L, H°') and ()?12, 212, H'2). Note that { H°2} forms a family of Liouville manifolds with

respect to (the restriction of) 021,

Definition 6.26 Fix a Type B cobordism decomposition 0% € Tp (ﬁ 02,2 XOHZ(;;J). Recall that ¢92

consists of the data of hypersurfaces

Ha(t) = {—Ca(t)}x V2, Hi(t) ={—C1()}x V', Hi(t)={C1(t)}x V", Ho(t)={Co(t)}xV°.

foz,t

We say that an almost complex structure is adapted to 092 if the following properties hold:

o JO2:1 s compatible with d A%2+.
e J92:7 coincides with J© (resp. J 2) near the positive (resp. negative) end.

o HO27igqa J92_complex hypersurface. J 92 is compatible with the restriction of d 192 to H 92,

and

. JO21 preserves kerag on [Co(t), 00) x V°, and preserves kera; on [—Cy(¢), Ci ()] x V1, and
preserves keray on (—oo, —Ca ()] X V2). Moreover, the induced almost complex structure is

dap—compatible, doj—compatible, and dos—compatible.

In the case that V2 = @, all conditions involving V2 are considered to be vacuously satisfied.

Definition 6.27 Given a family of almost complex structures J;, we define its energy by
(6-40) E(Jy) :=inf{€(0) | o € (X2, 292), J, is adapted to o} € R U {zo0}.

If J; is not adapted to any cobordism decomposition, we set £ (JAt) = 00.

Let J ()’(\ 02,2, 202t , H%%") be the set of almost complex structures adapted to some Type B decomposition
0 € Sp(H2 1921|105,). For C € R, let J(X02, 1021 H92:1) (- (resp. < ¢) be the set of all such
decompositions having energy less than C (resp. at most C).
Let J((X°1,1°0), (X12,112)) _¢c C J(X°L, 201) x 7(X 2, 112) (resp. < C) be the subspace of pairs
(J, J") with the property that £(J) + £(J') < C (resp. < C).
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The following lemma is an analog of Lemma 6.25 and can be proved by similar arguments.

Lemma 6.28 The set J(X 21,192 [92:1) _« is nonempty for C > £(X 2%, 102 102y If more-
overag = a1 = ap and (H', A%V ;o1), (H'2,A'2|y12) and (H %', A92%| 02,1 ) are symplectizations,
then 7 (X021 2024 HO2.1)_o is nonempty. m|

We will also need the following lemma, which follows from Lemma 6.21 and standard arguments for
extending compatible almost complex structures.

Lemma 6.29 Suppose that J ()? 022, 202.t pr02,t )<c 1is nonempty. The map that associates to an almost
complex structure J; € J(X 02, 192 HO02:1)_( the pair (J°!, J12) € 7((X°!,A%1), (X12,112)) ¢
is surjective for all C > 0.

If moreover ag = a1 = oo, and (H', 1%V | jyo1), (H'2, A12|12) and (H %%, A92%| ;1021 ) are symplecti-
zations, then the same statement holds for C = 0 with < in place of <. O

7 Enriched setups and twisted moduli counts

7.1 Enriched setups

The construction of invariants of codimension 2 contact submanifolds in this paper follows the same
general scheme as Pardon’s construction of contact homology. However, we work with a class of “enriched”
Setups I*~IV*, which contain more information than the standard Setups I-IV considered by Pardon and
reviewed in Section 4.1.

We will show in Section 7.2 that the data associated to our enriched setups give rise to twisting maps.
These twisting maps are constructed using Siefring’s intersection theory, and will be used to define
“twisted” moduli counts, following the construction of Section 6.1.

Given a datum D for any of Setups [*-IV*, there is a “forgetful functor” which allows one to view D as a
datum of Setups I-IV. However, it is not the case that every datum of Setups I-IV admits an enrichment.
Nevertheless, we will show in Section 8.1 that the class of enriched data is large enough for the purpose
of defining invariants in the spirit of contact homology.

Setup I* A datum D = ((Y,£&,V),t, A, J) for Setup I* consists of
¢ a TN contact pair (¥, &, V),
e anelement v = (axy,7,r) € R(Y, &, V),
¢ a contact form ker A = £ which is adapted to t, and

¢ an almost complex structure J which is compatible with d A and preserves &y .

Observe that there is a “forgetful functor” from Setup I* to Setup I which remembers (Y, A, J) but forgets
V and t. One has analogous forgetful functors for the other setups.
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Setup IT* A datum D = (DF, D™, X, H, f) for Setup II* consists of
o data DT = ((Y*, g%, VE), vt A%, JF) for Setup I*, where we write & = (a#}, F, ),

« an exact relative symplectic cobordism (X, A, H) with positive end (Y, A+, V1) and negative
end (Y~,A7, Vi), and

e an d A-tame almost complex structure J on X which agrees with J* at infinity.
This datum is moreover subject to the conditions that

e there exists a trivialization of the normal bundle of H which restricts to t+ (resp. T7) on the
positive (resp. negative) end, and

e &(J)<ocoand rt > £y,
Setup III* A datum D = (D, D, X, A!, H', JAt),E[O,l] for Setup III* consists of
o data DT = ((Y*, g%, VE), ot A%, JF) for Setup I*,

¢ a family of exact relative symplectic cobordisms ()? AL H! ) for ¢t € [0, 1], with positive end
(YT,AT,V7T) and negative end (Y ~,A7, V™), and

e a family d A\’—tame almost complex structures J* on X, which agree with JE at infinity.
This datum is moreover subject to the conditions that

o there exists a trivialization of the normal bundle of H which restricts to T (resp. 77) on the
positive (resp. negative) end, and

e £(J)<ooand rt > €T =
Setup IV¥ A datum D = (D°!, D12, (X02:¢ )02 pj02.t TO21),c10.00)) for Setup IV* consists of
o data D' = (Y, &, Vi)l AL, JP) for Setup I* fori =0, 1,2,
e adatum P°! = (DO, D!, X01 301 pot fOl) for Setup IT*,
e adatum D!2 = (Dl,Dz, )?12, 112, H!2, flz) for Setup II*, and
* a family of cylindrical symplectic submanifolds H 92 X921 forr e [0, 00), such that
(}’(\OZ,t’XOLt’ H02,t)te[0’oo)

is a family of exact relative symplectic cobordisms that agrees for ¢ large with the r—gluing of the
relative symplectic cobordisms ()/(\ 01 201 HO1y and ()/(\ 12 112 g12),
This datum is moreover subject to the conditions that

e there exists a trivialization of the normal bundle of H %% which restricts to t° (resp. 72) on the
positive (resp. negative) end,
e there exists a trivialization of the normal bundle of H°! which restricts to 7° (resp. 1) on the

positive (resp. negative) end,
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e there exists a trivialization of the normal bundle of H !? which restricts to 7! (resp. 72) on the
positive (resp. negative) end,

o E(J921) < 00, E(J) < 00 and E(J1?) < oo, and

7021 701 712
o 0 > eg(J )r2; r0 > eE(J )rl; and r! > eg(J )r2.

We note that the requirement in Setups II*-IV* that the almost complex structures have finite energy is
of course vacuous if r—, r; and r, are nonzero (or equivalently, V=, V1 and V5, are nonempty).

7.2 Twisting maps associated to enriched setups

In this section, we construct twisting maps on the contact homology algebra. These maps depend on
geometric data involving codimension 2 contact submanifolds and relative symplectic cobordisms.

Setup I* Let D = ((Y,£,V),t, A, J) be a datum for Setup I*, where vt = (ay, 7, ). There is an obvious
functor from Si(D) to the category S (17) defined in Section 5.3. We therefore have a well-defined
intersection number 7 % V for T € S1(D). We now introduce twisting maps associated to the above setup.
Definition 7.1 We define a map ¥y (T): S77 (D) — Q[U] by

where '™ (T, V') denotes the number of output edges e of T such that the corresponding Reeb orbit y, is

contained in V. Corollary 5.14 ensures that the exponents appearing in these definitions are nonnegative.

Remark 7.2 Corollary 5.14 only applies to trees T such that M(T') # @. This is why the definition of
twisting maps only requires them to be defined on S#2 and not on the whole category S.

Definition 7.3 We define a map @V: Sfé Q(D) — Q by

~ 1 ifT«V =0and|y.|NV =2 forevery e € E(T),
0 otherwise.

We must now check that the maps in Definitions 7.1 and 7.3 satisfy the axioms of Definition 6.1.
Proposition 7.4 The map ¥y introduced in Definition 7.1 is a twisting map.

Proof It follows from Proposition 5.11 that ¥y (T) = ¥y (T") for any morphism 7' — T’.
Let {T;}; be a concatenation in Sfég. We need to show that Yy (#,T;) = [[; yv (T;), ie

(7-3) @T)*V+T-@ T V) =) TixV + T (T V).
i
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We assume V' # & (otherwise there is nothing to say). Since the contact form A is positive-elliptic
near V, we have py(y) = 1 for every Reeb orbit y contained in V by Proposition 3.8. Remark 5.5
and Corollary 5.4 therefore imply that y V is equal to —1 if y is contained in V' and 0 otherwise. By
Proposition 5.12, this means that

(7-4) T+«V= Y BpxV+I"(TV)

veV(T)
for all T € S;, where I'™(T, V) denotes the number of edges e € E™™(T') such that y, is contained in V.
Equation (7-3) is therefore equivalent to
(7-5) TG, V) + T~ @ T, V) = ) (C™(T, V) + T (T, V).

i

The result now follows from the observation that there is a (canonical) label-preserving bijection between
E™M@# T;)UE~#T;) and U; (E int(7:) U E~(T;)) — this is an immediate consequence of the definition:
every interior edge of 7 corresponds to an interior edge of #; 7;, and every output edge of 7; corresponds
either to an interior or an output edge of #; T; depending on whether it is identified with another edge in
the concatenation or not. |

It will be convenient to introduce the following definition.

Definition 7.5 Given a tree T € Sy, a vertex v € V(T') is mean if it is an interior vertex and |y.| C V for
all e € e (v) U E~(v). All other vertices are said to be nice. These sets are denoted by V;,,(T) C V(T)
and V,,(T) C V(T), respectively.

Remark 7.6 This notion of nice/mean vertices is purely auxiliary (and has nothing to do with good/bad
Reeb orbits!). Geometrically, mean vertices correspond to holomorphic buildings which have intermediate
orbits intersecting V. Nice orbits do not affect the intersection number of the building, but mean orbits do
affect it and must therefore be treated carefully (hence the adjective).

Proposition 7.7 The map Yy introduced in Definition 7.3 is a twisting map.

Proof Fix atree T € Sfég. We first show that ¥y (T”) = ¥y (T) for any tree T’ € Sfég admitting a
morphism 77/ — T'. Observe that we may assume without loss of generality that 7" is representable by a
J- —holomorphic building; see Definition 5.13. Indeed, since T, T’ € Sfﬁ Z there exists T” — T' — T such
that 7" is representable by a J—holomorphic building. So we may as well prove that Yy (T") = ¥y (T”)
and Yy (T") = Yy (T).

Let us therefore fix 7’ € Sfé “ such that T" is representable by a J —holomorphic building, and a morphism
T’ — T. It follows from Proposition 5.11 that 77 V =T V. Note that T’ and T have the same exterior
edges. If one of these edges is contained in V, then ¥y (T7) = ¥y (T') = 0. So we can assume that the
exterior edges of 77" and T are not contained in V.
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Suppose now that 7’ has an interior edge contained in V. Fori =0, 1,2, let X; > 0 be the number of
edges e € E(T') such that |y.| C V and e is adjacent to exactly i mean vertices. By assumption, we have
X5 + X1+ Xo > 1. According to Proposition 5.12, we have

(7-6) T's«V= Y BuxV+ > BuxV+X2+X1+Xo

VeV (T veV (T)
According to Proposition 5.3, we also have that Y,y ) Bv * V > 0—here we use the fact that
T’ is representable by a J—holomorphic building. If there are no mean vertices, then we have that
ZveVm(T') Bo * V= 0,X1=X,=0and Xo>1.SoT'x* ¥ > 0. If there exists at least one mean vertex,
observe that we have X, <#V},,(T’)—1. Moreover, given v € V,,,(T"), Proposition 5.6 together with the fact
that 7”7 is representable by a J- —holomorphic building imply that 8, * V>1- DPv, Where py is the number
of edges adjacent to v. It follows that Zvev ) ,Bv *V+Xo+ X > #HV(TH—X1-2X2)+ X2+ X, =
#V(T') — X5 > 1. It thus follows again that T’ % V > 0. We conclude that g (T") = Y (T) =0 if T"
has an interior edge contained in V.

We are left with the case where T’ and hence T have no edges contained in V. It is then immediate that
Yy (T") =Yy (T).

We now show that any concatenation {7} }; satisfies ¥y (#; T}) = [ Vv (T;). If one of the T; has an edge
contained in V, then #; T; also has an edge contained in V' and we have JV #HT) =11, JV(Ti) =0.
If none of the 7; have an edge contained in V, then the same is true for #; 7;. Hence Proposition 5.12
implies that #; T; % V = > T V. By positivity of intersection (Proposition 5.3), YT V =0if and
only if 7; % V = 0 for all i. It then follows that yry (# ;) = [, ¥y (T}). O

Setup IT* Fix a datum D = (D1, D™, X H T ) for Setup II*, where we write
Fo((rEEE V) AT I and oF = (oF, ).

We now introduce the following twisting maps.

Definition 7.8 We define a map vz : S7 2 (D) — Q[U] by

(7-7) Y (1) = g7+ EVD),

Definition 7.9 We define a map ¥z : S (D) — Q by

1 if T«H=0and|y.|NV* =g forevery e € E(T),
0 otherwise.

(7-8) Vu(T) =

We need to verify that the above definitions satisfy the axioms of twisting maps. The first step is to prove
that the Yz (T) are nonnegative powers of U. This is the content of Corollary 7.12, whose proof requires
some preparatory lemmas. (In the next two lemmas, 3 always denotes an arbitrary punctured Riemann
surface.)
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Lemma 7.10 Forn > 1, suppose that § € w5 ()? ytu (U?:l Vi_)) is represented by a f—holomorphic
curveu: Y — X which is contained in H. Then P+ — e_S(J)(Z?:I P7) =0, where P (resp. P,") is
the period of y* C (Y, A™) (resp. the period ofy7 C (Y™, A7)).

Proof The claim is trivial if £ (f ) = 00, so let us assume that JeJg ()? L H ). We may therefore fix a
Type A decomposition o of (H, A ), which is specified by a pair of hypersurfaces H_ = {—C1} x V'~
and Hy = {Cyyx VT,

It will be convenient to define the regions R~ := (=00, —C1] x V™, RT := [C2 x 00) x VT and
H = H — (int(R™) Uint(R1)). Let us first assume that u is transverse to the boundary of H. Consider
now the sum

(7-9) / e_C‘u*da_—i-/ B u*di—i—eCz/ u¥da™.
u—1(R) u—1(H) u—1(RT)

Each summand is nonnegative due to the fact that u is J- —holomorphic and that J is adapted to o.
By Stokes’ theorem, the sum of the integrals is 2P —e=C1(37_; P7) > 0. This implies that
Pt = e @(TI_, P).

If u is not transverse to the boundary of H, observe by Sard’s theorem that transversality can be achieved
for a sequence of domains H" := H U [-C',—C;] U [C3, C}], where {C/"}72  is monotonically
decreasing and C/" — C;. It is easy to verify that J is still adapted to the Type A decompositions

induced by the boundary of H", so the above argument goes through and passing to the limit gives
Pt >e=S@O(YI_ P7).

The lemma now follows from the definition of £ (f ). |

Lemma 7.11 Forn > 0, suppose that § € 712()?, y o, y;)) is represented by a f—holommphic
curveu: > — X. (Note that unlike in Lemma 7.10, we allow n = O in which case the union is interpreted
as being empty.) Then  x H > —n,,, where n,, is the total number of negative punctures of u contained
mV-CY™.

Proof According to Proposition 5.3, we only need to consider the case where the image of u is contained
in H. By definition of a datum for Setup II*, the trivializations t* extend to a global trivialization t of
the normal bundle of H, which implies that u* - H = 0. Using the fact that u* - H = 0, we have (see
Definition 5.1 and the proof of Proposition 5.6)

(7-10) ux H=oy (1) =Y oy (v =CZ(1)/2] =D [CZ} (v7)/2]

i=1 i=1

=[rTPT =) |r Pl
i=1

where the sum is interpreted as zero if ¥ has no negative punctures.
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We may assume that n > 1 and r~ > 0 (otherwise the lemma is automatic). Let p,, = n, + 1 be the
total number of punctures (positive and negative) of u contained in V* C Y *. Using the trivial bounds
x—1 < |x] <x, we obtain

n n
(7-11) uxH>@GtPT — 1)—2(1 +r P )=—py+rtPt —r_z P

i=1 i=1

Using now Lemma 7.10 and the fact that rt > eg(f)r_, we have

n n n
(7-12) —pu+rT Pt =Y P = —py+rte DN P Y P = —py.
i=1 i=1 i=1

The claim follows. a
Corollary 7.12 We have T «x H > —I'""(T,V ™) forany T € SﬁéZ(D). Hence v (T) € Q[U].

Proof Since T € Sﬁég(D), there exists 7/ — T such that 7" is representable by a holomorphic building.
Since the Siefring number is invariant under gluing (Proposition 5.11), we may assume that 7 is repre-
sentable by a holomorphic building. We now apply Proposition 5.17: it therefore suffices to check that
for each v € T', the intersection number By * 14(y) is bounded below by —#{E~(v)}. In the case that
*(v) = 01, this follows from Lemma 7.11. In the case that x(v) = 00 or *(v) = 11, this follows either
from Lemma 7.11 or (more directly) from Proposition 5.6. O

Proposition 7.13 Let {T;}; be a concatenation in Sy;. Then we have
(#H T))*xH+T@#T;, V™)

= ) GV T (V) + Y (G H+T (L V) + Y (Tix V™ +T7 (1Y)
T;est T;€Sn T;esy

Proof As in the proof of Proposition 7.4, our assumptions imply that 7 * V* = —1 if y is contained
in V¥ and 0 otherwise. By Proposition 5.15, we have

(T-13) TxH= " ByxVt4 D ByxH+ Y  ByxV +T™TVH+T™T, V)

veV(T) veV(T) veV(T)
*(v)=00 *(v)=01 *(v)=11

for all T € Sp. By applying this formula to 7 = #; T; (and also using (7-4)), we see that it suffices to
prove that

(7-14) T T, V) + T T, V) + T T, V)

= ) T™T,VH4T (T, VH+ Y TTL, VY + T, V) + T (T, V)
Tiest T; €S ,
+ > DT V) + DT V).
Ties;
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As in the proof of Proposition 7.4, this is just a matter of understanding how the edges of #; T; are obtained
from the edges of the 7;, following the discussion in [61, Section 2.2]. More precisely, let us check that
every edge counted on the right-hand side of (7-14) is also counted on the left-hand side. Note that under
concatenation, interior edges remain interior edges. Output edges either remain output edges, or they
become interior edges. The output edges corresponding to '™ (T}, V1) for T; € 51+ must all become
interior edges of #; T;: indeed, any such output edge has label x(e) = 0, but the output edges of #; 7; have
label *(e) = 1. These output edges are thus counted in '™ # T;, V).

The output edges corresponding to I'"(7;, V™) for T; € Sy may either become interior edges of #; 7; (in
which case they are counted in '™ (#; T;, V7)), or remain output edges (in which case they are counted in
I~ #T;,V™)). Similarly, the output edges corresponding to ' (7;, V™) for T; € S;” may either become
interior edges of #; T; (counted in I''™(#; T;, V7)) or remain output edges (counted in I'=(#; T;, V7). O

Corollary 7.14 Under the assumptions of Proposition 7.13, g € Yy (D; Yy +, Yy —).

Proof Proposition 5.11 implies that Yz (T) = ¥y (T') for any morphism T — T’. Proposition 7.13
implies that g acts correctly on concatenations. O

We now want to show that JH is a twisting map. We will need the following definition.

Definition 7.15 Given a tree T € Sy, a vertex v € V(T) is mean if it is an interior vertex and |y.| C V*
forall e € et (v) U E~(v). All other vertices are said to be nice. These sets are denoted by V,,(T) C V(T)
and V,,(T) C V(T), respectively.

Proposition 7.16 Under the assumptions of Definition 7.9, Y € Wy (D; @V+, Uv-).

Proof Consider atree T’/ € SIT@ with a morphism 77 — 7. We wish to show that Yz (T') = Y (T). As
in the proof of Proposition 7.7, we may assume that 7"’ is representable by a building; see Definition 5.16.

It follows from Proposition 5.11 that 7"« H = T % H. Note that 7" and T have the same exterior edges.
If one of these edges is contained in V%, then &H(T/ )= 1]711 (T) = 0. So we can assume that the exterior
edges of 77 and T are not contained in V *.

