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We study the relative symplectic cohomology with the help of an index-bounded contact form. For a
Liouville domain with an index-bounded boundary, we construct a spectral sequence which starts from
its classical symplectic cohomology and converges to the relative symplectic cohomology of it inside a
Calabi—Yau manifold.
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1 Introduction

Given a closed symplectic manifold (M, w) and a compact subset D of M, the relative symplectic cohomol-
ogy SHjs (D) is a Floer-theoretic invariant, which captures both dynamical and topological information
of the pair (M, D). Its construction by Varolgunes [2018] is based on the Hamiltonian Floer theory of
M with more algebraic ingredients. Roughly speaking, one considers a family of increasing Hamiltonian
functions that go to zero on D while going to positive infinity on M — D. Then SHjz (D) is defined as the
homology of a completed telescope of Floer complexes, given by this family of Hamiltonian functions.

The idea of using Hamiltonian functions “localized at a subset” may date back to work of Cieliebak, Floer
and Hofer [Cieliebak et al. 1995] and Viterbo [1990]. Recently there have been several new versions of
Hamiltonian Floer theories related to this idea and aimed at various local-to-global problems. Besides
[Varolgunes 2018], let us mention an incomplete list: [Groman 2023; McLean 2020; Venkatesh 2018].
A priori, the definitions in these papers are different, depending on whether M is open or closed, taking
completion with the action filtration or the Novikov filtration, and the orders of taking different limits. It
would be interesting to compare these theories to attack particular problems. But in this article we mainly
focus on the version of SHys (D) by Varolgunes.
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Along its definition in [Varolgunes 2018], several good properties of this invariant SHps (D) have been
established, including the Hamiltonian isotopy invariance, a Kiinneth formula, a displaceability criterion
and the Mayer—Vietoris property. These properties indicate that this invariant would play an important
role in symplectic topology and mirror symmetry. One motivation of it comes from mirror symmetry
suggested in [Seidel 2012] and the family Floer program. On the other hand, some symplectic topological
applications have already appeared in [Tonkonog and Varolgunes 2023; Dickstein et al. 2024]. Also see
its relation with quantum cohomology by Borman, Sheridan and Varolgunes [Borman et al. 2022].

Here we study a computational side of this invariant, and provide some applications to symplectic topology.
The main goal is to construct a filtration on the underlying complex of this cohomology and look at
the induced spectral sequence. Now we set up notation and state our results. Let (M, w) be a closed
symplectic manifold. We say M is symplectic Calabi-Yau if ¢1(TM) = 0. A convex domain (D, 0) in M
is a compact codimension—0 symplectic submanifold of M, with a boundary dD and a 1-form 6 locally
defined near dD, such that the restriction of 6 to dD is a contact form and the local Liouville vector field
points outward. A Liouville domain (D, 0) in M is a convex domain in M such that the 1-form 6 is
defined on all of D and the restriction of w on D is df. We will focus on a special family of convex
domains, whose restrictions of 6 to dD are index-bounded contact forms; see Definition 2.2.

For a Liouville domain in M we will equip it with an auxiliary form @ which represents a class in
HZ(M, D;R), see Lemma 3.1. If [@] has integral values on H,(M, D;Z), then we say it is integral.
This auxiliary form @ will be used to characterize how far a Floer solution travels outside D.

Let Ag be the Novikov ring and A g be the truncated Novikov ring; see Section 2 for the notation. Our
main result is the following.

Theorem 1.1 Let (M, w) be a closed symplectic Calabi—Yau manifold and D be a Liouville domain
in M with an index-bounded boundary. Suppose that @] is integral. Given any positive number E, there
is a truncated invariant SHps (D; A g) such that:

(1) There is a spectral sequence that starts from the classical symplectic cohomology SH(D; A g) with
coefficient A g and converges to SHps (D; AE).

(2) If the class [@] vanishes on Hy(M, D), then the above spectral sequence degenerates at the first
page, which shows that SHys (D; Ag) = SH(D; AEg).