Suppose now that 7’ has an interior edge contained in V*. Arguing as in the proof of Proposition 7.7,
let X; >0 fori =0, 1,2 denote the number of edges e € E(T”) such that |y,.| C V* and e is adjacent to
exactly i mean vertices. By assumption X¢ + X7 + X2 > 1. By Proposition 5.15, we have

(7-15) T'sH= Y BuxHy+ Y PuxHy+Xo+X1+Xo,

veVu(T) VeV (T)
where we write H, = V1 if x*(v) =00, H, = H if *x(v) =01 and H, = Vo if x(v) = 11. According to
Proposition 5.6 and the fact that 7’ is representable by a building, we have that ), eV, (T By x Hy > 0.
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If there are no mean vertices, then ZUEVW,(T’) Bv* Hy=X1=X,=0and Xo > 1. Hence T’ x H > 1.
If there exists at least one mean vertex, observe that X, < #V,,(T’) — 1. According to Lemma 7.11
and the fact that 7’ is representable by a building, we have that 3, oy, 7y Bv * Hy + X2 + X1 >
#Vn(T)—X1—2X2+ Xo+ X1 =#V,,,(T')— X2 > 1. Tt thus follows again that 7/« V > 1. We conclude
that {ﬂy (T = @V(T) = 0 if 7’ has an interior edge contained in V.

We are left with the case where T’ and hence T have no edges contained in V *. It’s then immediate that
Va(T') = Y (T).
If {T;}; is a concatenation, then the argument is the same as in the proof of Proposition 7.7 (using
Proposition 5.15 instead of Proposition 5.12). |
Setup III* Fix a datum D = (D+, D~, X, !, H', JA’),E[O,I] for Setup III*, where

D:i: — ((Yi, ég_:t, V:t),ti,/\i, J:I:)
We now introduce the following twisting maps.
Definition 7.17 We define a map g : 817&@ (D) — Q[U] by

(7-16) wHt (T) — UT*HZ-FF_(T,V_).

Definition 7.18 We define a map ¥ g : Sﬁélg (D) - Q by

1 if T« H"=0and|y.|NV* = forevery e € E(T),

7-17 Vi (T) =
( ) Vi (T) 0 otherwise.

There is no difference between Syp and Sy from the point of view of the intersection theory defined in
Section 5.3. It can therefore be shown by essentially the same arguments as in the previous section that
the above definitions do indeed satisfy the axioms for twisting maps.

Corollary 7.19 We have Yg: € Wi (D; Y go, Y1) and Ut € Un(D; JHO, f/]Hl).

Setup IV#* Fix datum D = (D°!, D12, (X021 )02 [02.1 JAOZ’I),E[O,OO)) for Setup IV*. Here,
o DOl = (PO DI, )?01,101, HO, f01) is a datum for Setup IT*,
o DI12= (D!, D2, X12 )12 H12 J12)i5 a datum for Setup II*, and
o D= (Y, &, V), A, JP) is a datum for Setup I* for i =0, 1, 2.

We introduce the following twisting maps.
Definition 7.20 We define 02 : S,7 (D) — Q[U] by
(7-18) Yoo (T) = UT*1HT 7TV
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Definition 7.21 We define l;Hoz,t : Sf\é,@ (D) - Q by

1 ifT+*np=0and|y.|NV =@ forallee E(T)andi €{0,1,2},

7-19 Vo2 (T) =
( ) Vo2 (T) 0 otherwise.

We need to show that the powers of U appearing in Definition 7.20 are nonnegative. This will be the
content of Corollary 7.24, which requires some preparatory lemmas.

Lemma 7.22 Forn > 1, suppose thatu: ¥ — X %2 js J92:' _holomorphic with positive orbit y* and
negative orbits | J;'_, y; - Then we have Pt — €U Y i P >0, where P (resp. P7) is the period
of yT c VO (resp. Yi C V?2).

Proof The proof is analogous to that of Lemma 7.10. If £ (f 02,1y = o0, the result is trivial. Hence
we may assume that J 92! € 7(X02: 202 F102.) and fix a Type B cobordism decomposition 02
of (H%%!, 202.1 | 702.1) to which JO02:1 jg adapted. The decomposition 092 is specified by a family of
hypersurfaces

Ha(t) = {—Ca(t)}x V2, Hi() ={-C1()}x V"', H1(t) ={C1(t)}x V', Ho(t) = {Co(t)} x V°.

It will be convenient to define the regions Ry (1) = (=00, —Ca(t)] x V2, Ro(t) = [Co(t), 00) x V' and
Ri(t) = [-Ci(1), C1 ()] x V1.

Suppose first that R;(¢) is empty. Then Ci(t) + C1(t) = 0, and hence E(c°2) = Co(t) + Ca(1).

02,t

Hence £(0°%") coincides with the energy of o if it is viewed as a Type A cobordism decomposition

(Definition 6.8) by forgetting C; and C1. Hence, when R; () is empty, the claim reduces to Lemma 7.10.

r702,t 02t

We now assume that Ry () is nonempty. We suppose that H,,” LI H,; ™ are the connected components

of X% —int(R2(1) U Ry(t) U Ro(¢)). Let us first assume that the i 1mage of u intersects the boundaries
of FI&Z ' and H {)22 * transversally. We then have the following computations:

n
o u¥o,p = / u*on — P~ >0,
/ul(Rz(t)) u™! (H2(1)) z=21 l

u*de’ay) =e Cl(t)/ u*oy —e_CZ(’)/ u*ap >0,
u= L (HP") ~1(H () U= (Ha (1))

/ u¥o —/ ~ u*al—/ u¥og >0,
“H(R1(2)) u=l(H1(2) u=l(H1())

- u*d(eSay) = eCO(t)/ u*ao—eél(t)/ _ u*a; >0,
u=l(H; ~L(Ho(@)) u=l(H1 ()

u Ot()—P+ / u*ag > 0.
u=1(Ro(t)) ~1(Ho ()
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After appropriate rescalings, these terms form a telescoping sum. We find that

Pt = CO+CO-CO-E10 Y p= — pt_ @)Y po s
j i

1

Suppose now that the image of u does not intersect the boundaries of ITI(? 12 ' and H {)22 d transversally. For
€n 4 0, set

R = (=00, —Ca(t)—en]xV?, R =[Co(t)+€n,00)xV°, R =[~C1(t)+¢n. Ci(t)—en]x V.

By Sard’s theorem, we may assume by choosing €, appropriately that u intersects the boundary of the
Rl(") transversally. Now repeat the above argument with an) in place of R;(¢). This yields the inequality

Pt — C2(0+Co—Ci()=Ci()+4e Y; P7 = 0. The claim now follows by passing to the limit. |

Lemma 7.23 Forn > 0, suppose thatu: 3 > X021 jgq JO21 —holomorphic curve in the homotopy class
B € 712()?02”, yTu(Ui=, v;)) fort < co. Then B [H*!] > —n,,, where n,, is the total number of
negative punctures. (Note that unlike in Lemma 7.22, we allow n = 0 here, in which case the union is
interpreted as being empty.)

Proof We argue as in the proof of Lemma 7.11. It is enough to consider the case where the image of u
is contained in H %%, The trivialization t extends to a global trivialization along H %%/  implying that
B HO?! =0.

We thus have

n

wx HO = o () Z“Jt\#()’i_) = [CZ% (y1)/2) - ZfCva()/i_)/ﬂ

i=1 i=1
n
= roPt| =) +|rPi],
i=1
where the sum is interpreted as zero if u has no negative punctures. Thus the lemma is verified if n =0
or rp = 0. It remains only to consider the case where n > 1 and r, > 0.

Using the trivial bounds x — 1 < | x| < x, we obtain

ws V> 3 (roPi—1)= 3 (1+r2Pz)z—pu+e“"O2)r2( 2 PZ)‘” > P

zepl Z€pu zep Z€py

It follows from Lemma 7.22 that e/ > r (Z + PZ) —r Zzep; P, > 0. The claim follows. m]

zepy

Corollary 7.24 We have that T xn+ T~ (T, V?) > 0.

Proof We need to consider two cases. If s(7) € [0,00), then the claim follows by combining
Proposition 5.17 and Lemma 7.23. If s(T) = {oo}, then the argument is the same as in the proof
of Corollary 7.12. O
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Proposition 7.25 Let {T;}; be a concatenation in Sty of type (2) in Setup IV on page 45. Then we have
(# T+ T (T.V?)
= Y (V4T (T Vo) + > (GxH T (V) + Y (T V4T (1. V1Y)

T; GSIO T; ESI?I T; 6811
+ Y (TixHZ+T (V) + Y (T« V2 +T7(T;, V).
T;esk? T;es?
Proof As in the proof of Proposition 7.4, our assumptions imply that  x V/ = —1 if y is contained

in V/ and 0 otherwise. Proposition 5.15 implies that

#Ti) *n
= ) BoxVOr 30 BuxH4 D0 PuxVie DD PoxHZH D0 puxV?
veV#; T;) veV#; T;) veV#; T;) veV#; T;) veV#; T;)

*(v)=00 *(v)=01 *(v)=11 *x(v)=12 *(v)=22

H T VO + T T VY + T T V).

As in the proof of Proposition 7.13, it follows that the result is equivalent to

Fint(#in’ VO) + Fint(#ifrl_’ Vl) + Fim(#i’Ti, V2) + F_(T, VZ)
— Z Fint(Tvi’ VO)_i_F—(T'l, VO) + Z Fint(T'i, V0)+Fim(7—'i, Vl) +F_(T'l, Vl)
TiESIO T,jGSI?l
+ ) PTG, VYT (1, VH+ ) TT, VYT, V) +T (T, V)
T; GSII T; e‘S"Illz

+ Y T, V) +T7(T;, V),

Tieslz

which is a consequence of the way the edges of #; T; are obtained from the edges of the 7;. a

Corollary 7.26 We have Yoz € Wiv(D; Yo, Y12, Ygo2.0) and we have that

IZHoz,z € Yy (D; &HOI» Jle, 1;1.102,0).

Proof Proposition 7.25 shows that ygo2. acts correctly on concatenations of type (2); the proof
that ¥ go2.. behaves well with respect to the other two types of concatenation is virtually identical.
Proposition 5.11 implies that ¥ g02..(T) = Y go2..(T') for any morphism 7' — T'. The argument that
JHoz,z (T) = 1;1_102,: (T') is essentially the same as the proof of Proposition 7.16, except that we appeal
to Lemma 7.23 instead of Lemma 7.11. m

The results from the previous sections can be conveniently packaged into the following theorem.
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Theorem 7.27 (cf [61, Theorem 1.1]) Let D be a datum for any one of Setups I*~IV*. Then there
exists a set of perturbation data ®(D) and twisted moduli counts

#y M(T)y" € QU] and #5; M(T)y" € Q
for0 € ©(D) and T € S« (D) for x =1,11, 111, IV, satisfying the obvious analogs of (i)—(v) in Theorem 1.1
in [61].

Proof There is a forgetful functor taking a datum for the enriched setups [*-IV* (Section 7.1) to
a datum for the standard Setups I-IV (Section 4.1). So the set of perturbation data is furnished by
[61, Theorem 1.1]. We showed in Section 7.2 a datum for Setups [*~IV* gives rise to twisting maps, from
which we may define our twisted moduli counts as in Section 6.1. The properties (i)—(iv) are tautological
and (v) is a consequence of the axioms of twisting maps, as explained in Section 6.1. a

8 Construction of the main invariants

In this section, we construct the invariants which are the central objects of this paper. To the data of a TN
contact pair (Y, &, V) and an element v € R(Y, &, V'), we associate a unital, Z/2—graded Q[U]—algebra
(8-1) CH,(Y,E,V;v).

There is a natural map to ordinary contact homology CH,.(Y,&,V;t) — CH,(Y, §) given by setting
U=1.

A contactomorphism f: (Y, £, V) — (Y', &, V') induces an identification
CH.(Y,£,V:iv) = CH.(Y',E,V'; fov).

An exact relative symplectic cobordism ()?, A, H) from (Y1, €T, V) to (Y,£7, V™) satisfying an
energy condition induces a map CH,(Y ¥, €T, V*;t") - CH,(Y ~,£~,V~;t7). Unfortunately, our
notions of energy are not well behaved under compositions of arbitrary relative symplectic cobordisms,
so the composition of maps is not always defined.

We also define a reduced version of (8-1), which only counts Reeb orbits in the complement of a

codimension 2 submanifold, and certain “asymptotic invariants” which have good functoriality properties.

8.1 Construction and basic properties of the invariants

The following subsection is entirely parallel to [61, Section 1.7]. More precisely, Pardon constructs
(ordinary) contact homology by applying [61, Theorem 1.1.] to data from Setups I-IV. We construct our
new invariants by applying Theorem 7.27 to data from Setups I*~IV*.
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Setup I* Fix a TN contact pair (Y, &, V) and an element v € R(Y, &, V). According to Proposition 3.9,
we may choose a contact form & = ker A which is adapted to t. Let J : € — & be a d A—compatible almost
complex structure which preserves £17. We therefore obtain a datum D for Setup I*. Theorem 7.27 applied
to D furnishes a Z/2-graded, unital Q[U ]-algebra

(8-2) CH.(Y,§,V:v)5.7.0

for any choice of perturbation datum 8 € ®1(D); cf (6-7) and (6-8).

Setup II* Fix pairs D = (Y *, &%, VE), v, A%, J*) of data for Setup I*, where we write t+ =
(o, 7%, r¥). Let ()? , A, H) be an exact relative symplectic cobordism with positive end (Y +, AT, V1)
and negative end (Y —, A7, V™), and suppose that there exists a trivialization of the normal bundle of H
which restricts to 7 on the positive/negative end.

Proposition 8.1 Suppose that r+ > ¢(H Al )r~. Then there is an induced map on homology

83)  ®X.AH);, CHY T X VFie) i s g = CHAY 67,V i0 )5 - 6.

Ifot =« and (H, 1|H) is a symplectization, then the same conclusion holds provided that r+ > r~.
Proof According to Lemma 6.25, we can choose an almost complex structure J on X which is d A—

compatible and agrees with JE at infinity, and is such that r+ > eg(f )r~. We thus obtain a datum
D= (DT,D, )? H, A, f) for Setup IT*.

Given (7,07) € ©1(D1) x ®(D™), Theorem 7.27 thus provides a perturbation datum 6 € @y (D) with
0+ (6,67), and twisted moduli counts which give rise to the map (8-3); cf (6-12). ]
Setup III* We have the following proposition.

Proposition 8.2 Under the assumptions of Proposition 8.1, the map (8-3) is independent of the pair (f ,0).

Proof Let (fo, 6p) and (f 1, 61) be two possible choices of such pairs. Let us first treat the case where
(H, )AL| H) is not a symplectization. For any € > 0, Lemma 6.25 provides an interpolating family of almost
complex structures {JA,},E[OJ] such that E(ft) < max(E(fo), E(fl)) + €. Choosing € small enough so
that 7+ > eg(jt)r_, we thus get a datum D for Setup IIT*.

Theorem 7.27 now provides perturbation data 6 € Oy(D) mapping to (8, 61), and a chain homotopy
between the maps @()?, A, H)fo 8 and CID(J?, A, H)JA1 6, cf (6-18) and (6-20).

Ifat =o and (H, X| H) is a symplectization, then Lemma 6.25 implies that we may repeat the above
argument for a family of almost complex structures f, which have vanishing energy. Tracing through the
proof, it is straightforward to check that the desired conclusion goes through provided that r* > r~. O
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Setup IV* Let us consider data D = (D!, D12, (X021, on’t)te[o,oo))’ where
DoL _ (DO,DI,X\OI,XOI, HOY),
pl2 _ (,DI,DZ’)’(‘IZ’XU, H'2),
D' = (Y, £, V)¢, A, J) fori=0,1,2.
Here D1, D12 and D are “partial data” for Setups II* and IV*, since they do not contain any information

about almost complex structures. These “partial data” are assumed to obey all the axioms stated in
Section 7.1 which do not involve complex structures.

The D' are (ordinary) data for Setup I*.

Proposition 8.3 Suppose that the following conditions hold:

02.t 702,¢
° ’/-0 > eg(H 9A |H02,t)r2’

01 301
* 1o > eg(H ,A, |H01)I’1,

12 712
e ;> eg(H ,A, |H12)r2.

Then the following diagram commultes:
CH.(YI,SI, Vl;tl)AI,Jl’(gl

CPO?OI’W @()?12,;12,1_112)

$(X02.202 02
CH.(Y.£%.V°:1%)30 50 g0 CAHT) y CH.(Y2, 2, V212) 32 12 o

If ap = a1 = ap and if (HO', 2% g01), (H2, A12|512) and (H %%, 1921 | 1100.1) are symplectizations,

then the conclusion still holds if we only assume thatr; > r; fori > j.

Proof According to Lemma 6.28, one can choose a family of almost complex structures J02: 5o that

702.¢ 701 712
e )rz. Moreover, by Lemma 6.29, one may also assume that r¢ > €U )rl and r; > eV )r2,

ro>e
where J°! and J!? are the almost complex structures induced at infinity by J%%/. We therefore
obtain a datum for Setup IV* by considering P°! = (D°1, JO1), P12 = (D2, J12) and D = (D, JO2).

Theorem 7.27 applied to D now implies the commutativity of the above diagram; cf (6-27).

Under the additional hypotheses that g = ;1 = «» and that the relevant cobordisms are symplectizations,
Lemmas 6.28 and 6.29 allow us to work with (families of) almost complex structures with vanishing
energy. Retracing through the above argument, we find that the desired conclusion follows if r; > r; for
i>]. m|

Proposition 8.4 Let ()? A H ) be a relative symplectic cobordism from (Y T, §* V) to (Y, £7, V7).
Let (Vi, ;\\;) be the Liouville structure induced on V* from the canonical Liouville structure of the
symplectization (fi, Ay+). Fori € {1,2}, consider elements tl.lL e R(Y*, %, V*) and let Afc be a
contact form on Y * which is adapted to tl.i. Suppose finally that we have:
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(D rl.+ > eg(H’MH)rl._.

v+t _ V=A3) —
) r1+ >eg( ’ V)err and rj >eg( V)r2

Then the following diagram commutes:

e+, V)
CH (YT 5.V Hie]) 4 14 g4 CH (YT 5.V He]) 4 14 g4

Lb(X,X,H) LP()?,X,H)

et Y, V) _
CH.(Y ,%— JV ;tl);(lj_]—’g —% CH, (Y é V= tz);(;,_]—,g—

As usual, if ai" =a] = oz;' =a; and (H, )AL|H) is a symplectization, then it is enough to assume that

+ o= st - -
=Ll =, andri >r,.

Proof Observe first that the conditions (1) and (2) along with Proposition 8.1 ensure that the maps
appearing in the commutatlve diagram are Well defined. Let us now consider the strict exact symplectic
cobordisms (X 2. H))r and (Y A, V- ))r For t € [0, 00) and Ty > 0 large enough, we can con-
sider their (1 + To)-gluing (X7, A", H'); cf Deﬁmtlon 2.23. According to Lemma 6.22, we have that
(cf Notation 2.19)

~ at ~ o S T—\01
(8-4) EH" A ) = E(H. e + (P~ A5)80),

+
H At *1
It then follows from (1) and (2) that rj > "7 A1)

We can now appeal to Proposition 8.3, which 1mphes that the composition CID(Y V- )o CID(X )t H)
agrees with the map induced by (X°, X0 )to H% = (X )t H ) Ay see Example 2.11. The same argument
shows that composmon along the upper right-hand side of the diagram agrees with the map induced by
(X /\ H ) A This proves the claim. a

We obtain the following corollary by putting together the results of the previous section.

Corollary 8.5 Consider a TN contact pair (Y, £, V) and fix an element v € R(Y,£,V). Let DT =
(Y&, V), A%, Ji) be a pair of data for Setup I'*, and fix 0F € ®1(Yi, AE, Ji).

The map
(8-5) (Y A, V) CHUY.E, Vit 4 y+ .o+ — CHUY,E V1)~ 1 -

defined in Proposition 8.1 is an isomorphism.

Proof In light of Proposition 8.4 and Lemma 6.9, it’s enough to consider the case AT = A~ =
JtT=J"=1J Letfc ®H(Y A, J) be a lift of (9™, 07) under the forgetful map ®H(Y AJ) —>
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O1(Y,A,J)x0O1(Y,A,J). The proof of [61, Lemma 1.2] can be adapted to show that the map

(8‘6) ®(f}, i, I7)f,0 . CC.(Y, g’ Va t)A’]’Q-F — CC'(Y’ gv Vv t)l,.’,e_

is an isomorphism of chain complexes: one simply needs to observe that the twisted counts of trivial
cylinders coincide with the usual counts. O
We now arrive at the definition of our main invariants.

Definition 8.6 (full invariant) Consider a TN contact pair (Y, &€, V') and choose an element t € R(Y, £, V).
Let

(8-7) CH,(Y, £, V;v)

be the limit (or equivalently the colimit) of {CH .(Y,&,V;t)5 s.9}a,7.¢ along the maps (8-5). Proposition
8.4 and Corollary 8.5 imply that CH ,(Y, £, V; t) is canonically isomorphic to CH,.(Y,§,V;v); ;¢ for
any admissible choice of (A, J, 0).

Given s € Q, define

(8-8) CHUY=S(Y,£,V;v) := CH.(Y,£,V;v) @0 Q,

where the map Q[U] — Q sends U + s. There is a natural evaluation morphism of Q[U ]-algebras
(8-9) evy—s: CH (Y, £, V:v) > CHU=S (Y. £,V v).

It follows tautologically from the construction that CHU=1(Y,£,V:;v) = CH,(Y,£). The invariant
CH,(Y,&,V;v) therefore admits a Q[U] algebra morphism to ordinary contact homology (which is
viewed as a Q[U]-algebra by letting U act by the identity).

We can also define a “reduced” variant of the invariants (8-7), which are based on the twisting map @
These invariants are naturally Q—algebras (as opposed to Q[U]-algebras) and only take into account
Reeb orbits in the complement of the codimension 2 submanifold.

More precisely, given a datum ((Y, €, V), ¢, A, J) for Setup I*, we may proceed as in Setup I* in Section 8.1
and let

(8-10) (CCu(Y.£,Vi0)0.dyg ;o)

be the complex generated by the (good) Reeb orbits not contained in V- C Y, for some perturbation
datum 6 € ©(D). By repeating the above arguments with the twisting maps J_ in place of the twisting
maps {—, one can establish the obvious analogs of Proposition 8.4 and Corollary 8.5. In particular, given
choices of data (AT, J*,6%)and (A=, J~,67) asin Corollary 8.5, there is an isomorphism

(8-11) oY, 2, V): CHUY.E,Vit) it y+.o+ — CHUY.E Vit 4 s+ 0+
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Definition 8.7 (reduced invariant) Consider a TN contact pair (Y, &, V') and fix an element t € R(Y, &, V).
Let

(8-12) CH.(Y.£,V:v)
be the limit (or equivalently the colimit) of the algebras {@.(Y L€, V:iv)a,7.0}4.7,6 along the maps
(8-11).

For future reference, we record the following corollary of the above discussion.

Corollary 8.8 Let (Y*, &% V*) be TN contact pairs, and choose elements v+ = (a®,t%,r%) €
R(YE, %, VE). Let (X, A, H) be an exact relative symplectic cobordism with positive end (Y +,£T, V1)
and negative end (Y ~,§7, V™), and suppose that tT and t~ extend to a global trivialization of the normal
bundle of H. If r T > eg((H"”H)g_)r_, then there is an induced map

(8-13) ®(X. A, H):CH (YT 7. VTitT) > CH. (Y, 67,V 100,

Similarly, suppose that ()? , At . H")te[0,1] is a family of exact relative symplectic cobordisms with
ends (V*, %, V*) and such that t* extends to a global trivialization of the normal bundle of H'. If

rt > eS(Ht’(it”H’)r_, then
(8-14) O(X, A% HY = d(X, AL, HY).

The analogous statement holds for the reduced invariants CH. o(—).
8.2 (Bi)gradings

The Z/2-grading by parity on the deformed invariants CH,(—), CH. (—) shall be referred to as the
homological grading. As in the case of (ordinary) contact homology, the homological grading can be
lifted to a Z—grading under certain topological assumptions. We will also to refer to this Z—grading as
the homological grading when it exists.

Definition 8.9 [61, Section 1.8] Let (Y2"~! £ V) be a TN contact pair and choose t € R(Y, £, V).
Suppose that H1(Y;Z) = 0 and ¢1(§) = 0. Then the homological Z/2-grading lifts to a canonical
Z—grading defined on generators by

(8-15) [yl =CZ*(y) +n-3,
where 7 is any trivialization of the contact distribution along y — this is independent of 7 due to our

assumption that c1(§) = 0.

Remark 8.10 In Definition 8.9, our assumption that ¢ (§) = 0 is equivalent to the statement that the
canonical bundle A’(’C_lé is trivial. The grading in general depends on a trivialization of the canonical
bundle; however, our assumption that H;(Y; Z) = 0 along with the universal coefficients theorem implies
that H'(Y;Z) = 0. Hence the canonical bundle admits a unique trivialization.
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Lemma 8.11 (see [61, equation (2.50)]) With the notation of Corollary 8.8, suppose that H; (Y *;Z) =0
and that ¢1(§%) = ¢1(TX) = 0. Then the cobordism maps described in Corollary 8.8 preserve the
homological Z—grading. |

Under certain topological assumptions, the reduced invariant CH. (—; —) admits an additional Z—grading,
which we will refer to as the linking number grading.

Definition 8.12 Let (Y, &, V) be a TN contact pair and choose v € R(Y, &, V). Suppose that H1(Y ; Z) =
H»(Y;7Z) = 0. Then the linking number grading | - |jinx On @/.(Y, &, V;v) is given on generators by

(8-16) [y link = linky ().

(See Definition 5.19.) The linking number grading of a word of generators is then defined to be the
sum of the linking number grading of each letter. One can verify using Lemma 5.21 that this grading is
well-defined.

We let
(8-17) CH..(Y,£,V;v)
be the (super)commutative bigraded Q—algebra, where

¢ the first bullet refers to the homological Z-grading (which exists in view of our topological
assumption and the universal coefficients theorem, see Definition 8.9);

¢ the second bullet refers to the linking number Z-grading.

We sometimes drop the second grading in our notation, so the reader should keep in mind that the notation
CH. (—; —) always refers to the homological grading.

We have the following lemma as a consequence of Lemmas 5.21 and 8.11.

Lemma 8.13 With the notation of Corollary 8.8, suppose that Hi (Y *;Z) = H,(X,Y1;Z) = 0. Then
the cobordism maps described in Corollary 8.8 preserve the linking number Z—grading. If we also have
that c1(§%) = ¢1(TX) = 0, then the cobordism maps preserve the (Z xZ)-bigrading (8-17). |

8.3 Asymptotic invariants

Given a TN contact pair (Y,§, V') and a trivialization 7 of the normal bundle Ny ,y, let
(8-18) RV, EV)={r=(a, 7/, r) e RY.E V) | T/=1} CR(Y.E V).

We equip R*(Y, £, V) with a preorder6 =< defined by setting (a;, T,r7) =< (a;,r, r,rh)ifrt > e_mi“fr_,
where ozIJ,r =ef oy, We let <°P denote the opposite preorder.

6 A preorder on a set is a binary relation which is reflexive and transitive. Equivalently, a preordered set is a category with at most
one morphism from any object x to any other object y.
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We now define a functor F(Y, &, V') from the preordered set (R*(Y, &, V'), <°P) to the category of Q[U]-
algebras. On objects, the functor takes vt to CH (Y, &, V'; t). It remains to define the functor on morphisms.

Given elements t+ = (alﬂ,:, T,r%) e R7(Y, £, V), let AT be a contact form on ¥ which is adapted to t*.
Consider the symplectization (IA’ , i V)f_r If v~ < ¢, then Lemma 6.9 and Propositions 8.1 and 8.4
imply that there is a map

(8-19) O, A, V): CH.(Y,E,V:tt) = CH.(Y,E, V7).

This defines F(Y, &, V) on morphisms. One can check using Proposition 8.4 that (Y, &, V) is indeed a
functor.

We can similarly define a functor 7 (Y, &, V) from (R*(Y, &, V), <°P) to the category of Q—algebras
using CH. ().

Definition 8.14 (asymptotic invariants) Noting that the category of Q[U]-algebras is complete and
cocomplete, we denote by

(8-20) (C_H.(Y,E,V;r) and QI).(Y, EV;1)
the limit (resp. colimit) of the Q[U]-algebras {CH,(Y, &, V; v)} over the preordered set (R*(Y, &, V), <°P).
We let @ (Y, &, V;1)and @ (Y, &,V ;1) be defined similarly over the category of Q-algebras.

It’s easy to check that (R*(Y, &, V), <°P) is a filtered preordered set. In particular, (co)limits can be
computed by restricting to (co)final subsets. In contrast to the invariants defined in Section 8.1, the
asymptotic invariants are fully functorial under compositions of arbitrary relative symplectic cobordisms
which respect normal trivializations. (A verification of this is tedious and essentially consists of repeating
the arguments of Section 8.1 — the key is that the energy conditions can always be satisfied by sending
the rotation parameter to zero or infinity.)

8.4 Mixed morphisms

Consider a TN contact pair (Y, &, V') and elements o = (ozi, r*, ri) € R(Y, &, V). In this section, we
exhibit a Q—algebra map

(8-21) CHU=O(Y,£,V:rT) > CH.(Y.£,V;¢))
under certain assumptions on 7 and . Precomposing with (8-9) gives a Q—algebra map
(8-22) CH.(Y.&.Vith) > CH.(Y.£. Vi),

Let us begin by considering a datum D = (D1, D™, X.H, AT ) for Setup IT*, where we let DT =
(Y.E, V), v 2%, 7%,
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Definition 8.15 We define a map Ymix: Sff 2(D) > Q by

1 ifT+V =0and NV~ =g forevery e € E(T),
(8-23) Yinix(T) = . el ye e E(T)
0 otherwise.

Proposition 8.16 The map Yyix(—) is a twisting map provided that the following properties hold:
@) rt > 2e5(f)r_, and

() rt>2/ Rg‘i“, where Rg‘in denotes the smallest action of all Reeb orbits of «.
We need the following lemma for proving Proposition 8.16.

Lemma 8.17 Suppose that 8 € nz(?, ytu (Ul'-'=1 Vi_)) is represented by a J —holomorphic curve
u: ¥ — X containedin V. Suppose also that r+ and r~ satisfy assumptions (i) and (ii) in Definition 8.15.
Then B * v > 2 — py, where py, is the total number of punctures (positive and negative) of u contained
inVE.

Proof By Lemma 7.10, we have rtpt—p— ZLI P> r+P+—r_P+eg(j) > P+(r+—r_eg(j)) >
R ((rt /2 —r=efU)) 41+ /2) > RNy /2 > 1. The lemma now follows from Proposition 5.7. O

Definition 8.18 Given atree T € Sﬁé ? we say that a vertex v € V(T) is mean if all adjacent edges are
contained in VV*. Otherwise, we say that v € V(T) is nice. We denote by V;(T') (resp. V,,(T)) the set of
mean (resp. nice) vertices of 7.

Proof of Proposition 8.16 Choose a tree 7’ € Sff Z LetT' — T be a morphism. It follows from

Proposition 5.11 that 7”7 % V =T V. If T’ has no edges contained in V', then neither does 7’ and we
see that wmix(T/) = Ymix(T).

Let us now suppose that 7”7 has an edge contained in V. Note that 7’ and T have the same exterior
edges. If one of these edges is contained in V™, then ¥mix(T’) = ¥mix(T) = 0. Let us therefore assume
that the exterior edges of T/ and T are not contained in V' ~.

We are left with the case where T’ has at least one interior edge contained in V™~ If 7’ had no mean
vertices, then it would follow from Proposition 5.15 that there are no interior edges contained in V*,
which is a contradiction. It follows that 7’ has at least one mean vertex. Let E]ijnt(T’ ) C E™(T’) be the
set of interior edges which occur as an outgoing edge of some mean vertex. According to Proposition 5.15,
we have
T'«V= " BuxV+ Y BuxV+[E"T)—EMNT)|+|EQNT
veV, (T) veVu(T7)
= Y BuxVHIENT
VeV (T")
= > (BuxV+py).
VeV (T
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where p, denotes the number of outgoing edges of v. (Here, we have used the fact that the outgoing
edges of a mean vertex are all interior edges, which follows from our assumption that the exterior edges
of T" and T are not contained in ¥ ~.) It now follows from Lemma 8.17 and the fact that 7"’ has at least

one mean vertex that } ey /) (By * V+po) > > vev,, (12— DPv+Dy) = ey, () | = 1. Hence
Ymix(T") = Ymix (T) = 0. This completes the proof that Yyix(T") = Yrmix(T).

If {T;}; is a concatenation, then the argument is the same as in the proof of Proposition 7.13 since every
edge in #; T; appears in at least one of the 7;. |

Proposition 8.19 Consider a TN contact pair (Y, £, V) and elements v+ = (a*, 7%, r¥) e R(Y, £, V).

If r' > 2e5(17’kl17)r_ andrt > 2/fo“i“, then there is a map of (Q—algebras

(8-24) CHU=O(Y.£,V:ivt) > CH.(Y.£, V).

Proof The argument is essentially the same as the proof of Proposition 8.1. Choose data of Type I*
DE = ((V,&,V),vE, A%, J¥). Now consider the symplectization (17 A, 17). Lemma 6.25 furnishes an
almost complex structure J on Y whichis d X—compatible and agrees with J* at infinity, and such that
rt>ef & ). It now follows as in Setup II of Section 6.1 that we have a Q—algebra chain map

(8-25) (Y. A Ymin) 7 g1 CCY=OY.£.V:¥) y+ g+ > CCu(Y.£.Vi0) - o

for perturbation data ® — (87, 07). m|

Remark 8.20 The proof of Proposition 8.19 does not show that (8-24) is independent of auxiliary
choices (ie J ,J i, O, Gi). To show this, one needs to extend the definition of the twisting map Vpix to
Setups III* and IV*. One can then prove analogs of Theorem 7.27 and Corollary 8.8 for {rix. All of the
ingredients for this are already in place, but we omit the details since Proposition 8.19 is sufficient for our
applications.

Corollary 8.21 Suppose that éﬁ.(Y, €,V;t) #0 for somet = (ay,1,7r) € R(Y,E, V). Letting v =
(ay. 7', 1"), we have CH, (Y, £, V1) # 0 if r' is large enough. In particular, C(_H.(Y, EV.1)#0. O

9 Augmentations and linearized invariants

9.1 Differential graded algebras

Let R be a commutative ring containing Q. The following two categories occur naturally in contact
topology: the category cdga of unital Z—graded (super)commutative dg R—algebras; the category dga of
unital Z—graded associative dg R—algebras. When we speak of a dg algebra, we mean an object of either
one of these categories.
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Let us say that a dg algebra is action-filtered if the underlying graded algebra is the free algebra on a free
graded module U having the following property: U admits a basis {xq | @ € A} for some well-ordered
set A such that dx, is a sum of words in the letters xg for B < a. Note that the dg algebras which arise
in Symplectic Field Theory are naturally action-filtered by Reeb length.

The categories cdga and dga each carry a model structure described by Hinich [34] (see also Section 1.11
of [66]) with the following properties:

(i) the weak equivalences are the quasi-isomorphisms, and

(i) all objects are fibrant and the set of cofibrant objects includes all objects which are action-filtered.”

Note that in any model category, there is a notion of two maps being left (resp. right) homotopic, defined
in terms of cylinder (resp. path) objects [35, Section 7.3.1]. These notions coincide on objects which are
fibrant and cofibrant.

We let hedga and hdga be the associated homotopy categories: the objects are those objects of cdga
(resp. dga) which are fibrant and cofibrant, and the morphisms are the homotopy classes of morphisms in
cdga (resp. dga). In particular, hedga and hdga contain all action-filtered dg algebras.

An augmentation of a dg R—algebra A is a morphism of dg algebras e: A — R, where R is viewed
as a dg algebra concentrated in degree 0. A dg algebra equipped with an augmentation is said to be
augmented. We let cdga, r and dga, g be the overcategory of augmented objects, which naturally inherit
model structures. We let hedga, g (resp. hdga, g) be the associated homotopy categories.

Definition 9.1 Given an augmented dg algebra €: (A,d) — R, we consider the graded R—module
Ae = kere/(ker 6)2. The differential d descends to a differential de on Ac. The resulting differential
graded module (A, d¢) is called the linearization® of (A, d) at the augmentation €.

It follows from the definition that linearization defines a functor from cdga, g (resp. dga,g) to the
category of chain complexes of R—modules. It is an important fact that this functor is left Quillen
[51, Proposition 12.1.7], and therefore induces a functor of homotopy categories. We state this as a
corollary:

Corollary 9.2 Linearization defines a functor from hedga, r (resp. hdga, g) to the homotopy category
of chain complexes of R—modules. |

7Both [34] and [51] work in the setting of dg algebras over operads. The categories cdga and dga are, respectively, the category
of dg algebras over the operads uComm and uAss (u stands for unital), so they can be treated on equal footing. A good reference
for the material in this section, which mostly avoids operadic language (but only treats the case of cdga), is [47].

8The linearization is sometimes also called the “indecomposable quotient” in the rational homotopy theory literature. In the
contact topology literature, one also often encounters an equivalent construction of the linearization in which one twists the
differential by the augmentation; see [57, Remark 2.8].
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In particular, Corollary 9.2 implies that homotopic augmentations of action-filtered dg algebras induce
isomorphic linearizations. Special cases of this statement have already appeared in the Legendrian contact
homology literature; see eg [58, Section 5.3.2].

Remark 9.3 Let (A, d) be a dg algebra, where A is the free R—algebra generated by the set {x, | @ € A}.
Let €: A — R be the unique R-algebra map sending the generators x, to zero. Then € is an augmentation
if and only if dx4 is contained in the ideal (xg | B € A) for all & € A (or equivalently, if and only if the
differential has no constant term). If € is an augmentation, it is called the zero augmentation.

Suppose now that (A4, d) is the (possibly deformed) contact algebra of some contact manifold, ie (A, d)
is the commutative R—algebra generated by good Reeb orbits (for R = Q or Q[U]) and the differential
is defined as in Section 6.1. Suppose that €: A — R is the zero augmentation. Then ker € is the free
R-module generated by (good) Reeb orbits, and d¢ counts curves with one input and one output (ie de is
defined as in (6-7), where the sum is restricted to curves with |['~| = 1). It follows that the homology
of the complex (A, de¢) can be interpreted as the (possibly deformed) cylindrical contact homology.
This latter invariant admits a rigorous definition for contact structures under certain assumptions, such
as the existence of a contact form with no contractible Reeb orbits; see [4; 42] in dimension 3 and
[61, Section 1.8] in general.

9.2 Cyclic homology

Definition 9.4 (cf [17]) Let S be a countable, well-ordered set equipped with a map |-|: S — Z. Let
A = R(S) be the free Z—graded R—algebra generated by S, where the Z—grading is induced by extending
| - | multiplicatively.

Let d: A — A be a differential of degree —1. Let A := A/R, and consider the cyclic permutation map
7: A — A which is defined on monomials by (y; ---y;) = (—=1)11v2l+=+viDy, ... and extended
R-linearly. Let A® := A/(1 — 1) be the Z—graded R—module of coinvariants. Observe that d passes to
the quotient. We denote the induced differential by d*.

We now define

9-1) HC.(A) := H,(A",d"),

and refer to this invariant as the reduced cyclic homology of the dg algebra (A, d).

Remark 9.5 Definition 9.4 agrees with other definitions of reduced cyclic homology of dg algebras

(such as [50, Section 5.3]) which may be more familiar to the reader, when both are defined. We adopt
the present definition for consistency with [7].

In the special case where A is the Chekanov—Eliashberg dg algebra of a Legendrian knot in a contact mani-
fold satisfying the assumptions of [7, Section 4.1], the algebraic invariants considered in [7, Section 4] can
be translated as follows: LH®(A4) = HC,(A), LH"°+(A4) = HH,(A) and LHH(A4) = HH,(A). Here
HH,(-) and HH,(—) denote, respectively, Hochschild homology and reduced Hochschild homology.
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We record the following computation which will be useful to us later on.

Lemma 9.6 Under the assumptions of Definition 9.4, if (A, d) is acyclic, then

9-2) AC, (4) = R ifkis ?dd and positive,
0 otherwise.

Proof Let us first prove the lemma under the assumption that S is a finite set. Note first that the
Hochschild homology of an acyclic finitely generated dg algebra vanishes identically. Moreover, we have

an exact triangle
(9-3) R[0] — HH.(A) — HH,(4)
which implies that HH,(A) is just a copy of R concentrated in degree 1.

We now consider the following Gysin-type exact triangle (see [7, Proposition 4.9]):

(9-4) ac.4) 22 ge.ca L gL ) 2

The desired result now follows immediately by induction, using (9-4) and the fact that HC,(A) vanishes
in sufficiently large positive and negative degrees due to our finiteness hypotheses. We remark that
(9-4) is constructed from a spectral sequence, whose convergence can only be verified under finiteness
assumptions.

Let us now drop our assumption that S is a finite set. We instead consider an exhaustion of S by finite
subsets S c §@ ... c S. Let (A%, d) C (A, d) be the dg subalgebra generated by S®). One can
readily verify that

(9-5) lim AC,(A®) = HC,(lim A®)) = HC,(A).

Observe that (A%, d) is acyclic for k large enough and satisfies the assumption of Definition 9.4. Since
we have already proved the lemma under the assumption that S is finite, it is enough to prove that the
natural maps HC,(A®)) — HC,(A%*D) are isomorphisms for k large enough.