(3) For an increasing sequence E1 < E, < --- that goes to positive infinity, the inverse limit of the
truncated invariant recovers the relative symplectic cohomology

(lim SHY, (D: AE,)) ®a, A = SH}, (D) @4, A.
E;

Remark 1.2 In the definition of an index-bounded contact form, we assume that it is nondegenerate. We
will give a perturbative method in Section 5 that works for Morse—Bott nondegenerate contact forms.
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The proof of the above theorem draws much inspiration from [McLean 2020] and its usage of the
index-bounded condition. Now we sketch the proof. The Hamiltonian functions we are using to compute
SHjs (D) are approximately zero on D and positive infinity outside D, as a direct limit. The nonconstant
periodic orbits of our interest lie around the boundary of D; see Figure 1. We call the integral of the
Hamiltonian function over a periodic orbit the level of the orbit. Then the levels of these orbits can go to
either zero or positive infinity. We first define a valuation on the free module generated by these orbits.
However, due to the completion procedure, there will be elements with a negative infinite valuation which
comes from limits of orbits going to infinite high level. Then we use the index-bounded condition to
ignore these high limits of orbits. As a consequence, the original underlying complex of this relative
invariant is quasi-isomorphic to a new complex without the high limits. And the same valuation on the
new complex gives an exhaustive filtration, which will induce a convergent spectral sequence.

An important class of examples fitting into the above theorem comes from simply connected Lagrangian
submanifolds in Calabi—Yau manifolds. Let L be a simply connected Lagrangian submanifold in a
Calabi—Yau manifold M. Take D as a Weinstein neighborhood of L, which is isomorphic to a disk
bundle D, T*L of the cotangent bundle of L, with respect to some Riemannian metric g on L. There is
a correspondence between the geodesics of g and the Reeb orbits on the cosphere bundle of 7* L. Hence
the index-bounded condition for the contact form on the cosphere bundle will be satisfied if the metric g
satisfies some relations between the length of closed geodesics and their Morse indices. For many simply
connected manifolds, the existence of such a nice Riemannian metric is known. (In Section 5 we show it is
true when g has a positive Ricci curvature.) Then we obtain a spectral sequence starting from SH(D; Ag)
and converging to SHas (D; A g). Note that SHys (D; A) ® o, A detects the displaceability of D inside M
(Theorem 2.4), and it does not depend on r in the index-bounded case [Tonkonog and Varolgunes 2023,
Proposition 1.13]. Hence we can let r — 0 to detect the displaceability of L itself inside M. On the other
hand, the usual invariant to detect the displaceability of L, the self-Lagrangian Floer cohomology HF(L)
may not be defined due to possible holomorphic disks on L with Maslov index 0. Moreover, by using the
Mayer—Vietoris property, we can also study the complement of Lagrangian submanifolds. We present
one sample application of Theorem 1.1.

Proposition 1.3 Let (M, w) be a symplectic Calabi—Yau manifold with dimension greater than 4 and
w represents an integral class in H?(M ). For a simply connected Lagrangian S in M and a Weinstein
neighborhood U of S, we have that M — U is not stably displaceable in M.

Proof (See a more detailed proof in Proposition 5.9.) By using our spectral sequence we can show that
SH%,? (U)®a, A =0, where 2n is the dimension of M. Hence the result follows from the stable displace-
ment criterion (Theorem 2.4) and the Mayer—Vietoris property of the relative symplectic cohomology. O

Remark 1.4 This proposition can be regarded as an analogue of a result of Ishikawa [2016, Theorem 1.1]:
if U is a round ball in a Calabi—Yau manifold M then M — U is not stably displaceable; see also
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4802 Yuhan Sun

[Tonkonog and Varolgunes 2023, Corollary 1.15]. Ishikawa’s proof uses computations of spectral invari-
ants of certain distance functions, which shows that M — U is always a super-heavy set.

The outline of this article is as follows. In Section 2 we review backgrounds about Hamiltonian Floer
theories. In Sections 3 and 4 we construct the filtration and show its properties to prove Theorem 1.1. In
Section 5 we discuss some extensions of the theorems as well as applications.

Remark 1.5 We focus on the case that M is Calabi—Yau and D is index-bounded. More local-to-global
results of SHps (D) in other interesting cases can be found in [Borman et al. 2022; Groman and Varolgunes
2023].
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2 Background

Now we review the construction of symplectic cohomology theories. First we specify the ring and field
that will be used. The Novikov ring A¢ and its field A of fractions are defined by