To this end, note that the exact triangles (9-3) and (9-4) can be shown to be functorial under morphisms
of bounded dg algebras. Since quasi-isomorphisms induce isomorphisms on Hochschild homology,
it follows from (9-3) that the natural map HH,(A®) — HH,(A%tD) is an isomorphism. Since
HH,(A®) = HH,(A%**+D) is concentrated in degree 1, and since HC; (A®)) and HC; (A% *1) vanish
for |i| sufficiently large, the desired claim can be checked by inductively applying the five lemma; cf [50,
Section 2.2.3]. O

9.3 Augmentations from relative fillings

According to the philosophy of [24], contact homology is supposed to be well-defined as a differential
graded Q—algebra up to strict isomorphism. However, [61] only proves that contact homology is well-
defined as a graded QQ—algebra, ie after passing to homology. Similarly, the invariants introduced in

Geometry & Topology, Volume 28 (2024)



Homological invariants of codimension 2 contact submanifolds 79

Section 8 are merely graded R-algebras for R = Q or Q[U]. For the purpose of linearizing the invariants
of Section 8, we saw in Section 9.1 that the following intermediate assumption — weaker than what is
conjectured in [24] but stronger than what is proved in [61] —is sufficient:

Assumption 9.7 The constructions of Section 8 can be lifted to the category hedga. (That is, cobordisms
induce a unique morphism of commutative dg algebras up to homotopy, and composition of cobordism is
functorial up to homotopy.)

The rest of this section depends on the unproved Assumption 9.7; all statements which depend on this
assumption are therefore starred, in accordance with the convention stated in the introduction.

Definition* 9.8 Fix a TN contact pair (Y, &, V) and an element v € SR(Y, &, V). Let
(9_6) A(Ya S’ V? t) € Q[U]_thga

be the limit (or equivalently the colimit) of the dg algebras {(CC,.(Y, £, V)., dy, 16)}1,7,0 under the
lifts of the maps (8-5) which are furnished by Assumption 9.7. We also analogously define

(9-7) A(Y,£,V;t) € Q-hcdga.

Remark 9.9 (bigradings) With the notation of Definition* 9.8, suppose that H;(Y; Z) = H>(Y ; Z) =0.
Combining Assumption 9.7 with the discussion of Section 8.2, it then follows that A(Y, £, V;t) is a
(Z x7Z.)-bigraded differential algebra, where the differential has bidegree (—1, 0).

Definition* 9.10 Given an augmentation €: A(Y, &, V;t) - Q[U], we let A¢(Y, &, V'; ¢) be the linearized
chain complex (in the sense of Definition 9.1) with respect to € and let CHE (Y, &, V'; t) be the resulting
homology.

We have analogous invariants in the reduced case, which are denoted by ,ZE(Y, &, V;t)and CH f (Y&, V;v)
for an augmentation €: A(Y, £, V;t) — Q.

Definition 9.11 Given a contact manifold (Y, £) and a codimension 2 contact submanifold V, a relative
filling ()? , A, H) is a relative symplectic cobordism from (Y, &, V') to the empty set.

Let ()? A H ) be a relative filling of (Y, £, V') and fix t € R(Y, &, V). Suppose t extends to a normal trivial-
ization of H. Then Lemma 8.11 and Assumption 9.7 furnish an augmentation e()? JAH)YA(YE Vi) —
Q[U]. Similarly, we have an augmentation Z()?, A H): JZ(Y, £ V;v)—> Q.

If we suppose that H1(Y;Z) = H2(Y;Z) = Hy(X,Y;Z) =0 and ¢1(TX) = 0, then Lemma 8.13 and
Assumption 9.7 imply that &(X.A H) preserves the (ZxZ)-bigrading defined in Remark 9.9. It follows
that the linearized complex

(9-8) JE(Y,E, V)
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inherits a (Z xZ)-bigrading with differential of bidegree (—1, 0). Hence
(9-9) CHI(Y,£,V:v)
is a (ZxZ)-bigraded Q-vector space.

We end this section by collecting some lemmas which will be useful later. The reader is referred to
Section 3.3 for a review of open book decompositions.

Lemma* 9.12 Suppose that (W, A, H) is a relative filling of (Y, &, V). Suppose that V is the binding
of an open book decomposition (Y, V, ) which supports €. Fix an element v = (ay, 7,r) € R(Y, &, V),
where t is the canonical trivialization induced by the open book.

Suppose that H admits a normal trivialization which restricts to t. Suppose also that H{(Y ;Z) =
H>(Y;Z)= Hy(W,Y;Z) =0 and that c; (T W) = 0. Then the augmentation

(9-10) CAYE V) >Q

is the zero augmentation. In particular, it depends only on (W, i) and noton H.

Proof It is shown in Corollary 3.15 that there exists a nondegenerate contact form « for (Y, &) which is
adapted to v and has the property that all Reeb orbits are transverse to the pages of the open book decom-
position. Given auxiliary choices of almost complex structures and perturbation data, the augmentation €
counts (possibly broken) holomorphic planes u# which are asymptotic to a Reeb orbit y disjoint from H,
and such that [u] * H = 0. However, our topological assumptions and Lemma 5.21 implies that [u] x H
is precisely the linking number of y with the binding V, which is strictly positive by assumption; see
Remark 5.20. |

Lemma*9.13 Let (X, A, H) and (X', 1’, H') be relative symplectic fillings of (Y,&,V)and (Y',&,V’).
Let f:(Y,E,V)— (Y&, V') be a contactomorphism. Suppose that there exists a symplectomorphism
¢:(X.1) = (X', 1) which coincides near infinity with the induced map f: SY — SY’,

Given any v € R(Y, £, V), the following diagram commutes:

CH.(Y,£,V:v) eEALH) o

]
- |
]

(9-11) CH.Y'.& Vs fur) DX $eddU) o

CHJ(Y'.& . V'; fur) —20A0E) o)

The analogous statement holds for éﬁ.(—), with Q in place of Q[U]. In addition, if H1(Y;Z) =
H,(Y;Z)=0andc1(TX)=0, then all arrows can be assumed to preserve the bigrading in Definition 8.12.
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Proof The commutativity of the top square is essentially tautological; more precisely, it follows from
the functoriality of the moduli counts in Theorem 7.27. The commutativity of the bottom square follows
from the observation that ¢ preserves the Liouville form outside a compact set. Hence ()? ' ¢*1) and
()? ! A ) are deformation equivalent. It follows by Corollary 8.8 that they induce the same morphism on
homology. The fact that the maps preserve the bigradings on CH (—; —) (under the above topological
assumptions) is a consequence on Lemma 8.13. O

Corollary* 9.14 Let (X, 1, H) (resp. (X, X, H')) be relative fillings for (Y,£,V) (resp. (Y,€,V")).
Suppose that V' is the binding of an open book decomposition of (Y, §) and fix v = («, t,7) € R(Y, &, V),
where t is induced by the open book. Let f: (Y,£,V) — (Y, &, V') be a contactomorphism.

Suppose that H1 (Y ; Z) = Hy(Y;7Z) = H»(X,Y;Z) =0 and that ¢, (TX) = 0. Then

(9-12) CHS (Y.§.Viv) = CHS (V.6 V'; fiv),

where both augmentations are induced by the relative fillings and the (Z x7)-bigrading is defined in
Definition 8.12.

Proof Indeed, since the lift of a contactomorphism to the symplectization is a Hamiltonian symplec-
tomorphism, it is easy to construct a symplectic automorphism of (X, d A) satisfying the conditions of
Lemma* 9.13; see eg [14, Section 3.2]. The claim now follows from Lemma* 9.12. O

10 Invariants of Legendrian submanifolds

10.1 Invariants of contact pushoffs

Definition 10.1 (see Definition 3.1 in [10]) Let (Y, &) be a contact manifold and let A < Y be a
Legendrian embedding. By the Weinstein neighborhood theorem, the map extends to an embedding
Op(A) C (JIA, Egq) — (Y. &), where Op(A) C (J1A, £gq) denotes an open neighborhood of the zero
section.

Let 7(A) be the induced codimension 2 contact embedding
(10-1) T(A): 9D A) = H(DF,A)x0CT*AXR =J'A — (Y, §).

Here D:’gA is the sphere bundle of covectors of length € with respect to some metric g, which is a
contact manifold with respect to the restriction of the canonical 1-form on T*A. We refer to 7(A) as the
contact pushoff of A — Y.

Standard arguments establish that the contact pushoff is canonical up to isotopy through codimension 2
contact embeddings. By abuse of notation, we will routinely identify t(A) with its image. Observe that it
follows that CH,.(Y, &, 7(A);t) and (’]7-1/.(Y, &, t(A);t) can be viewed as invariants of A.
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10.2 Deformations of the Chekanov—Eliashberg dg algebra

In the spirit of the previous sections, we now consider deformations of the Chekanov-Eliashberg dg algebra
of a Legendrian induced by a codimension 2 contact submanifold. We begin with some preliminary
definitions.

Definition 10.2 Let A C (Y,£) be a Legendrian submanifold. Given a contact form kera = £, con-
sider a Reeb chord c: [0, R] — Y. The linearized Reeb flow defines a path of symplectomorphisms
Pr: Elco) = &lc(r)- We say that the Reeb chord ¢ is nondegenerate if Pr(T,)A) N Te(ryA = {0}.

Definition 10.3 (cf Section 2.1 in [7]) With the notation of Definition 10.2, let /\%_1(5 ,da) be the
canonical bundle of £ and suppose that it admits a trivialization o. Let A1, ..., A; be an enumeration of
the components of A. Suppose that each A; has vanishing Maslov class.

Suppose first of all that k = 1 (ie A is connected). Given a nondegenerate Reeb chord ¢, pick a path c_
in A connecting ¢(R) to c(0). Observe that /\"_1 T._A; C /\fé_l(é, da) is a path of Lagrangian
subspaces along c—. We call this path L._. The map P, also defines a path of Lagrangian subspaces
N1 Pr(TeoyAi) C /\fé_l(é, da) along c. We call this path L.

Let ¢ = c_ * ¢ be obtained by concatenating c_ and ¢ (the concatenation is from left to right). Now
consider the path of Lagrangian subspaces Lz = L.— * L. * PT, where P is a positive rotation from
Pr(Te0)A) to Te(ryA (this is well-defined by our assumption that ¢ is nondegenerate).

The Conley-Zehnder index for chords of ¢ with respect to o is denoted by CZ**?(¢) and defined by
(10-2) CZ % (c) = n?(La),

where (1% (—) is the Maslov index with respect to o; see [52, Theorem 2.3.7]. This definition is independent
of the choice of c_ due to our assumption that A has vanishing Maslov class. Note also that the resulting
index depends on o, but its parity does not.

In the case that k > 1, the definition of the Conley—Zehnder index for chords is more complicated, and
depends on additional choices. We refer the reader to [7, Section 2.1] — we warn the reader that there is
a typo in the formula stated there: the correct formula for the Conley—Zehnder index for chords should
read CZ*7(c) = |e| =1 = (¢- —pa(x1)) /7 + (n = 1)/2.

Remark 10.4 It may happen that a Reeb orbit can also be viewed as a Reeb chord with same starting
and end point. In this case, we have in general that CZT (c) # CZ(c).

Let us now consider a TN contact pair (¥, €, V) and a Legendrian submanifold A C (Y —V, ). We let
A1, ..., A be an enumeration of the connected components of A. As in Definition 10.3, we assume that
the A; have vanishing Maslov class.
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Definition/Assumption* 10.5 (cf Proposition 2.8.2 in [24]) Fix v € R(Y, &, V). Let us also choose the
following additional data:

e A contact form A € Q!(Y) which is adapted to t and has the property that all Reeb orbits and
A—-Reeb chords are nondegenerate.

¢ A dA—compatible almost complex structure J on £ which preserves 7V
Given a class 8 € 712()7; ct, Ly, T7), we let
(10-3) M. Ty . T B)s
be the moduli space of connected J- —holomorphic curves, modulo R—translation representing the class S.
(Here we follow the notation of Section 2.2, where ¢ is a Reeb chord of A C (Y, 1), Ly ={cy.....c5}
is an ordered collections of (not necessarily distinct) Reeb chords, and I'™ is a collection of Reeb orbits.)

Since V' C (Y —A, A) is a strong contact submanifold, a straightforward extension of Siefring’s intersection
theory defines an intersection number V x 8 € Z.

Let us now consider the semisimple ring
k

(10-4) R =Pl
i=1

and let eq, . .., e be the idempotents corresponding to the unit in each summand.

Let CL.(Y,&,V, A;v), be the free R algebra generated by (good) Reeb orbits of (¥, «) and Reeb chords
of A, subject to the following relations:

o y1y2 = (=1)Mllv2ly, ) for Reeb orbits a and b.
 If ¢j; is a Reeb chord from A; to A, then excije; = 8k cijdiy.

We assume that there exists a suitable virtual perturbation framework compatible with [61], so that we
can define a differential d; (squaring to zero) on generators as follows:

e For a Reeb chord ¢ T, we let

T bes
(10-5) dy(c™) ZZM#M(C+,FA,F B UV ey s,

where the sum is over choices of 8 € nz(?; ct, Iy, I'") for all possible choices of 'y and I'".

e For a Reeb orbit y, we let dj (y) be the usual deformed contact homology differential, as described
in Section 8.1.

We assume that (CL,(Y,&,V, A;t),,dy) is independent of A and J up to canonical isomorphism in
Q[U]-hdga. We denote the resulting object by

(10-6) LY, V,A;v)

and we let CH,(Y,£,V, A;t) be its homology. We assume that £(Y, &, V, A;t) satisfies the limited
functoriality described in Proposition* 10.7.
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Definition/Assumption* 10.6 (cf Proposition 2.8.2 in [24]) Carrying over the hypotheses and notation
from Definition/Assumption* 10.5, let us consider the semisimple ring

k
(10-7) R=a.
i=1
where we again let eq, . .., e; be the idempotents corresponding to the unit in each summand.

We let CZ.(Y, £,V,A;t); be the free R algebra generated by (good) Reeb orbits of (Y, «) which are not
contained in V and A Reeb chords, subject to the following relations:

e yiy2 = (=1)Ml72ly, 9, for Reeb orbits a and b.
 If ¢j; is a Reeb chord from A; to A, then excije; = 8k cijdiy.
This algebra is again 7Z/2—graded in general, and Z—graded when the canonical bundle is trivialized.

We assume again that there exists a suitable virtual perturbation framework so that one can define a
differential dy, (squaring to zero) on generators as follows:

e For a Reeb chord ¢ T, we let

l A - —_ ‘> —_ —
(10-8) GEDY M#M(cﬂ T T2 B)s8(V % B)ey ey Vs,

where 6: R — {0, 1} satisfies 6(0) = 1 and §(s) = 0 for s # 0 and the sum is over all possible
choices of homotopy classes as in Definition/Assumption* 10.5.

¢ For a Reeb orbit y, we let d J () be the reduced contact homology differential associated to the

twisted moduli counts #];M, which only counts curves disjoint from V.

We assume that (612.(Y, E VA v),, d J) is independent of A, J up to canonical isomorphism in Q-hdga.
We denote the resulting object by

(10-9) LY, V,A;v)

and we let CH,(Y, &, V, A;t) be its homology. We also assume that Z(Y, &, V, A;v) satisfies the limited
functoriality described in Proposition* 10.7.

Proposition* 10.7 (cf Corollary 8.8) Let (Y*, &%, VE) be TN contact pairs and choose elements
ot = (aF, 1%, rT) e R(Y T, £F, V). Consider an exact relative symplectic cobordism ()?, 2, H) with
positive end (Y, T, V™) and negative end (Y ~,£~, V™), and suppose that t* and t~ extend to a
global trivialization of the normal bundle of H .

Suppose that L C ()? , )Ak H) is a cylindrical Lagrangian submanifold which is disjoint from H, with ends
AT Cc(YE—VE £,
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~ a_j’_
If r > ef((H:A1)a=) = then there is an induced map
(10-10) X, A HL): YT T, vty s oy e v o).

The analogous statement holds for the reduced invariants Z(—).

Definition* 10.8 Lete: A(Y, &, V;t) - Q[U] be an augmentation. Then we let
(10-11) LYY E VA v) =LY, EV,Av) @ uv.e,vie) QLU

with differential df ® 1. The structure maps implicit in forming the tensor product (10-11) are, respectively,
furnished by the inclusion A(Y, &, V;t) C L(Y, &, V, A;v) and the augmentation €: A(Y, &, V;v) — Q[U].
The resulting tensor product is naturally also a differential graded Q[U] algebra.

We similarly define

(10-12) LEYV.6 V. A0 = L(Y.E V. A0) @ Fyevemy Q.

using the maps A(Y, £, V;v) C L(Y,£,V,A;v) and €: A(Y, £, V;t) — Q, which is naturally a differential
graded (Q—algebra.

Remark 10.9 The algebra £¢(Y, &, V, A;v) is the twisted analog of the Legendrian homology dg algebra
(or Chekanov—Eliashberg dg algebra) described in [7, Section 4.1].

We now discuss gradings on the above Legendrian invariants.

Definition* 10.10 Let (Y,&, V) be a TN contact pair and choose v € R(Y, £, V). Let A C (Y =V, §)
be a Legendrian submanifold. Suppose that H;(Y;Z) = 0 and that ¢1(§) = 0. Then the Legendrian
homological Z /2-grading of L(Y, &, V, A;t) (resp. L(Y, £, V, A;t)) lifts to a canonical Z—grading given
on orbits by (8-15) and given on chords by

(10-13) le] =CZT%(c) — 1,
which is well-defined due to our topological assumptions.
The invariants £€(Y, €, V, A;v), HC (LE(Y,E,V, A;v)), LE(Y, &, V, A;x) and HC (LE(Y, €, V, A;v)) in-

herit a Z—grading, which we also refer to as the homological grading.

Lemma* 10.11 With the notation of Proposition* 10.7, suppose that Hy (Y *;Z) = 0 and that w, (L) =
c1(§%) = ¢1(TX) = 0. Then the cobordism maps described in Proposition* 10.7 preserve the Legendrian
homological Z—grading. |

As in Section 8.2, there is also a linking number Z—grading on the reduced Legendrian invariants under
certain topological assumptions.

Geometry & Topology, Volume 28 (2024)



86 Laurent Coté and Frangois-Simon Fauteux-Chapleau

Definition* 10.12 Let (Y, &, V) be a TN contact pair and choose t € R(Y, &, V). Let A C (Y,€) be a
Legendrian submanifold. Suppose that H1(Y ; Z) = H»(Y ;Z) = no(A) = w1 (A) = 0. Then the linking
number grading | - |ink on L(Y, €, V, A t) is given on Reeb chords by

(10-14) |¢ |iink = linky (3 A).

It is given on Reeb orbits by (8-16). The grading is extended to arbitrary words by defining the grading

of a word to be the sum of the gradings of its letters. One can verify using Lemma 5.22 that this grading
is well-defined.

We let
(10-15) Loo(YE,V,Asv)
be the bigraded differential Q—algebra of bidegree (—1, 0), where

e the first bullet refers to the (Legendrian) homological Z—grading (which is well-defined in view of
our topological assumptions and the universal coefficients theorem, see Definition* 10.10), and

¢ the second bullet refers to the (Legendrian) linking number grading.
We also have the following lemma, which follows from Lemma* 10.11 and Lemma 5.22.

Lemma* 10.13 With the notation of Proposition* 10.7, suppose that Hy(Y *;Z) = Hy(Y*:Z) =
H>(X,Y1:Z)=0and mo(AT) = m1 (A*) = 0. Then the cobordism maps described in Proposition* 10.7
preserve the linking number Z—grading. In the case that we also have w,(AT) = ¢1(§%) = ¢ (TX) =0,
then the cobordism maps preserve the (Zx7Z)-bigrading (10-15). |

Corollary* 10.14 Consider a TN contact pair (Y, £, V') and an element t € R(Y, &, V). Let A C (Y, §) be
a Legendrian submanifold. Let (W, A, H) be a relative filling for (Y, £, V) and let € Zt(Y, Vi) = Q
be the induced augmentation. Suppose that H1(Y ;7)) = H»>(Y;7Z) = Hy,(W, Y ;Z) = 0, that moy(A) =
w1(A) = 0 and that wa(A) = c1(§) = c2(TW) = 0.

Then

(10-16) LE(Y.EV:v)

inherits the structure of a (7. x7)-bigraded Q—algebra with differential of bidegree (—1,0). Moreover,
(10-17) HC. J(L5(Y.£,V;v))

inherits the structures of a (7 x7.)-bigraded Q-vector space.

Proof According to Lemma 5.21 and our topological hypotheses, the augmentation € preserves the
linking number. The first claim follows. For the second claim, note that both the homological grading and
linking number grading are preserved by the cyclic permutation operator t, and hence pass to reduced
cyclic homology; see Definition 9.4. O
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10.3 The effect of Legendrian surgery

The familiar procedure of attaching a handle in differential topology can be performed in the symplectic
category. There are various essentially equivalent approaches to doing this in the literature. For concrete-
ness, we exclusively follow in this paper the construction described in [46, Section 3.1], which we now
summarize.

Construction 10.15 (attaching a handle) Let (X 3", Ao) be a Liouville cobordism with positive boundary
(Yozn_l, &0 = ker(Aoly,)). Let A C (Yo — V. &) be an isotropic sphere with trivialized conformal
symplectic normal bundle (the latter condition is vacuous if A is a Legendrian). Choose an arbitrary open
neighborhood U/ of A, which we refer to as the attaching region.

We may now glue a model handle H along Yy inside ¢/, following the detailed construction given in
[46, Section 3.1]. The gluing is carried out by identifying the Liouville flow near A with the flow on H.
We note that this gluing procedure involves some auxiliary choices, which we do not state here.

The outcome of the procedure (for any of the above auxiliary choices) is a Liouville cobordism (X, A)
with positive boundary (Y, § = ker(4|y)). We say that this domain is obtained from (Xg, Ao) by attaching
a handle along A, or Legendrian surgery on A. As is well-known from differential topology, Y differs
from Yy by surgery along A.

In [7], Bourgeois, Ekholm and Eliashberg study the effect of handle attachment on various flavors of
symplectic and contact homology. In particular, they describe conjectural exact sequences which govern
the change in these invariants and describe the moduli spaces of holomorphic curves which should underlie
the existence of these exact sequences. In Theorem/Assumption® 10.16 below (see also Remark 10.17),
we state an analog of the surgery exact sequence for linearized contact homology in [7, Theorem 5.1].
The proofs sketched in [7, Section 6] also apply mutatis mutandis in the present setting, so will not be
repeated. As discussed in Section 1.3, we expect that if [7, Theorem 5.1] can be made rigorous in the
setting of Pardon’s VFC package, it should pose no substantial additional difficulties to also establish
Theorem/Assumption* 10.16.

To set the stage for Theorem/Assumption* 10.16, let (YOZ”_I, £0) be a contact manifold and let V' C (Yo, &)
be a codimension 2 contact submanifold with trivial normal bundle. Let (Xg, Ag) be a Liouville domain
with positive boundary (Yo, £ = ker Ag) and let Hy C (X, Ag) be a symplectic submanifold which is
preserved setwise by the Liouville flow near dXo = Yy and such that 0H = V.

Let A C (Yo—V, &p) be an isotropic sphere with trivialized conformal symplectic normal bundle (the latter
condition is vacuous if A is a Legendrian). Let (X, 1) be the Liouville domain obtained by attaching a
Weinstein handle along A according to Construction 10.15 and let (Y, € = ker A) be the positive boundary.
We may assume that the attaching region is disjoint from V' C Yy. By abuse of notation, we therefore
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view V as a codimension 2 contact submanifold of (Yp, &) and (Y, ) and view Hy as a submanifold
of Xp and X. We also identify R(Yp, &p, V) = R(Y, &, V).

We let ()?0, 10, H) be the completion of (Xg, Ag, Hop), and let ()?, i, H) be the completion of (X, A, Hp).
There are natural (strict) markings eg: R x Yo — Xo taking (¢, yo) = ¥ (yo) and e: R x ¥ — X taking
(t,y) — V¢ (yo), where ¥ (resp. ¥) is the Liouville flow in Xo (resp. in X).

Finally, in order to have well-defined homological Z—gradings, we assume that Hy(Yo; Z) = H1(Y;Z)=0
and that ¢1(TXo) = c1(TX) =0.

Theorem/Assumption* 10.16 (cf Theorem 5.1 in [7]) With the above setup and v € R(Y,§,V),
consider the augmentations E(()?o, 10, H),eo): A(Y,E,V) — Q and E((f, A, H),e): A(Y,£,V) — Q.
If A is a Legendrian sphere, we have the following exact triangle, where the top horizontal arrow is the
natural map induced by an exact relative symplectic cobordism:

CHE (,_5(Y.£,V:v) » CHZ,_3 (Yo, V)

(10-18)
(-1]

HC (L% (Yy,£0. V., A:v))

If A is an isotropic sphere of dimension k < n — 2, then we have that
Q ifx=n—k+2N,

FT7E : FF o ) =
(10-19)  Hi(Cone(CH;_(,_5(Y.§, V,t)—>CH._(n_3)(Y0,§0,V,t)))—{O otherwise.

Remark 10.17 There is a natural analog of Theorem/Assumption* 10.16 involving the invariants
CHfE(n_3)(Y0, £,V ;0), CHf_(n_3)(Y, £,V:t) and HC,(L0 (Yo, £o, V, A;t)) which we also expect to
hold. We do not state it here since we do not use it in this paper.

Remark 10.18 With the setup of Theorem/Assumption* 10.16, let us in addition assume that H,(Yy; Z) =
H>(Xo,Yo) = Hao(Y;Z) = Hp(X,Y;7Z) = 0. Then Lemma 8.13 and Corollary* 10.14 provide an
additional linking number Z-grading on the invariants appearing in the surgery exact sequences.

The resulting (ZxZ)-bigrading is preserved by the maps in the surgery exact sequence. Indeed,
Lemma 8.13 ensures the top horizontal map preserves the linking number Z-grading. The bottom
right map counts holomorphic disks with one positive interior puncture, k¥ negative boundary punctures,
and with boundary mapping to SA (the relevant moduli space is described in [7, Section 2.6]). Hence
one can readily verify (cf Lemma 5.22) that this map also preserves the linking number grading. Finally,
the bottom left map is defined algebraically as the connecting map in the long exact sequence. Since the
internal differentials of the relevant chain complexes preserve the linking number grading, this connecting
map does too.
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11 Some computations

11.1 Vanishing results

Recall that a contact manifold (Y 2”1, £) is said to be overtwisted if it contains an overtwisted disk; see
[5, Section 1]. In general, if (Y, £) is overtwisted and C C Y is a closed subset, then (Y — C, §) may not
be overtwisted.

Theorem 11.1 Suppose that (Y, &, V) is a TN contact pair such that (Y — V, &) is overtwisted. Given
any elementv € R(Y, &, V), we have

(11-1) CH,(Y.£,V;v) = CH,(Y,£,V:t) =0.

We collect some definitions which will be useful in proving Theorem 11.1. Let almy,—1)(S 2n=1) pe the
set of almost-contact structures on S2”~1; see Definition 12.1. It follows by the main theorem of [5] that
almy—1)(S 2n=1) is in canonical correspondence with the set of overtwisted contact structures on the
sphere, a fact which will be used implicitly in the proof of Theorem 11.1.

A folklore result in contact topology (see eg [12, Section 6]) states that for any fixed element 8 €
almy—1)(S 2n=1) "the operation of connected sum endows almy—1) (S 2n=1) with a group structure
with identity element 8. The isomorphism class of the resulting group is moreover independent of §.
Since these facts are not to our knowledge available in the literature, we have provided careful proofs in
the appendix.

For the remainder of this section, we fix B € almy,;—1)(S 2n=1) to be the almost-contact structure induced
by the standard contact structure on the sphere. Given a pair of contact manifolds (M1, a1) and (M2, a>),
one can also consider their connected sum (M7 # M», o1 # o»), which is obtained by gluing-in a neck
along Darboux balls in M1, M;. This operation is discussed in Remark A.10. As noted there, the two
a priori different notions of a connected sum of (almost-)contact manifolds commute with the forgetful
map from contact manifolds to almost-contact manifolds.

Proof of Theorem 11.1 It is enough to prove that the invariants vanish for a particular choice of
nondegenerate contact form & on Y which is adapted to t. To construct such a form, we follow arguments
of Bourgeois and Van Koert in [8, Section 6.2].

Using Construction 3.6, we define an auxiliary contact form « in a small neighborhood N of V' with the
property that V' is a strong contact submanifold and that « is adapted to tv. After possibly shrinking A/, we
can assume that (Y —N/, £) is overtwisted. We now extend « arbitrarily to a globally defined, nondegenerate
contact form on (Y, £). (Since ay is nondegenerate, Construction 3.6 produces a nondegenerate contact
form on N, so it extends unproblematically to a global nondegenerate contact form.)
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Choose a Darboux ball B C Y whose closure is disjoint from A. Let B’ C B be a smaller Darboux
ball and let A = B — B’. Let B denote the almost-contact structure on B obtained by restricting £. Let
almy(n—1)(B, A: Bo) be the set of almost-contact structures on B agreeing with B near A. The group
almyp—1)(S 2n=1y acts on almy,—1)(B, 4; Bo) by connect-summing with an almost-contact sphere
along a disk whose closure is disjoint from 4.

We now appeal to work of Bourgeois and van Koert: in [8, Section 2.2], they construct a special contact
form az, on the sphere S2"~! (this form turns out to be overtwisted by [12], although we won’t need
this). They prove [8, Sections 2—-5] that o7, admits a Reeb orbit y which bounds a single, transversally
cut-out J—holomorphic plane, for some suitable J on the symplectization.

We now form the connected sum of (S2”~1, a; ) with (Y, @), where we assume that the gluing happens
entirely inside of B’. Bourgeois and van Koert (following earlier work of Ustilovsky [65]) explain how to
perform this connected sum so that the orbit y survives, and still has the property that it bounds a single
transversally cut-out plane (basically, one can suitably adjust the neck to ensure that the plane cannot
cross the neck; see [8, Section 6.2]).

Finally, we connect sum with another overtwisted contact sphere (§2"~1, oy ) so that (B,a#ar #a] |B)
is formally contact isotopic to (B, @|g), through a contact isotopy fixed near A. Note that we may freely
assume that the two connected sums happen in disjoint regions of B’, so they do not interfere with each
other. Unwinding the definitions, this means that there exists a diffeomorphism v : B — B#S2" #5271
fixed near the boundary and a formal contact isotopy from ker ¢ * (e # oz #o) )| g to £p = ker |, which
is fixed near A.

If we extend ¥ to a diffeomorphism ¥ — Y # S2"~1 # §27~1 by letting it be the identity outside of B,
we observe that ker ¥ * (o # oz, # ) ) is formally isotopic to £ = ker . Moreover, these contact structures
agree on ¥ — B D N. Since (Y — N, £) is overtwisted, it follows from the relative h-principle for
overtwisted contact structures (see [5, Theorem 1.2]) that there is a smooth isotopy ¢; fixed on N so that
0 := ¢y * (e #ap #aj ) is a contact form for (Y, §). By construction, & = « on N, so & is adapted to .
Finally, it follows from the above discussion that CH,(Y, &, V; t) vanishes when we compute it using the
form & (since y bounds a rigid plane). An analogous argument shows that &-I/.(Y, £, V;v) vanishes as
well. |

We also state a vanishing result for the deformed Chekanov—Eliashberg dg algebra of certain loose
Legendrians. To set the notation, let us now assume that (Y, &€, V) is an arbitrary TN contact pair and fix
teR(YE V).

Proposition* 11.2  Suppose that A C (Y —V, €) is a loose Legendrian submanifold. Then L(Y,&,V, A;¢)
and L(Y, &, V, A; ) are acyclic. Given augmentations €: A(Y, £, V:t) — Q[U] and €: A(Y,£,V;t) — Q,
the invariants L€ (Y, &, V, A;¢) and L€ (Y,&,V, A;x) are also acyclic.
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Proof The argument is the same as that which shows that the (undeformed) Chekanov—Eliashberg
dg algebra of a loose Legendrian is acyclic (see eg [S5, Section 5]): up to Legendrian isotopy in ¥ — V', we
can find a chord ¢ of arbitrarily small action which bounds a single half-disk. This disk can be assumed
to stay in a small ball disjoint from V for action reasons. Hence we have d(c) = 1. |

11.2 Nonvanishing results: bindings of open books

The following theorem is the main result of this section.

Theorem 11.3 Consider a TN contact pair (Y, &, V). Suppose that Y admits an open book decomposition
(Y, B, w) which supports the contact structure £ and realizes V = B as its binding. Viewing (B, t) as
a framed contact submanifold, where t denote the trivialization of B C Y induced by the open book
decomposition, we have

(11-2) CH.(Y.§, B;v) #0
for any vt = (ap,t,r) € R(Y, &, B).

By combining Theorem 11.3 with Corollary 8.21, we obtain the following result.

Corollary 11.4 Under the hypotheses of Theorem 11.3, if r’ is large enough and we write v = (ap, 7, 1’),
then

(11-3) CH.(Y,& B:v) #0.

Proof of Theorem 11.3 According to Corollary 3.15, the open book decomposition (Y, B, 7) supports a
nondegenerate Giroux form « which is adapted to t for any v = (ap, 7,r) € R(Y, &, B).

Consider the algebra E'\C/'.(Y, &, B;t) generated by (good) Reeb orbits of o not contained in B. After
fixing an almost complex structure J : £ — & which is compatible with do and preserves £|p, and a choice
of perturbation data 6 € O(((Y, &, B), «, J), we get a differential d; = d (g, J,6) and the homology of
the resulting chain complex is (canonically isomorphic to) (f’ﬁ.(Y €, B ).

Let us suppose for contradiction that C”T-I/.(Y, ¢, B;t) = 0. This means that 1 is in the image of the
differential. By the Leibnitz rule, this implies that there exists some good Reeb orbit y: S — Y and a
relative homotopy class B € w2 (Y, y) such that the twisted moduli count of planes positively asymptotic
to y in the homotopy class 8 is nonzero. To state this more formally in the language of Section 5.3, let
T € Si((Y, €, B),a, J) be the tree with a single input edge e and a single vertex v, where e is decorated
with the Reeb orbit y and v is decorated with the B € 7, (Y, y). Then we have that IZB (T) #0.

In particular, this implies that M(7T') # @. Hence there exists 7’ — T such that T’ is representable by a
J-holomorphic building. The proof of Proposition 7.7 shows that we may assume that 7’ does not have
any edges contained in B (since otherwise we would have @B(T/ )= JB(T) =0).
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It follows by Proposition 5.12 that T/ x B = > vev(rr) Bv * B, and Corollary 5.14 implies that all the
terms on the right-hand side are nonnegative. Since JB (T = 1}3 (T') # 0, it follows by definition of the
reduced twisting maps that 7”7 V = 0. Hence By * B=0forallve V(T").

For topological reasons, there exists ¥ € V(T") such that ¥ has a single incoming edge and no outgoing
edges. Hence 7 is represented by a J—holomorphic plane u which is asymptotic to some Reeb orbit . By
positivity of intersection (see Proposition 5.3) and the fact that By * B =0, the image of u is contained in
R x (Y \ B). Thus ¥ is contractible in Y \ B, which implies that the composition 7o7: S! — Y\ B — S
has degree 0. This is a contradiction: since « is a Giroux form, 77 0y must be an immersion by Remark 3.12,
and hence have nonzero degree. O

We also state a vanishing result for the (reduced) Chekanov—Eliashberg dg algebra introduced in
Section 10.2.

Theorem™ 11.5 Let (Y,&,V) be a TN contact pair and let A C (Y — V, §) be a Legendrian submanifold.
Suppose that £ supports an open book decomposition = with binding B =V such that A is contained in a
single page. Let T be the trivialization of Ny,y induced by the open book. Then we have

(11-4) LY, EV,A;t) #0.

Proof The proof is identical to that of Theorem 11.3; namely, one argues that the image of any Reeb
orbit or chord under the differential cannot contain a term of degree zero, which immediately implies the
claim. d

We note that is was proved by Honda and Huang [39, Corollary 1.3.3] that any Legendrian A in a contact
manifold (Y, &) is contained in the page of some compatible open book decomposition. Hence it follows
from Theorem™* 11.5 that every Legendrian is tight in the complement of some codimension 2 contact
submanifold.

11.3 Explicit computations in open books

We now perform certain explicit computations in open book decompositions which will be used in
applications in the next sections. We assume throughout this section that » > 4. This assumption is needed
for the purpose of obtaining a (ZxZ)-bigrading on CH (—); see Lemma 11.6 and Corollary 12.17.

Let us endow S”~! with a Riemannian metric / having the property that all geodesics are nondegenerate.
Such metrics, which are typically referred to as “bumpy” in the literature, are generic in the space of
Riemannian metrics; see [1] or [44, 3.3.9]. It can be shown [1] that any manifold endowed with a bumpy
metric admits a closed geodesic of minimal length. We let p > 0 be the length of the shortest geodesic of
(S™ 1 h).
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To set the stage for this section, it will be useful to recall some general facts about coordinate systems.
Given a system of local coordinates (g1, . . ., ¢ ) on some manifold M, the dual coordinates (p1, ..., pm)
in the fibers of the 7* M are characterized by the property that

m
(11-5) T*M 5(q.p)=(q1. - qm.P1.--.. Pm) = Y pidgi.

i=1
Unless otherwise indicated, a pair (g, p) refers to a system of local coordinates in the cotangent bundle
of a manifold, where p is dual to q.

It will sometimes also be useful to work with Riemannian normal coordinates. Recall that on a Riemannian
manifold (M, g), a system of normal coordinates (x1, ..., X ) has the property that for any vector a € Ty M,
the path 6 — at is a geodesic. If (q1,...,¢n) is a system of Riemannian normal coordinates, then the
path ¢ — (y(¢), y°) can be written in coordinates (g, p) as

(11-6) t+ (at,a) e T*M.

We now introduce a Liouville manifold which will be studied throughout the remainder of this section.
For a > 0, define

(11-7) (Wo, 2%) = (D2 x T*s"1 74 .= ész 46 + Astd),

where we have chosen local coordinates (s, 8, ¢, p). We emphasize that the Liouville structure depends
on the parameter a > 0.

Let ¢: WO — R be the function

(11-8) ¢(s.0.q, p) = s+ | pl>.

We consider the Liouville domain

(11-9) (Wo, 2%) = ({¢ < 13,2 := 2w

and its contact-type boundary

(11-10) (Yo.80) = ({p=1},§=ker Ao),

where g = (ia)h{o is the induced contact form. Consider also the codimension 2 contact submanifold
(11-11) V={p=1,5s=0} C (Yo, &)

and the Legendrian

(11-12) A :={¢p=1,60=constant,s =1, || p||=0}.

We define a := (A9)|y and let T be the trivialization of Ny, 1, which is unique by Lemma 11.6. We set
(11-13) vt= (o, 7,a) € R(Yp, &, V).

Finally, we let H = {0} x T*S"~! c W,
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Observe that v depends on our choice of a > 0. More generally, the contact form Ay = (X")|y0 on (Yo, &)
obviously depends on @ > 0. The plan is now to study the Reeb dynamics on (Yp, &) with respect to this
contact form. By taking a >> 0 large enough, we will be able to obtain a sufficiently good understanding
of the Reeb dynamics to compute the invariant CH (Yo, &0, V;v) in low degrees; see Proposition* 11.17.

Lemma 11.6 The manifolds Wy and Yo have vanishing first and second homology and cohomology with
Z—coefficients. In addition, we have H'(V;Z) = 0 and w(A) = 0.

Proof The first claim is proved in Corollary 12.17. To compute H'(V;Z), note that V is the sphere
bundle associated to 7*S”~!. Hence, we have a fibration $”~2 < V — §"~1 giving rise to a Gysin

sequence

(11-14) o> HN(S" 7)) > HY (Vv 2) > HF D5l 7y .

Taking k = 1 immediately gives the desired result since n > 4. Finally, note that A = S”~!, which has
vanishing homology (with any coefficients) in degrees 1 <i <n —2. Hence wa(A) =0forn >4. O
Observe that there is a natural marking

(11-15) eo: Rx Yo — (Wo, A H), (1,y) > ¥:(»),

where v/ (_y is the Liouville flow associated to A4,

This endows (Wo, A4, H ) with the structure of a (strict) relative exact symplectic cobordism. We thus
obtain an augmentation

(11-16) €0 A(Yo. &0.V:iv) > Q.

It follows from Lemma 11.6 and the discussion following Definition* 9.10 that A(Yy, &, V;t) and
A0 (Yy, &, Vi t) admit a (ZxZ)-bigrading.

We now analyze the structure of (Yo, Ag) in more detail. First, observe that (Yo — V, A¢|y,—v) is strictly
contactomorphic to

(11-17) (S'x D*s" ! ay = é(1-||p||2) 49+ Aa)
via the map
(11-18) S'xD*S" ' 5 Yy-V, (0.q.p) (V1—|pl*06.q9.p).

where D*S" 1 ={(q, p) e T*S" || pll <1}. Welet N C Y, denote the image of S x S”~1 under this
map; equivalently, V' = {|| p|| =0}. The complement (Yo — N, Ag|y,—nr) is strictly contactomorphic to

(B xU,an:= C—ll(xdy—ydx)—i— vl —xz—yzozU),
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where B C R? denotes the open unit disk and (U, agy) denotes the unit cotangent bundle of (S"~1, &),
equipped with the contact form ay := Agq induced by the canonical Liouville form on T*S*~1. A
contactomorphism is given by

(11-19) BxU—Yo=N, (x,5.4.p)+> (x,5.q,V1-x2=)?p).
Observe that the size of the tubular neighborhood B x U depends on our choice of a > 0.
Our first task is to study the Reeb orbits of Ao which are in the complement of A/. In particular, we wish
to show that they are nondegenerate for a generic choice of @, and moreover that their Conley—Zehnder
indices depend linearly on a. This is the content of Proposition 11.7 and Corollary 11.8 below.
Proposition 11.7 Let yy:R/Z — U be a Reeb orbit of ay of period Py . Then:

(A) The map
(11-20) y1:R/Z —- BxU, t~(0,0,yy(t)),

is a Reeb orbit of o of period Py := Py .

(B) Given any rg € (0, 1) and integers m,n > 0 such that

aPy m
(11-21) _— =,
Arv1—-r "
the map
(11-22) v2:R/Z — BxU, t+ (rgcos(Qmumt),rgsin(2rmt),yy(nt)),
is a Reeb orbit of a s of period
2mm
Py = (2—”0)— Q—rp)———

2\/1—rg

Every Reeb orbit of o is of the form (A) or (B) for some choice of yy, ro, m and n.