00
A() = ;ZaiT)“

i=0
oo

A= %ZaiTAi
i=0

where T is a formal variable. The maximal ideal of A is defined by

a;eC, A; € R>o, Ai < Ait1, lim Ai= —i—oo} R
I—>00

ai€eC, A eR, A <Ajqq, lim A; = +OO} ,
i—00

0o
A+:{Za,~TA" ‘a,-e(C,/\ieR>o, Ai <Ajt1, lim k,-:+oo}.
i=0 fmeo

There is a valuation v: A — R U {400} by setting
o0
U(ZaiTA") = miin{/\i |a; 20} and v(0):= +o0,
i=0
which makes A a complete valuation ring. When we say the completion of a Ag—module we mean the
completion with respect to this valuation. We write
Asy = v ([r, +o0]) and As,:=v ! ((r,+00]) forall r € (—o0, +00),

which are ideals of Ag. So Ag is a short notation for Ao and A4 for A~¢. Later when we fix an energy
bound E > 0, we just write Ag := Ag/A>E.
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2.1 Hamiltonian Floer theory on closed manifolds

Now we set up the background on Hamiltonian Floer theory. We work with a closed symplectic Calabi—Yau
manifold (M, w). Hence foundational details can be found in [Hofer and Salamon 1995; Salamon 1999].

A smooth function H : M — R determines a smooth vector field Xz suchthat dH(-) =w(Xg,-). We say
H is a Hamiltonian function and Xz is the associated Hamiltonian vector field. Let LM := C*®(S', M)
be the space of free loops in M, where we always view S! = R/Z and write ¢ as the coordinate of S,

We call ¢ the time variable.

Moreover, we can consider a family of functions H;: M x S' — R parametrized by S!. Then we
have time-dependent Hamiltonian vector fields Xg,. Integrating it we obtain a family of Hamiltonian
symplectic diffeomorphisms ¢’: M — M. A loop y € LM is called a time—1 Hamiltonian orbit if
y'(t) = Xg,. In this article, we only consider the component £LoM which contains contractible loops.
Hence from now on, all Hamiltonian orbits are assumed to be contractible. We write

CPu, ={y € LoM | y'(t) = XHu,}
as the set of contractible 1—periodic orbits of H;. An orbit is nondegenerate if the Poincaré return map
d¢': Ty )M — T, )M
does not have eigenvalue 1. And we say a Hamiltonian H; is nondegenerate if all of its 1—periodic orbits
are nondegenerate.

Next we assign an index CZ(y) to each orbit y, the Conley—Zehnder index; see [Salamon 1999, Lecture 2].
By the Calabi—Yau condition, this index does not depend on choices of cappings. We grade our orbits by
setting

(2-1) wH, (y) :=n+CZ(y),

where 27 is the real dimension of M. (Our grading is different from that in [Salamon 1999], since we use
cohomology instead of homology.) When we say a degree—k or an index—k orbit we mean an orbit y
with g, (y) = k. We remark that for a constant orbit of a C 2_small Morse function, its degree defined
above equals its Morse index.

Therefore CP g, becomes a graded set

CPu, = PP,
keZ

where CP]ICJ, is the set of orbits with index k.

Then for a nondegenerate Hamiltonian H;, we define

(2-2) CFk(Ht;Ao) = {Zci)/i )Ci € Ao, yi € C/P]IC-I, ,
i=1
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which is the free Ag—module generated by index—k orbits. Similarly we can define
(2-3) CFF(H;; A) = {Zciy,- )c,- €A,y eCP’;It .
i=1
which is the A—vector space generated by index—k orbits. We don’t grade the formal variable 7.

By using a family of compatible almost-complex structures J;, we can study the solutions of the Floer
equation

(2-4) dsu + Jy(dyu — Xpg,) = 0

foru: R x S1 — M. Here s is the R—coordinate and ¢ is the S1—coordinate on the domain. For two orbits
y—, Y+ and a homotopy class A € mp(M; y— U y4), consider the solution space

(2-5) M(y—y+;A)={u:RxS' - M | d5u + J;(d;u — Xp,) =0, u(—o00,1) = y_,

u(400,1) =y4, U] = A€ ma(M;y-Uy)}/ ~.
There is an R—action on this space by translating the s—coordinate of a solution u, and ~ is the quotient
of this R—action. The L?—energy of a solution u is

05E(u)=/|8su|2=/u*a)+/ H,—/ H;.
v+ y—

For generic pairs (H;, J;), the solution space is an /—dimensional manifold where

wH, (V+) — il (y—) =1+ 1.

We call a pair (H;, J;) satisfying the above condition a regular pair. By the Gromov—-Floer compactness
theorem, when y_, y4, A are fixed, the above solution spaces admit compactifications by adding broken
Floer trajectories and J—holomorphic sphere bubbles. The bubbles can be ruled out by using the Calabi—
Yau condition when the moduli space is O— or 1-dimensional; see [Hofer and Salamon 1995]. There are
also coherent orientations on these moduli spaces. In particular, when the moduli space is 0—dimensional,
we can count the signed number of elements, which we denote by n(y—, y+; A).