If oy is nondegenerate and a satisfies

(11-23) a'¢ | —S( u).

qEQ>O
where S(ay) C R is the action spectrum of oy, then o is nondegenerate. Moreover, given any
trivialization to of yy; ker(ay ), there exist trivializations ; of y;* ker(anr) fori = 1,2 such that

P
(11-24) CZ% (y1) = 1 +2L 41“J +CZ% (y).
JT

(11-25) CZ2(y2) =1+ 2{ +CZo(yp).

P2a J
72— rg)2

If 7o extends to a disk spanning yy, then t; extends to a disk spanning ;.
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Proof The Reeb vector field of . is given by

1 /

where Ry denotes the Reeb vector field of oy (recall that a > 0 is a constant fixed above). A simple
computation shows that y; and y, are Reeb orbits with periods as claimed, and that there are no other
orbits.

Note that the contact structure £ = ker(axr) splits as

(11-27) & = (e1,e2) Pker(ay),
where e and e; are the vector fields on B x U defined by
y
(11-28) e1 =0y + —————— Ry,
T a1—x2- y?
(11-29) ey =0y — *

Ry
ay/1—x2—y?

In particular, given a trivialization 7o of y}; ker(ay ), we get trivializations 71 = (y{e1, y1e2) ® 7o and
T2 = (yye1. v, e2) ® g of y{'§ and y; &, where 7 denotes the trivialization of (y;)* ker(ay) induced

by 1p.
We have
ay ax
11-30 L. R =9 %y 9 _ax
( ) e Rayy x(2—x2—y2)el+ x(2—x2—y2)e2
a
- m(ﬂxﬂﬁ +@2+x2—y%)er),
ay ax
11-31 Lo Ry —do —22 EP L
( ) ex oy y(2—x2—y2)el y(Z—xz—y2)ez
a
= Gy @ e+ 2xye).

Moreover, for any vector field X on U such that X € ker(ay ), we have

21 —x2—y2

122 Lx Ry .

(11-32) Lx R, =

Hence, if W;(?): &), (0) —> &y, ) denotes the linearized Reeb flow along y; (viewed as a matrix via the
trivialization 7;) for i = 1,2, then W/ (¢) = S; (1)¥; (¢) with

aPy (0 —1
(11-33) Si1(0) = =2 ® PySy (1),
2 \1 0
_ 2am (—rZsin(4wmt) =2+ r2 cos(4wmt)
(11-34) $20) = 2— rg (2 + rg cos(4rmt) rg sin(4wmt) ®nbySynt).

where Sy (7) is the matrix such that the linearized Reeb flow Wy : (§v)y,, (0) = (§U)yy () of Ry along yy
satisfies Wy, (1) = Py Sy (1) Yy (7).
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It follows that CZ™ (y1) = CZ(y1) +CZ™ (yy) and CZ™ (y2) = CZ(Y2) + CZ™ (y{;), where 1 and V>
are paths of 2 x 2 matrices given by v; (1) = exp(P;(¢)) with

aPy (0 —1
(11-35) Pi(t) = ZT (1 O) )
P 2mm [ —rZsin(4mms)  —24r2 cos(4mms)
- - [ == 0 0
(11-36) P> (1) /(; 2—1’3 (2—|—r3 cos(4mms) rg sin(4wms) )ds,
S (cos(4 1) —20+ 10 gings
_ znmz 47””(0028( amt)—1) — Z;I—Msm( Tmt)
2—r I . I
0 0 __0 —
2t + - sin(4mwmt) T (cos(4mmt)—1)

Note that P;(z) and P,(¢) are diagonalizable with eigenvalues £27i A1 (¢) and £27iL,(¢), respectively,
where

P
(11-37) @) =1-Y
4
(11-38) Malt) = — \/4 22_ "o (1 —cos(4mmt))
- = m —_ — CoS(\amTm .
B 872

It follows that ker(v; (t)—Id) is either R? or 0, depending on whether A; () is an integer or not. Assumption
(11-23) implies that A; (1) is not an integer and hence that ¥; (1) doesn’t have 1 as an eigenvalue, ie V; is
nondegenerate. This is clear for A1(1); to check this for A5(1), note that it follows from (11-21) that

(11-39) 2a(1) = 2m 2m . 2m3(47)?
2 5 rg L nzazPé (47)2m? + n2a2P§ ’
(47)2m?2

If this expression were integral, then the reciprocal would be rational; hence n2a? Plzj /(2m3(47)?) would
be rational, contradicting Assumption (11-23).

Since —Jo P/ (t) is positive-definite for all ¢, it follows from [33, Proposition 52] that
(11-40) CZ(Wi) =1+2#{t € (0,1) | A;(¢) € Z}.

Since A; is strictly increasing with A; (0) = 0 and A; (1) ¢ Z, the right-hand side is equal to 1 4+2[A;(1)].
Thus

P P
(11-41) cziy) =1+2] LY | =142/ 421,
47 47
2m aP;
11-42 CZ =1+2 =142 ——— |,
(11-42) =142 2 =12
as desired. O
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Corollary 11.8 Suppose that y is a closed Reeb orbits of (Yo, & = ker Ag) which is contained in the
complement of N C Yy. Then

(11-43) CZ(y) > {%J

where t is a trivialization which extends to a spanning disk and p > 0 is as on page 92.

Proof It is well-known that the Reeb orbits on U correspond bijectively to geodesics on (S"1, h);
with our normalization, the action of a closed Reeb orbit equals twice the length of the corresponding
unit-speed geodesic; see eg [29, Section 1.5]. Moreover, according to [24, Proposition 1.7.3], given a

Reeb orbit ¥ which corresponds to a geodesic y, we have

(11-44) um (y) = CZ* (),

where [y is the Morse index of the geodesic and t extends to a spanning disk; see Remark 11.9. Since
the Morse index of a geodesic is nonnegative by definition, the corollary follows from Proposition 11.7. O

Remark 11.9 The trivialization considered in [24, Proposition 1.7.3] is in fact constructed as follows.
Choose a spanning disk 7: D?> — U C T*S"~! for ¥ and let v := 7 o T, where 7: T*S"~1 — §7~1
is the projection. Let {o!,...,0" !} be a trivialization of v*7S"~!. For points 7: X > x, let
Oz ! (x) = Tz(7 ! (x)) be the canonical identification. Now define &), = Q y(p);5(p)0p for p € D>.
Then {G',...,5" "1} defines a Lagrangian subbundle of the symplectic vector bundle (3*(£),d o).
Hence it induces a unique trivialization of v*&, which restricts on the boundary to a trivialization of y*£.

We now turn to the Reeb dynamics near A. Recall from page 94 that N is contained in (Yo — V, A¢),
which is strictly contactomorphic to (S x D*S"~! ay), where ay = (1/a)(1 — || p||?) d0 + Agq.

Lemma 11.10 Let ¢ = (¢1,-..,9n—1) be Riemannian normal coordinates in some open set U C
(S™" 1. h) and let p = (p1,. .., pn) be the dual coordinates. The Reeb vector field of oy is given by

1
(11-45) Ry, = W(aae +2Zh pid Z pi pjoih” apk)
i,j i,j,k

on S' x D*U4. (Here we follow the convention of using superscripts (h”/) = (h; j)_l to denote the
coefficients of the metric induced by 4 on T*S"~1))

Proof A direct computation using the formulas

1 ..
(11-46) av=5(1—2pipjh”)d9+2pi dgi,

(11-47) day = ——Zh]pl dp; /\d@—— > pipjoih” quAd9+de, Adg;
i,j ljk
shows that ay (R, ) = 1 and day (Rq,,, —) = 0. O
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Lemma 11.11 Consider the map n: Yo — V — S given by n(s,6,q, p) = 6. Then the pair (V, )
defines an open book decomposition of Y. Moreover, Ag is a Giroux form for the contact structure
&0 = ker Ap.

Proof It is clear that (V, ) defines an open book decomposition of Y. To verify that A¢ is a Giroux
form, observe by Lemma 11.10 that the Reeb vector field is transverse to the pages of w. The claim then
follows by combining Definition 3.11 and Remark 3.12. |

By Lemma 11.10, the map yo: R/Z — S! x D*U given by the formula yo(¢) = (27¢,0,0) defines a
simple Reeb orbit in Yy. Let y(])C denote its k—fold cover. There is an obvious trivialization g of & |y(1)<
given by

(11-48) 70 = 91>+ py15 g5 gy )
Let 7 be the trivialization of & |y(’§ defined as
(11-49) t={sin(2mkt)dg4, +cos(2mkt)0p,. 0p,,...0p,,c0o8s(2wkt)dy, —sin(2mwkt)dp,,dg,, ..., g, }

Observe that 7 extends to a disk spanning yp in Yp.

Lemma 11.12 With respect to the trivialization ty, the linearized Reeb flow along y(’f is given by the
matrix

10
(11-50) (2[ 1),

where each entry of this matrix should be viewed as an (n—1) x (n—1) diagonal matrix.

Proof Note that 7y can be extended to a trivialization Ty of ker(ay’) over S! x D*U, where

- api apn—1
(11-51) 0= 0pys e Opyys 0y — —— g gy — —
& P 1 p)? "= p)?

Using the formula for Ry, given in Lemma 11.10, one can easily compute

dg ! .

(11-52) Ly, Ray | p=0.4=0 = 23y,
(11-53) L3y, ~api/(1-1p1?) 3¢ Ray | p=0,4=0 = 0.

Hence, the matrix A(z) representing the linearized Reeb flow Ey(/)»' © Ey(/)( ) with respect to the trivial-
ization 7g is given by

s so=eos(02)) = (1 ).

where each entry should be interpreted as a multiple of the (n—1) x (n—1) identity matrix. m|
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Corollary 11.13 The Robbin—Salamon index satisfies

(11-55) ris(r6) = 3(n—1).
Hence,
(11-56) s (VE) = L (n — 1) + 2k.

Proof The first computation follows from [33, Proposition 54]; there is a sign change due to the fact that
the matrix we are considering is the transpose of that considered in [33, Proposition 54], but the proof is
entirely analogous. The second computation follows from the fact (see the proof of Lemma 57 in [33])
that the Robbin—Salamon index satisfies the so-called “loop property”, ie given a path of symplectic
matrices ¢ : [0, 1] = Sp(2n, R) with ¢(0) = ¢(1) = id, and given a path ¥ : [0, 1] — Sp(2n, R), we have

(11-57) Urs(@V) = purs(¥) +2u(¢),

where ¢ is the Maslov index of the path. O

By Lemma 11.10, N' = {||p||=0} is preserved by the Reeb flow and is foliated by Reeb orbits in a
Morse—Bott family.

Given € > 0 which will be fixed later, let U = {|| p|| < €} N Yp. This is a neighborhood of A/, which
we identify with S x DS "=1 via the contactomorphism defined on page 94. Let f: U — R be the
function corresponding under this identification to

(11-58) S'xDIS" ' >R, (0.4.p) p(IPIg(@).
where g is a perfect Morse function on $”~1 and p: R — [0, 1] is a smooth bump function with p(x) = 1

for x near 0 and p(x) = 0 for x > €/2; cf [6, Section 2.2].

Lemma 11.14 Fix P > 0. If € is small enough, all closed Reeb orbits of (Yo, Ag) which are contained
in Ue — N have action at least P. |

We now consider a perturbed contact form Ag := (1 + §f)A¢. Since f is compactly supported in U, the
form Ag can be viewed as a contact form both on U and on Yj.

Lemma 11.15 Fix P > 0. If € and § are small enough, then there are exactly two simple Reeb orbits
in U with action < P. We label them y, and yp, and they correspond respectively to the minimum and
maximum of f.

Proof Combine Lemma 11.14 with the argument of [6, Lemma 2.3]. O
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Lemma 11.16 Let P > 0 be as in Lemma 11.15. After possibly turther shrinking € and §, we may
assume that any Reeb orbit of (Yy, Ag) contained in Ue and having Conley—Zehnder index (measured
with respect to a trivialization which extends to a spanning disk) less than P /a is a multiple of y, or yp.
In addition, we have

(11-59) CZ™(vg) = 1ks(vy) = 3(n1 = 1) +inda (6f) = 2k.
(11-60) CZ*(yF) = pis(vE) — L(n — 1) +indp(81) = (n — 1) + 2k.
Proof First of all, observe by Lemma 11.10 that the boundary of U/, is preserved by the Reeb flow of Ag.

It follows that the Reeb flow of A¢ has “bounded return time”, in the terminology of [6, Definition 2.5].

Next, it follows from (11-56) that the Robbin—Salamon index of any Reeb orbit y contained in the
Morse—Bott submanifold N' = {|| p|| =0} C Y satisfies

(11-61) trs(Y) = 2(n — 1) +2wind(y) = 3(n — 1) + 2Ty,

where P, is the length of y. It follows that these orbits satisfy “index positivity” (with constant 2/a), in
the terminology of [6, Definition 2.6].

The first claim now follows from [6, Lemma 2.7]. The index computations follow by combining (11-56)
with [6, Lemma 2.4]. O

We now put together the above results. For any integer N > 0, let us define

(11-62) Yy =1{k€Z|0<k<N,keven},
and let
(11-63) Yy =t{keZ|k<Nk=n—1+2jforj>1}.

Proposition* 11.17 Given any N > 0, there exists A > 0 such that

(11-64) CHI T 3 (Yo. k0. Viv) = CHi—(n—3)(Yo.60. V1)
i 1 2
QeQ ifkeXynzy,
=4Q ifkex) U3 — (S} NZ3).
0 if k ¢ £}, US% and k < N,

whenever a > A. (Recall from (11-13) that v depends on a > 0 and hence on N > 0.)

Proof According to Corollary 11.8, we may fix A > 0 large enough so that all Reeb orbits for (Yo, Ag)
in the complement of V' C Y, have index at least N. We now choose € and § small enough so that the
conclusions of Lemma 11.16 hold with P = N. Since fg is compactly supported in U, we find that the
only Reeb orbits of (Yo, As) having index less than N are multiples of y, and yp.
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According to (11-59) and (11-60), it is now enough to check that the differential vanishes on the set
Qy = {yke v | CZ (vE) < N.CcZF () < N}

To see this, observe that for y € Q2 we have

(11-65) CZ*(y) =2wind(y) mod (n—1).

Suppose that there exists a homotopy class B of curves of index 1 with V x B = 0. Then the linking
number of the positive puncture equals the sum of the linking numbers of the negative punctures. Hence,
by (11-65), the index of the positive puncture equals the sum of the indices of the negative punctures

mod (n—1). Since B has index 1, this means that 1 =0 mod (n—1). This is a contradiction since n > 2. O

Corollary* 11.18 Let N > 0 be as in Proposition* 11.17. Then for all integers k < N we have

(11-66) CH® ,_3(Yo.50.Viv) = CHi—(n—3)(Yo. §0. V1),
where the right-hand side was computed in Proposition* 11.17. |

We now turn out attention to computing certain Legendrian invariants. Let A C (Yp, &) be defined
as above; see (11-12). Recall that the relative symplectic filling (WO, Ao, H) gives an augmentation
Eoi .A(Yo, So, V; t) — Q

It follows from Corollary* 10.14 and Lemma 11.6 that L5 (Y, €0, V, A;v) is a (ZxZ)-bigraded algebra
with differential of bidegree (—1, 0), and that I-I_C.,.(./::€~ (Y,&,V;v)) is a (ZxZ)-bigraded Q—vector space.

We now have the following computation.

Proposition* 11.19 Given a positive integer N > 1, let
(11-67) D £ (Yo, &0, V. Ast) € L% (Yo, 0, V. As )
J=N
be the bigraded submodule of elements of winding number at most N. Then this submodule can be

generated by products of total winding number < N of Reeb chords {ay }ren, and {by}ren, , where
lag| = 2k — 1 and |bg| = n —2 4 2k. (Note that we do not say anything about the differential.)

Proof Since (Yo — V, Ag) is strictly contactomorphic to (S! x D*S"~1 ay,), we have that (Yo — V, A5)
is strictly contactomorphic to (S! x D*S" 1 as:=(1 +8f)ay).

Recall that f depends on a positive real parameter € > 0, which can be taken to be arbitrarily small.
Moreover, the restriction of f to the Legendrian A = {0} x S”~! is equal to g, a Morse function with
exactly two critical points: one minimum @ and one maximum b.
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Let ¢ denote either a or b. As in Lemma 11.16, we let y. denote the simple Reeb chord (which is also
a Reeb orbit) passing through ¢, and let yf denote its k—fold cover. Observe first of all that all Reeb
chords for A are contained in U, — this follows from the fact that f is compactly supported in U; see
page 100. Hence, as in Lemma 11.14, if we assume that € > 0 is small enough, then there exists P > 0
large enough so that all Reeb chords of action greater than P have winding number greater than N. By a
routine adaptation of Lemma 11.15 (or rather the proof of [6, Lemma 2.3]), one concludes that the only
Reeb chords of winding number less than or equal to N are the y!f and y,f.

We can assume without loss of generality that there are normal coordinates ¢ = (¢, - . ., gn—1) defined
in a neighborhood U, C A of ¢ in which g is given by

n—1
(11-68) g=g)+e) qf.

i=1

where € = 1 if ¢ = a, and € = —1 if ¢ = b. The Reeb vector field of oy is given by

(11-69) Ry = ' p oy 29 L 2pi Z
“ v T arar T T T £ Y

on S' x D*U, for | p|| sufficiently small, ie satisfying p(|| p||) = 1. We will now show that for every
k > 1, the indices of y(ll‘ and y{)‘ as Reeb chords are given by

(11-70) CZT(y¥y=2k and CZT(yf)=2k+n-1.
Hence, setting aj, = )/Zf and by = )/l’f, we have
lag| = CZ % (ag)—1 =2k —1,

|br| =CZ (b)) —1 =2k +n -2,
as desired.

To compute CZ* (y ), we start by computing the linearized Reeb flow along yc with respect to the
trivialization top; see (11-48). We proceed as in Lemma 11.12: we have

2
(11-71) Loy, R“S‘p=0,q=0 - Wg(c’)aqi’
28
(11-72) Loy —api/ =101 90 R | p—0.0—0 = € T 5002 O

Hence, the matrix A(¢) representing the linearized Reeb flow Eyé‘ 0~ Syéc () With respect to the trivial-
ization 1 satisfies A’(t) = SA(t) with

(11-73) S = 5 (1+38g(c))?
1+6g(c) 0

where each entry should be interpreted as a multiple of the (n—1) x (n—1) identity matrix.
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Setting ;. = 28/(1 4 8g(c))? and v = 2/(1 4 8g(c)) for ease of notation, it follows that
cosh(z ./tv) v/ /v sinh(¢ . /i1v) el
v/ v/ sinh(z . /;tv) cosh(z ./1tv) -

cos(f\/pv)  —p/vsin(t /jv) ife=—1
v/psin(t Jpv)  cos(t /i) -

(Note that i, v > 0 if § is sufficiently small.)

(11-74) A(t) =exp(tS) = (

Let L(t) C gyé‘ @) be the path of Lagrangian subspaces obtained by applying the linearized Reeb flow to
the tangent space 7. A C &. and let L(t) be the loop obtained by closing up L(¢) by a positive rotation.

( - )
}I’l 1
in the trivialization 70, L(l) is I'CpI'CSCHth by

A(t) (Ino—l) .

In the two-dimensional case (ie # — 1 = 1), one can easily deduce (eg using the standard properties of the
Maslov index stated in [52, Theorem 2.3.7]) that

Since T, A is represented by

In general, L(¢) splits as a direct sum of n — 1 copies of the two-dimensional case, so the additivity
property of the Maslov index [52, Theorem 2.3.7] implies that

ife=1,
-1 ife=-1.
According to Definition 10.3 and the definition of the Maslov index [52, Theorem 2.3.7], we have
CZ+()/£‘ )= ,U,T(A’(’C_llﬁi) = u’(z (1)), where T is a trivialization of the contact structure along j/f which

(11-76) uo (L)) = {2

extends to a spanning disk. For example, we can take 7 to be the trivialization defined in equation (11-49).
The difference pu® (L (1)) —un™ (L(1)) is equal to twice the Maslov index of the loop of symplectic matrices
relating T and 719, ie

) TN o T cos(2mkt) —sin(2mkt)\

(11-77) WALE) = (L) = 24 (sin(27rkt) cos@rkr) ) = 2

It follows that

(11-78) CZT(yk)y=2k and CZT(yf)=2k+n—1,

as desired. O

It will be useful to record the following consequence of the above computation.
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Corollary* 11.20 Suppose that n > 4 is even. Then we have

(11-79) tk HC2n 2 (L% (Yo, 0, V. Asv)) = 1.

Proof Indeed, note that the generators described in Proposition* 11.19 satisfy link(ay ) = link(by) = k.
It thus follows that

(11-80) CCon—1,2(L5(Yo, &0, V) = CCant1,2(LE (Yo, &0, V;v)) = 0.

On the other hand, CC»j, » (L€ (Yo, £o, V1)) is generated by the word b1 bj. |

12 Applications to contact topology

12.1 Contact and Legendrian embeddings

We begin by introducing some standard definitions in the theory of contact and Legendrian embeddings.

Definition 12.1 Given a smooth manifold Y2"~1, a formal contact structure (or almost-contact structure)
is the data of a pair (1, w), where n C T'Y is a codimension 1 distribution and w € Q2(Y) is a 2—form
whose restriction to 7 is nondegenerate. A formal contact structure is said to be genuine if it is induced
by a contact structure.

If Y271 is orientable, then a formal contact structure is the same thing as a lift of the classifying map
Y - BSOQ2n+1)toamap Y — B(U(n) xid) = BU(n).

Definition 12.2 (see Definition 2.2 in [10]) Let (Y2"~! & = ker«) be a contact manifold. Given a

formal contact manifold (V271

(f, Fg) where

,1,w) where 1 <m <n —1, a formal (iso)contact embedding is a pair

e Fj is a fiberwise injective bundle map 7V — TY defined for s € [0, 1],
e f:V —Y is asmooth map and df = Fp, and

e Fj defines a fiberwise conformally symplectic map (n, w) — (€, da).
Observe that the above properties are independent of the choice of contact form «.
Two formal contact embeddings ig, i1: (V, {,w) — (Y, &) are said to be formally isotopic if they can be
connected by a family {i;};e[o,1] of formal contact embeddings.

A (genuine) contact embedding (V, ) — (Y, &) is simply a smooth embedding ¢: V' — Y such that
¢+ () = €4 (). In particular, every contact embedding induces a formal contact embedding by taking
FS - FO - df.
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Definition 12.3 (see Definition 2.1 in [10]) Let (Y2"~! &) be a contact manifold. Given a smooth
n—dimensional manifold A, a formal Legendrian embedding is a pair ( f, F) where

e Fj is a fiberwise injective bundle map 7V — T'Y defined for s € [0, 1],
e df = Fy, and
e im(Fp) CE.

Two formal Legendrian embeddings are said to be formally isotopic if they can be connected by a family
of Legendrian embeddings. A (genuine) Legendrian embedding A — (¥, &) is a smooth embedding
¢: A — Y such that d¢p(TA) C & C TY. In particular, a Legendrian embedding canonically induces a
formal Legendrian embedding.

We now review some foundational facts about loose Legendrians. Recall that a Legendrian A in a (possibly
noncompact) contact manifold (Y, &) of dimension at least five is defined to be loose if it admits a loose
chart. For concreteness, we adopt as our definition of a loose chart the one given in [16, Section 7.7].

Loose Legendrians satisfy the following h-principle due to Murphy [55, Theorem 1.2]: given a pair
of loose Legendrian embeddings fy, f1: A — (Y, &) which are formally isotopic, then fy and f; are
genuinely isotopic, ie isotopic through Legendrian embeddings.

Given an arbitrary Legendrian submanifold A in a contact manifold (¥p, §o) of dimension at least five,
one can perform a local modification, called stabilization, Wthh makes Ao loose without changing the
formal isotopy class of the tautological embedding Ag i, Ao. This modification can be realized in
multiple essentially equivalent ways. In this paper, we will take as our definition of stabilization any
construction which satisfies the properties stated in the following lemma.

Lemma 12.4 Given a Legendrian submanifold A C (Y, &) and an open set U C Yy such that U N Ay
is nonempty, there exists a Lagrang1an embedding fi: Ao — Y which is formally isotopic to the
tautological embedding A RN Ao via a family of formal Legendrian embeddings {(f;, F{)}:c[o0,1]
which are independent of t on Ao N (Y —U). We put A := f1(Ao) and say that A is the stabilization
of Ag inside U.

Proof To construct A, we follow the procedure described in [16, Section 7.4]. As the reader may verify,
this construction can be assumed to happen entirely inside a suitably chosen Darboux chart &/ C U. In
addition, the construction depends on the choice of a function f'; using that ¥ has dimension at least
five, we may (and do) assume that y({ f > 1}) = 0. To construct the formal isotopy, we simply follow
the proof of [16, Proposition 7.23] (using the assumption that y({ f > 1}) = 0). The argument there
is entirely local, so that the isotopy can be assumed to be fixed outside of I/ (and in particular, outside
of U). m|
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12.2 Embeddings into overtwisted contact manifolds

We begin with the following proposition.

Proposition 12.5 Suppose that (Y, §) is an overtwisted contact manifold and let

(12-1) i:(V,§)—> (Y, §)

be a formal contact embedding. Then there exists an open subset Q C Y such that Y — Q is overtwisted,
and a genuine contact embedding

(12-2) Jj:(V,0) > QC(Y,§)

such that i and j are formally contact isotopic in (Y, £).

Proof We will assume for simplicity that V' is connected, but the proof can easily be generalized. Let
Dy C (Y, £) be an overtwisted disk. Let f; be a family of formal contact embeddings such that f is the
underlying smooth map induced by i, and Im( /1) N Doy = @. Let 2 C Y be a connected open subset
such that Im( f1) C Q C Q C Y — Dy. According to [5, Proposition 3.8], we can assume by choosing
large enough that (2, ) is overtwisted.

For purely algebrotopological reasons, there exists a family &; of formal contact structures on Y with the
following properties:

e fo=6§,
e £, is constant in the complement of €2, and

e £ is a genuine contact structure in a neighborhood V C € of Im( f1), and f} is a genuine contact
embedding with respect to &;.

Since £; is genuine on V U (Y — Q), it follows from the relative h-principle for overtwisted contact
structures [5, Theorem 1.2] that &; is homotopic to a genuine overtwisted contact structure through a
homotopy fixed on V U (Y — Q). Thus we may as well assume in the third property above that £; is
genuine everywhere.

Since (€2, &) is overtwisted, it follows from [5, Theorem 1.2] that there exists a homotopy §, of genuine
contact structures such that £y = &y = £, £ = £; and &; is independent of f on ¥ — Q.

By Gray’s theorem, there is an ambient isotopy v/;: Y — Y which is fixed on ¥ — Q and has the property
that ¥/ &, = & = &o. The composition Lo £} is in the same class of formal contact embeddings as f,
and gives the desired genuine embedding. a

We now describe a procedure for constructing pairs of codimension 2 contact embeddings in overtwisted
manifolds which are formally isotopic but fail to be isotopic as contact embeddings.
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Construction 12.6 Let (Yozn_l, &o) be a closed, overtwisted contact manifold and let (Yy, B, ) be an
open book decomposition which supports &. Let ig: (B, (§0)B) — (Yo, &o) be the tautological embedding
of the binding and let jo: (B, (§0)p) — (Yo, £0) be a contact embedding with overtwisted complement
which is formally isotopic to ip (the existence of such an embedding follows from Proposition 12.5). Let
Do C Yo be an overtwisted disk which is disjoint from jo(B).

Choose an open subset &/ C Yy whose closure is disjoint from ig(B) U jo(B) U Dy, and such that ig
and jg are formally isotopic in the complement of /. Now let (Y, £) be obtained by attaching handles of
arbitrary index along isotropic submanifolds contained inside ¢/; see Construction 10.15. We let ()? , j\t)
denote the resulting Weinstein cobordism with positive end (Y, £) and negative end (Y, §).

Observe that (Y, §) is still overtwisted and that iy and jo can also be viewed as codimension 2 contact
embeddings into (Y, £). We denote these latter embeddings by i, j : (B, (§0)B) — (Y, £). By construction,
the embeddings i and j are formally isotopic.

Theorem 12.7 The embeddingsi and j which arise from Construction 12.6 are not genuinely isotopic. In
fact, i is not genuinely isotopic to any reparametrization of j in the source, meaning that the codimension 2
submanifolds (i (B), §;(p)). (j(B), §;(p)) are not contact isotopic.

Proof According to Corollary 8.8, the cobordism ()? , X) induces a map of unital Q—algebras
CH.(Y.&, B;v) - CH.(Yo. &, B: 1)

for any element t € R(Yy, &9, B) =R (Y, &, B). Moreover, Theorem 11.3 implies that C"\I-Z(YO, £0,B;t) #£0
for appropriate v € SR(Y, &, B). It follows that 67—1/.(Y, &, B;t) #0.

If we assume that (i(B), &;(B)). (j(B).£;(B)) are isotopic as codimension 2 contact submanifolds, then
CH.(Y,£, B;v)=CH,(Y, £, j(B):;v) for some datum v’ € R(Y, &, j(B)). On the other hand, observe that
(Y — j(B), &) is overtwisted by construction. Hence Theorem 11.1 implies 67-1/.(Y, £, j(B);Y)=0. O

Example 12.8 By a well-known theorem of Giroux and Mohsen [29, Theorem 7.3.5], any contact
manifold (Y, §£) admits an open book decomposition (Y, B, &) which supports £. Hence Construction 12.6
and Theorem 12.7 can be applied to any overtwisted contact manifold.

We also consider the following modification of Construction 12.6.

Construction 12.9 Let (Yozn_l, &o) be a closed, overtwisted contact manifold and let (Yo, B, ) be an
open book decomposition which supports £y. Suppose that there exists a Legendrian submanifold A C Yy
such that B = 7(A) is a contact pushoff of A. Let Dy C Yp be an overtwisted disk.

Let Uy C Yo — B — Dy be an open ball which intersects A. Let A’ C (Yo, &) be obtained by stabiliz-
ing A inside U;; see Lemma 12.4. Let U4, be the union of U/, with a tubular neighborhood of A. Let
V' = t(N') C U, be a choice of contact pushoff for A’.
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Letio: (B, (§0)B) — (Yo, &o) be the tautological embedding. By [10, Lemma 3.4], ig is formally isotopic
to some codimension 2 contact embedding jo: (B, (§9)g) — (Yo. o), where jo(B) = B’. Choose such a
formal isotopy and let 7 C Yy be its trace.

Let U C Yy be an open set whose closure is disjoint from 7 Ul U Do. As in Construction 12.6, let
(Y, &) be obtained by attaching handles of arbitrary index along some collection of isotropics inside .
Let ()? , X) denote the resulting Weinstein cobordism with positive end (Y, §) and negative end (Yo, £).

It follows from our choice of U/ that (Y, &) is overtwisted and that A, A’, V and V' can be viewed as
submanifolds of (Y, §). It also follows that A’ is the stabilization of A as submanifolds of (Y, &), and that
V (resp. V') is the contact pushoff of A (resp. A).

Corollary 12.10 The submanifolds (V, £y) and (V’, €y ) are not isotopic through codimension 2 contact
submanifolds. Hence the Legendrian submanifolds A, A’ C (Y, §) are not isotopic through Legendrian
submanifolds.

Proof The proof of the first statement is identical to that of Theorem 12.7. The second statement follows
from the fact that V' and V' are, respectively, the contact pushoff of A and A'. O

Example 12.11 Let (Yo, &) = obd(T*S"~!, t=1), where t™! is a left-handed Dehn twist. Note by
[12, Theorem 1.1] that (Yy, &) is overtwisted —in fact, (Y, £) is contactomorphic to (S2"~1, £,). Let
P =T*S"! C Yy be a page of the open book and let A C (Yo, £o) be the Legendrian which corresponds
to the zero section of P. Then the binding of the open book decomposition is also a contact pushoff of A.
We may therefore apply Construction 12.9 to this data.

Remark 12.12 Consider the special case of Constructions 12.6 and 12.9 where U/ is empty, ie one does
not attach any handles. In this case, Theorem 12.7 and Corollary 12.10 are essentially equivalent to the
statement that the binding of an open book decomposition is tight, ie must intersect any overtwisted
disk. This statement was proved in dimension 3 by Etnyre and Vela-Vick [28, Theorem 1.2]; the higher-
dimensional case follows from work of Klukas [45, Corollary 3], who proved (following an outline of
Wendl [67, Remark 4.1]) the stronger fact that a local filling obstruction (such as an overtwisted disk) in
a closed contact manifold must intersect the binding of any supporting open book.

12.3 Contact embeddings into the standard contact sphere

In this section, we exhibit examples of pairs of codimension 2 contact embeddings into tight contact
manifolds which are formally isotopic but are not isotopic through genuine contact embeddings. We
begin with the following construction.

Construction 12.13 Let (Yoz"_1 , €0) be a contact manifold for n > 3. Let V' C (Yy, &o) be a codimension 2
contact submanifold and let A C (Yo, &o) be a loose Legendrian such that ANV = &.
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Choose an open ball & C Yy such that (4,4 N A) is a loose chart for A. Next, choose an open ball
O C Yo —V —U. (By definition of a loose chart, &/ N A is a proper subset of A, so it is clear that such
choices exist.)

Let A’ be obtained by stabilizing A inside O. It follows from Lemma 12.4 that A and A’ are formally
isotopic via a formal isotopy fixed outside of O.

According to Lemma 12.14 below, we can (and do) fix a contactomorphism f: (Yo, &0) — (Yo, £o) with
the following properties:

(1) f is isotopic to the identity,
(2) f(A) =N, and

(3) the tautological contact embedding ij: (V, (£&0)y) — (Yo — A, §o) is formally isotopic to the
embedding i1 := foij: (V,(0)v) = (Yo— A, &). (We emphasize here that the formal isotopy
is contained in the open contact manifold (Yo — A’, &).)

Finally, let (Y, £) be obtained by attaching a Weinstein n—handle along A’ C (Yy, &) as described in
Construction 10.15. We assume without loss of generality that the attaching region A’ C V disjoint from V
and f(V), and that i), and i| are formally isotopic in Yo — V. We let t: Yo —V < Y be the canonical
inclusion.

Let

(12-3) ip =toig: (V,&v) — (Y, §)
be the tautological contact embedding and define

(12-4) i1:=1oiy: (V,&y) — (Y, §).

It is an immediate consequence of (3) and our choice of V that ip and i1 are formally isotopic.

Lemma 12.14 With the notation of Construction 12.13, there exists a contactomorphism f: (Yo, &) —
(Yo, &o) satistying the properties (1)—(3) stated in Construction 12.13.

Proof Recall that I/ is disjoint from O. Recall also that (4,14 N A) is a loose chart for A, which means in
particular that &/ deformation retracts onto &/ N A. Using these two facts, it is not hard to verify that there
exists a family of formal contact embeddings j;: (V, (§0)v) — (Yo, &o) for t € [0, 1], with the following
properties:

. jO = l(/)’

e j:(V)is disjoint from O U A for all ¢ € [0, 1], and

e j1(V) is disjoint from &/ U O U A.
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By the h—principle for loose Legendrian embeddings [55, Theorem 1.2], there exists a global contact
isotopy ¢; for ¢ € [0, 1] such that ¢9 = Id and ¢;(A) = A’. By the Legendrian isotopy extension
theorem [29, Theorem 2.6.2], this isotopy can be assumed to be compactly supported and constant in a
neighborhood W of j(V'), where W is disjoint from &/ U O U A.

Let f := ¢ and observe that f satisfies (1)—(2). Observe that f o j; defines a formal contact isotopy from
foij=ijto ji in the complement of A" = f(A). Since i is formally isotopic to j; in the complement
of N C AUOQ, we find that f satisfies (3). |

It will be useful to record the following basic observation, which is a consequence of the fact stated in
Definition 2.1 that an isotopy of contactomorphisms induces a Hamiltonian isotopy of symplectizations.

Lemma 12.15 (cf Definition 2.1) Let (X, 1) be a relative cobordism from (Y *,A%) to (Y™, A7).
Given contactomorphisms f*: (Y *,A%) — (Y, A*) which are contact isotopic to the identity, there is
a symplectomorphism F': ()?, )AL) — ()’(\, )A&) which agrees near infinity with the lifts fi: (SY*, Ay+) =
(SYE, Ayz). o

Let us now return to the geometric setup considered in Section 11.3. In particular, we let
(12-5) (Wo, A9) := (1)2 x T*sm~ 1, %rzde + /\S[d),
where a > 0 is a constant which will be fixed later; see (11-7).

We let (Wo, A%), (Yo, £0 =kerAg), V C Yy, A CYpand H = {0} x T*S" ! be defined as in Section 11.3.
Note that A is a loose Legendrian according to [11, Proposition 2.9].

Construction 12.13 applied to the above data produces a contactomorphism f: (Yp, &) — (Yo, &0), a
Liouville domain (X, A) with positive contact boundary (Y, § = ker 1), and a pair of formally isotopic
contact embeddings ip,i1: (V, &y) — (¥, §).

Letv= (o, 7,a) € R(Yy, &, V), where « := (1¢)|y and the trivialization 7 is unique since H'(V;Z) = 0;
see Corollary 12.17. We let v/ = ((i)«c, 7, a) € R(Yo, £, V'), where i} is defined as in Construction 12.13
and 7 is again unique. Since the surgery resulting from Construction 12.13 is away from V and i{(V),
we may identify R(Y, &, V) = R(Yo, &0, V) and R(Y, €,i1(V)) = R(Yo, &, ii ).

As in Section 11.3,leteg: R x Yy — (Wo, )ALO, H) be the canonical marking furnished by the Liouville

flow and let €y: ﬂ(Yo, &0, V;t) = Q be the associated augmentation.

By Lemma 12.15, there is a symplectomorphism 1 : (WO, )A&a) — (Wo, )Ata) which coincides near infinity
with the lift f~ :SYo— SYy. Let H C Wy bea symplectic submanifold which is cylindrical at infinity and
coincides with the symplectization of f(V) =i{(V) on [0, 00) % Yp. Such a surface can be constructed
by taking the backwards Liouville flow of y(H ).

Let €: A(Yo, 0,1 (V);v") — Q be the augmentation induced by the relative symplectic cobordism
((WOS A'as H/)a EO)
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Observe that (Yo, &0, V') € G and hence also (Yo, fx&o, f(V)) = (Yo.&0.i1(V)) € G; see Definition 3.13.
The following lemma shows that we also have (Y, £,i;(V)) € G.

Lemma 12.16 Up to contactomorphism, (Y, £) = ob(T*S" ™!, tg) = (52"~ 1, £44), where Tg denotes
a right-handed Dehn twist. Moreover, the first contactomorphism can be assumed to take i1(V') to the
binding of the open book decomposition ob(T*S"~ !, rg).

Proof By construction, there is an open book decomposition of (Y, &) agreeing (up to contactomor-
phism) with ob(7*S5”~1,1id), such that i; (V) is the binding and A’ is the zero section of a page. Note
now that attaching a handle to the zero section of a page of (Yy, £9) = ob(T*S”~!,id) simply changes
the monodromy of the open book by a positive Dehn twist [46, Theorem 4.6]. Hence, i1 (V') is the binding
of ob(T*S"™ 1, 1) = (S2"7 1, £g). a

Corollary 12.17 The manifolds Yo, Wy, Y and W have vanishing first and second homology and
cohomology with Z—coefficients. Hence the same is also true for the pairs (Wy, Yo) and (W, Y). Finally,
we have H'(V;Z) = 0.

Proof By construction, W is obtained by attaching a handle of index n to Wp. The union of the core and
co-core of this handle has codimension n. Hence, for i <n —2, we have H; (Wy:Z) = H;(W;Z) and
H;(Yy:Z)=H;(Y;Z). Now, W, is homotopy equivalent to S”~! by definition, while Y is homeomorphic
to §2n—1 by Lemma 12.16. Since n > 4, it follows that Yoy, Wy, ¥ and W have vanishing first and
second homology. The vanishing of cohomology in the same degrees follows by the universal coefficients
theorem for cohomology. The vanishing of H!(V';Z) was proved in Lemma 11.6. O

As a result of Corollary 12.17, Definition 8.12, Lemma 8.13 and Definition* 10.12, the invariants
considered in the proof of Theorem* 12.18 below, as well as the maps between these invariants, are all
canonically (ZxZ)-bigraded.

Theorem* 12.18 Forn > 4 even and a > 0 large enough, the contact embeddings ig,i1: (V,&y) —
(Y, §) = (S?"71, £44q) are not isotopic through contact embeddings.

Proof We suppose for contradiction that iy and i; are isotopic through contact embeddings. This means
that there exists a contactomorphism g: (Y, &, V) — (Y, §&,i1(V)). It follows by Lemma 12.16 that
(Y, £, V)eg.
According to Corollary* 11.18 (and the description of the generators in Proposition* 11.17), we may
(and do) fix a > 0 large enough that
— = 7 ifk=4,44m—-1)

12-6 CH° Yo, €0, V:t) = ’ ’
( ) k_(”_3)’2( 0-50 ) 0 otherwise.

In particular, since n > 4, we have

(12-7) CHzezg—(n—3),2(Y0’ §o.Viv) = CH2€3+1—(n—3),2(Y0’ §0, Vi) =0.
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Since (Yo, &0, V) € G, it follows by Corollary* 9.14 that

(12-8) CHE (Yo, £0. Vi) = CHC (Yo, 0.1 (V): V).
Similarly, it follows by Definition/Assumption* 10.6 that

(12-9) Zi‘i(Yo, o, V. Asv) = Z-%:é(Yo, £o,11(V), N3 1)),

Let e: Rx Y — W be the canonical marking and consider the resulting relative filling ((W, A, H ),e). Let
€: Z(Y, £, V;v) > Q be the induced augmentation. Let ¢: (W, i, H)— (W, X, H) be a symplectomor-
phism which agrees with the lift of g near infinity. Let & : A(Y, £,i1(V);t) — Q be the augmentation
induced by ((W, X H’), e). Then according to Lemma* 9.13 and Corollary* 9.14, we have

(12-10) CHS(Y.£.Viv) = CHL(Y.6.11(V):Y).

It then follows by Lemma®* 12.19 that éﬁzi_(n_3) ,(Y, &, V;r) # 0. Hence Lemma* 12.20 implies that
(12-11) CHyY_(y_3y2(Yo. 0, V;¥) #0.

This contradicts (12-7). O

Lemma®* 12.19 We have

(12-12) CHZ, (n_3) (Y- E.11(V):¥) #0,

Proof On the one hand, Corollary* 11.20 and (12-9) imply that

(12-13) tk HCay 2(£%0(Yo, £0,i1(V), A3 ¥') = 1.

On the other hand, by (12-7) and (12-8), we have that

2(Yo, Eo, il(V); t/) = 6/7_1/26;1)+1—(n—3),2(Y0’ E(), i (V); t,) =0.

It then follows by Theorem/Assumption® 10.16 and Remark 10.18 that

—~—¢
(12-14) CH," (s

(12-15) CHy_(n_32(V.£.i1(V):¥') = HCop 2(£%0 (Yo, £0.11(V). N:Y)).

This proves the claim. O
Lemma* 12.20 The natural map

is injective.

Proof Since A’ is loose in Yy — V, it follows by Proposition* 11.2 and Lemma 9.6 that

(12-17) HCoy (L50(Yo. £0. V, N:t)) =0

for all kK € Z. The lemma thus follows from Theorem/Assumption* 10.16 and Remark 10.18. O
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Remark 12.21 One can slightly tweak Construction 12.13 so that A and A’ are disjoint and A U A’ is a
loose Legendrian link. One can then upgrade Lemma 12.14 to require that f(A) = A" and f(A) = A
in (2) of Construction 12.13. In particular, this means that A’ is a stabilization of A, and A is a stabilization
of A.

Let us apply this tweaked construction to the setup considered in Construction 12.13, where (Yo, &) =
ob(T*S"1,id) forn >4, V C (Yy, &) is the binding and A C (Yp, £o) is the zero section of a page. It is
well known that the zero section of a page in ob(7*S”~!,id) is the standard Legendrian unknot. Hence
Lemma 12.16 implies that i1 (V') is the pushoff of the standard unknot. By construction, it now also
follows that io (V) is the contact pushoff of a stabilization of the unknot. Theorem®* 12.18 thus provides
an alternative way to distinguish (for n > 4 even) the basic example considered by Casals and Etnyre in
[10, Section 5].

12.4 Relative symplectic and Lagrangian cobordisms

In this final section, we exhibit some constraints on relative symplectic and Lagrangian cobordisms. In
particular, we prove the results which were advertised in Section 1.5 of the introduction.

Proof of Theorem 1.9 Suppose for contradiction that such a relative symplectic cobordism exists.
According to Theorem 11.3, we have éﬁ.(Y, £, V;v) #0 for some v = (o, 7,7) € R(Y, &, V), which we
now view as fixed. According to Theorem 11.1, we also have CH, (Y, &, V/;v/) =0 forall v’ = («/, 7/, 1) €
R(Y,&,V'). Choose v depending on our previous choice of t so that r’ > EWH AN Then
Corollary 8.8 along with our topological assumptions on H furnishes a unital Q—algebra map

(12-18) CH.(Y.£,V';¥) > CH.(Y.£,V;v).
This gives the desired contradiction. a
In contrast to Theorem 1.9, we expect that one could prove that V' is concordant to V'’ by adapting work

of Eliashberg and Murphy [26], but we do not pursue this here. Note that we could also have proved
Theorem 1.9 using the full invariant CH,(—; —) instead of its reduced counterpart.

For Lagrangian cobordisms, we have the following result.
Proposition 12.22 Let (Y,§) be a contact manifold. Let A and A' be Legendrian knots such that

HY(t(N);Z) = H?(t(N);Z) = 0. Suppose that (SY, Ly, L) is a Lagrangian concordance from A to A.
Givent = (a,t,r) € R(Y, &, t(A)), there is a map of Q—algebras

(12-19) CH.(Y, & t(N);v') = CHJ(Y, & t(A);v)

for some v = (&, 7/, r") € R(Y, &, t(A)). (A similar statement holds for the nonreduced invariants
CH.(-).)
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Proof Observe that the trivial Lagrangian cobordism L =R x A C R x Y admits a “symplectic push-off”
(L) := R xt(A) CR x Y. It follows by the Lagrangian neighborhood theorem that any Lagrangian
concordance (SY, Ay, L) also admits a symplectic push-off (SY, Ay, H), which is a relative symplectic
cobordism from (Y, &, T(A')) to (Y, &, T(A)). Fix o arbitrarily and choose r’ so that r’ > ECH A,
(note that 7’ is unique since H!(t(A’); Z) = 0). The claim now follows from Corollary 8.8. m|

Proof of Theorem 1.10 Suppose for contradiction that A" is concordant to A. As in the proof of
Corollary 12.10, we have

(12-20) CH.(Y,E,t(A);v) #0

for a suitable choice t € PR(Y, &, t(A)). On the other hand, we have 67-1/.(Y, &, 7(N);t)) = 0 for all
v € R(Y, &, t(N)). This gives a contradiction in view of Proposition 12.22. |

We end by exhibiting examples of Lagrangian cobordisms which cannot be displaced from a codimension 2
symplectic submanifold.

Construction 12.23 Let (Yo, &) = obd(T*S"~!,id) for n > 3. Let V C (Yo, &) be the binding and let
A C (Yo, &) be the zero section of a page, which is a loose Legendrian by [11, Proposition 2.9]. Let
Uy C Yo —V be a small ball which intersects A in an (n—1)-ball and let A’ be obtained by stabilizing A
inside ;.

Let U, C Yo — (V U A UlUy) be an open subdomain. Let (Y, §) be obtained by attaching a sequence
of handles along isotropics contained in U,. Observe that ¥, A and A’ can be viewed as submanifolds
of both Yy and Y; we will not distinguish these embeddings in our notation. We let ()? , )A& 17) be the
associated relative symplectic cobordism from (Y, &, V) to (Yo, &0, V).

Proof of Theorem* 1.12 We can identify R(Yp, &9, V) = R(Y, &, V). According to Theorem™ 11.5,
L(Yo, &, V, A; 1) # 0 for suitable v € R(Yp, &g, V). In contrast, L(Y, &, V, A’; t) = 0 by Proposition* 11.2,
since A’ is loose in Y — V' by construction. By Proposition* 10.7, the existence of a concordance from A’
to A which doesn’t intersect V would imply that there is a unital map of Q[U]-algebras

(12-21) L(Y,E,V,Niv) = L(Yo, 0.V, Asv).
This gives a contradiction. |

We remark that Construction 12.23 could be generalized in various directions without affecting the validity
of Theorem* 1.12, but we do not pursue this here.
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Appendix Connected sums of almost-contact manifolds

Let G be a connected® subgroup of SO(n). An almost G—structure on a smooth oriented manifold M is
a homotopy class of maps M — BG lifting the classifying map of the tangent bundle of M :

BG

]

An almost G—manifold is a manifold equipped with an almost G—structure.

Example A.1 Taking G = U(n) C SO(2n) yields the usual notion of an almost complex manifold.
Almost-contact manifolds correspond to G = U(n) C SO(2n + 1).

If the n—dimensional sphere S” admits an almost G—structure, a result of Kahn [43, Theorem 2] implies
that for any two n—dimensional almost G—manifolds M and N, there exists an almost G—structure on
M # N which is compatible with the given ones on M and N in the complement of the disks used to
form the connected sum. In general, this structure is not unique, so the connected sum M # N is not
well-defined as an almost G—manifold. However, we will show in Section A.1 that a choice of almost
G-structure 8 on S” induces a canonical almost G—structure on the connected sum of any two almost
G-manifolds. Hence, any such B gives rise to a connected sum operation (M, N) = M #g N for almost
G-manifolds. Moreover, the set of almost G—structures on S” forms a group under this operation (with
identity ). In Section A.2, we will show that this group acts on the set of almost G—structures of any
n—dimensional almost G—manifold.

A.1 Connected sums of almost G-manifolds
Let S” be the unit sphere in R”*!, equipped with its standard orientation as the boundary of the unit
disk D1, We will write its points as pairs (x,z) € R” x R. Define

D_={(x,z)eS"|z< %}, Dy={(x,z)eS" |z >—%}, A=D_ND4, Cyi=Dy)\A.

Note that D_ and D4 are open disks, C_ and Cy are closed disks, A4 is an open annulus, and S” =
D_UDy=C_UAUCy.

Let M and N be smooth connected oriented n—dimensional manifolds. Choose orientation-preserving
embeddings iy: Dy — M and i_: D_ — N. We define the connected sum M #N = M #;__;_ N by

M#N =(M\if(Cy)UN\i_(Co))/~,
where iy (x) ~ i—(x) for every x € A.

9This assumption is used in the proof of Proposition A.6.
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We will now explain how to construct a classifying map for the tangent bundle of M # N. The following
elementary fact from topology will be useful.

Proposition A.2 Leti: A — X be a cofibration. Assume A is contractible. Then for any connected
space Y and continuous maps F: X — Y and f: A — Y, there exists amap F': X — Y homotopic to F
such that F' oi = f.

Let 7g: S — BSO(n) be a classifying map for T'S™. Let tps and ty be classifying maps for TM and
TN such that tpy o i = rS|5+ and 7y oi— = 15|y (such maps always exist by Proposition A.2).
Define tpss#p to be the unique map M # N — BSO(n) which coincides with 737 on M \ i (C+) and
with Ty on N \i_(C-).

Proposition A.3 The map tpran is a classifying map for T(M # N).
We start with an easy topological lemma.

Lemma A.4 Let E be an oriented vector bundle over a manifold M"™ and leti: D" — M"™ be an

embedding. Then any automorphism of i * E can be extended to an automorphism of E.

Proof Let ¢ be an automorphism of i *E. Since D" is contractible, we can trivialize i * E and think
of ¢ as a map D" — GL™1(n). Clearly ¢|yp» is nullhomotopic, and since GL™ (n) is connected, we
can extend ¢ to a map @: D} — GL™ (n) which is constant with value Id € GL™ (1) near dD7. Using a
tubular neighborhood of i (AD™) C M, we can also extend i to an embedding 7 : D2 — M". Then $ gives
us an automorphism of 7*E which is equal to the identity over a neighborhood of D% C D% and hence
extends trivially to an automorphism of E. |

Proof of Proposition A.3 Let y,, — BSO(n) be the universal bundle over BSO(n). We want to show
that the tangent bundle 7'(M # N') of the connected sum is isomorphic to Ty, n Vn-

T(M # N) is obtained by gluing T(M \ i+(C+)) and T(N \ i—(C-)) along the maps diy: TA —
TM\iy(Cy))anddi—:TA— T(N \i—(C-)). Because of our assumption that tps oiy = tS|5+ and
Ty oi— =15|p_, we have that Ty, ¥ is obtained by gluing (zas|ar\ip(c4))* ¥ and (tn | N\i_(c_)) *Vn
along bundle maps (ts|4)*Vn — (T |am\iy(c4) ™ Vn and (zs]4)*Vn — (TN |N\i_(c_))*Vn covering
it:A—> M\it(Cy)andi_: A— N \i_(C-), respectively. Hence, in order to show that T(M # N) is
isomorphic to Ty, ¥, it suffices to construct a commutative diagram

T(M\it(Cy)) —==-> (tm|m\ip(cy) ™ Vn

] i

TA ~—-----m- > (ts|a)*Vn
N |
T(N\i-(C-)) ----- > (N INvi_c) Vn

where the horizontal arrows are bundle isomorphisms.
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Start by fixing an isomorphism ¢ : 7'S” — 75 ¥y, and let the middle arrow of the diagram be the restriction
of ¢ to TA. To get the top and bottom arrows, it suffices to find bundle isomorphisms completing the
following commutative squares:

T™M > Ty TD- —2 (slp )"
T N
Y ¢ ~ ~
I'Dy — (TS|5+)*Vn TN ---—-——--3 > ThVn
This is possible by Lemma A 4. a

We are now ready to define the connected sum of two almost G—manifolds.

Definition A.5 Suppose that S” admits an almost G—structure, and fix a choice 8 of one such structure.
Let By and By be almost G—structures on M and N respectively. We define an almost G—structure
Bm #g By on M # N as follows.

Pick maps 7g: S” — BG, Ty : M — BG and Ty : N — BG representing 8, Bas and By, respectively.
By Proposition A.2, we can assume that Tps oi4 = Tg |5+ and Ty oi— = Tg|p . Hence, there is a unique
map

TM#N :?M#:ES IN:M#N — BG
which coincides with Tpy on M \i4+(C4+) and with Ty on N \i_(C_-). By Proposition A.3, the composition

M#N 2™ BG — BSO®m)
is a classifying map for 7(M # N). Hence, we can (and do) define s #g B to be the homotopy class
of TEM#N-

Proposition A.6 The almost G—structure Bps #g By is well-defined, ie independent of the choice of Tg,
Ty and Ty .

Proof Let 'fé, ?1{/1_ and %’1{, represent B, /,‘KM and B N respectively, where j € {0, 1}. As in Definition A.5,
we assume that ?1{4 oiy = "fé |5+ and ?Ij\, oi_= ?§|5_.

Fix a homotopy 7§ between "fg and ”f_é. We will show that there exist homotopies 7}, and 74 such that
Thoiy =Tg| p, and T4 oi_ =7%|p . This implies that Ty, is homotopic to Tj,, and hence that
Bum #g B is well-defined.

Pick an arbitrary homotopy #: M x I — BG between ?1?4 and ?1{4 and define a map
g: Dy x3I* — BG
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by g(x.2,0) = h(i+(x).1), g(x.0.5) = T(x), gx.1.5) = Th(x) and g(x.1.1) = T5(x). We can
extend g to amap g: D4 x I* — BG since the obstruction to doing so lies in

H?>(Dy x 1%, D4 x 3% 711 (BG)) = m11(BG) = 719(G),
which is trivial by our assumption that G is connected.

Let
fi(Mx(Ix{0u{0}x I U{l}x 1)U (i+(D4)xI*) — BG

be defined by
e f(x,t,0)=h(x,1), f(x,0,5) = ”f]?l(x) and f(x,1,s5) = ?il(x) forx e M,
e f(x,t,8)= §(i_|__1(x), t,s)forx eip (D).

Since iy : Dy — M is a cofibration, the domain of f is a retract of M x I2. We can therefore extend f
toamap f: M x I? — BG. Restricting f to M x I x {1} then provides us with a homotopy 7}, such
that “L:’]t‘,l oly = ?§|5+.

The same argument gives us a homotopy 74 such that 74 oi_ = 74| , so this completes the proof. O

Definition A.7 If M = (M, Bpr) and N = (N, By ) are almost G—manifolds, their connected sum (with
respect to ) is the almost G—manifold M #g N := (M #N, Bp #5 BN ).

As usual, there is an ambiguity in the notation M #g N since the construction of the connected sum
involves a choice of embeddings iy: Dy — M, i_: D_ — N. However, the result is independent of
these choices up to the appropriate notion of equivalence, as one would expect.

Definition A.8 A diffeomorphism of almost G-manifolds f: (M, By) — (N, Bn) consists of a smooth
diffeomorphism f: M — N such that f*By = Bu.

Proposition A.9 The connected sum M #g N is well-defined up to diffeomorphism of almost G—
manifolds. More precisely, given any orientation-preserving embeddings iy, j+: Dy — M and

i_, j—: D_ — N, there exists an orientation-preserving diffeomorphism ¢: M # N—>M#; ; N

T4,
such that
¢ Bm#i,,j_pBN) =Bm#i i pBN
for any almost G —structures Bp; and Sy on M and N .
Proof This follows from the isotopy extension theorem as in the smooth case. O
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Remark A.10 (connected sums of contact manifolds) Suppose that (M7, «1) and (M>, ) are contact
manifolds. Then one can form the connected sum (M; # M5, a1 #a5), which is also a contact manifold.
The connected sum is obtained by choosing Darboux balls in M7, M> and connecting them by a “neck”.
This operation can also be understood as a contact surgery along a O—sphere. We refer to [8, Section 6.2]
and [46, Section 3] for more details.

Let B € almy,) (S 2n=1) pe the almost-contact structure induced by the standard contact structure on the
sphere. Then the operation of connected sum (with respect to 8) of almost U(n—1)—manifolds defined in
Definition A.7, and the operation of connected sum of contact manifolds described above, commute with
the forgetful map from contact manifolds to almost-contact manifolds. This can be shown as in the proof
of Proposition A.3, replacing BSO(n) with BU(n — 1).

The main properties of the connected sum in the smooth case have analogs for almost G—manifolds:

Proposition A.11 Let M, N and P be connected almost G —manifolds of dimension n, and let 8 and 8’
be almost G —structures on S". Then:

(1) M#g(S",B)=M.
(2) (M #g N)#g P = M#g (N #z P).

Proof If one takes i_: D_ — S™ to be the inclusion map, then the connected sum M # S” is canon-
ically identified with M as a smooth manifold. If one further takes Ty = Tg in Definition A.5, then
this identification is compatible with the almost G—structures on M # S and M. This proves that
M#ﬂ (Sn,ﬂ) ~ M.

To prove that (M #g N)#g P = M #g (N #g P), choose embeddings i : Dy —-M,i_:D_—N,
ji:Dy — Nand j_: D_— P.If we assume that i_ and j, have disjoint images, then i_ induces an
embedding D_ — N #;,,j_ P, j+ induces an embedding Dy —> M# +.,i_ IV, and there is a canonical
identification of smooth manifolds

(M # NY#i j_ P=M#_; (N# P).

iy,i +5J—

Moreover, this identification is compatible with the almost G—structures in the sense that for any choice
of maps Tg, %’é, Ty, Ty and Tp, the following diagram commutes:

(M#, i N)#;, ; P

GmittzgTn )#;/S Tp
J’e / BG
Tmtzg (TN e, Tp)
M#i i (N# ; P)
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A.2 The group of almost G —structures on the sphere

We will denote the set of almost G—structures on a manifold M by almg (M ). More generally, if A C M is
a closed subset and By is an almost G—structure on some open neighborhood of A, then almg (M, A; Bo)
will denote the set of almost G—structures on M which agree with B¢ near A.

In this section, we will show that #g is a group operation on almg(S"), with 8 as identity element. The
resulting group will be denoted by almg (S™). We will then show that a[mg (S™) acts on almg (M), and
more generally on almg (M, A; Bo) if M \ A is connected.

Proposition A.12 Given any 1 € almg(S™), there exists a B> € almg (S™) such that B #g B2 = B.

Proof Recall the decomposition S” = C_U AU C4 introduced at the beginning of Section A.1. We will

use the notation (t~, 74, zT) to denote the unique (assuming it exists) map S” — BG which coincides

with the given maps t~: C_ — BG, t4: A — BG and t+:C4 — BG on C_, A and C, respectively.

Let Ts = (75, f§1 r; ) be a representative for ,B Given f1 and B in almg(S™), we can choose repre-
sentatives of the form (77 ,‘L’S Tg &) and (g, ‘L’S T, F) by Proposition A.2. Then f; #g B2 is represented
by (7 ,‘L’S T, F). Hence, all we need to show is that for any 7, : C— — BG, there exists 12 C: — BG
such that (7, r§‘ T, ) is homotopic to Ts. This again follows from Proposition A.2. ad

Corollary A.13 We have that (almg (S"), #g) is a group with identity f3.
Proof This follows from Propositions A.11 and A.12. o

Remark A.14 The group (almg(S"),#g) is independent of B up to isomorphism. Indeed, given any
x,y,B, B €almg(S"), it follows from Proposition A.11 that

(x#g ) #p (y#tg B') = (x#g (B'#p y) #p B = (x#g y) #p B,
which implies that the map
(almg (S™),#p) — (almg (S™). #5/), x> x#gp’,

is a group isomorphism.

Given orientation-preserving embeddings i1 : D — M and i_: D_ — S™, the results of Section A.1
give us a well-defined map

almg (M) x alm,(S”) — almg (M #;, ;_ S™).

Sn

For the remainder of this section, we will take i_ to be the inclusion map D_ <> S™. Then M #; i

is canonically identified with M (regardless of what i+ is) and we get a map
(A-1) almg (M) x alm?, (§™) — almg (M).
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By Proposition A.11, this is a group action. Note that the diffeomorphism ¢: M — M appearing in the

statement of Proposition A.9 (applied to N = S§") can be chosen to be isotopic to the identity, which

implies that the map (A-1) is independent of 7.

If we assume that the image of the embedding iy : Dy — M is disjoint from A, then it follows directly
from Definition A.5 that the subset almg (M, A; Bo) C almg (M) is invariant under the map (A-1). If
M \ A is connected, then the resulting action on almg (M, A; B¢) doesn’t depend on the choice of i.
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