Then we define an operator
d:CF*(H,) — CEFT1(H,),

with either A¢— or A—coefficients, by setting

(2:6) =3 3" nypi d)yy /O b

Y+ [u]l=A
The right-hand side is summed over all y4 with pug, (y+) — um,(y—) = 1 and all classes A4 are in
(M ; y— U y_). It may not be a finite sum, but it converges as an element in CF k (H;), by the Gromov
compactness theorem. Then we extend this operator Ag or A—linearly to CF¥ (Hy).

By the analysis of codimension—1 boundaries of M(y—, y4; A) with
wr, (v+) = pm, (v-) =2,
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a big theorem in Hamiltonian Floer theory shows that 2 = 0. Then we write the resulting cohomology
groups as HFk(Ht, J¢; Ao) and HFk(H,, Jii N).

Another theorem shows that HFF (H;, J:; A) is independent of the choices of generic pairs (H;, J;).
Hence we can call it the Hamiltonian Floer cohomology of M. This invariance result is proved by
considering continuation maps between different choices of (Hy, J;). We sketch it here since we will use
it later to define symplectic cohomology; see [Salamon 1999, Section 3.4] for a full proof.

For simplicity we only vary H;. The case for J; can be handled in the same way. Let H/ and H tﬂ be

two nondegenerate Hamiltonians. Assume that both (H¥, J;) and (H ,ﬂ , J¢) are regular for a fixed J;.

Then we choose a homotopy H ’f of Hamiltonians to connect H/ and H; B Thati is,

HY s<-1
27 H? RxS'xM >R, HPF =17 "=""
e s XS SR Har =g o
Then we consider the s—dependent Floer equation
(2-8) dsu + J;(0,u — XHa,ts) =0
and the moduli space
M2 YEA) = R x ST — M | dgu + Jo(8eu — X pyap) = 0,

s.t
u(—00,1) = y%.u(+00.1) = Y. [u] = A € ma(M:y* UyP)}.

Note that now the equation is s—dependent; hence there is no R-action. For a generic path H f , the above

moduli space is a manifold of dimension p H? (y+)— 1 HY (y-). And it admits a similar compactification
by adding broken trajectories. When HP (y+) pae(y-), we define an operator

(2-9) . CFK(H®) — CFF(HP)

by setting
PRGN =3 Y n Pyl T BT G,
B [ul=4
where n®8 (y¢ y ; A) is a signed count of elements of the above moduli space. Note that the weight
oH®
-10 [+ [oas.on = [1aar+ [ S @

is not necessarily nonnegative; hence we need to use A—coefficients now. We call this weight the
topological energy of a Floer solution. (It is nonnegative if the family of Hamiltonian functions satisfies
that [ 95H sa f > 0.) Then one can show that %8 is a chain map and moreover f*# o fA® js chain
homotopy equivalent to the identity map.

We add one more lemma here which will be used frequently in later sections.

Algebraic & Geometric Topology, Volume 24 (2024)
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Lemma 2.1 Let M be a Calabi—Yau manifold and H; be a nondegenerate Hamiltonian function on M.
For a constant A > 0, suppose that we have a homotopy { H; }s¢[0,1] such that H; = H; + sA. Then the
continuation map between CF(H?) and CF(H}) is a multiplication by TA. In particular, when A = 0,
this shows that the continuation map of a constant homotopy is the identity map.

Proof Since our Hamiltonian functions are just a translation of a fixed one, the Floer equation of the
continuation map (2-8) does not depend on s. Therefore any solution of it still carries an R—action. By
using the Calabi—Yau condition, we can pick a regular family J; for H;. For two different orbits y
and y’ with index k, any Floer solution of the continuation map equation connecting y and y’ carries an
R-action. So the corresponding moduli space is at least 1-dimensional, contradicting that both y and y’
have index k.

Then the continuation maps only exist when y = y’ and it will be a constant map. One can directly check
that the constant map is regular and has contribution 1. Hence the continuation map between CF(H?)
and CF(H}) is an identity matrix, weighted by the change of the Hamiltonian function which is T2 o

2.2 Liouville domain and contact cylinder

Let (C, @) be a contact manifold with a contact form «. The Reeb vector field of « is the unique vector
field Ry on C such that
do(Ry, ) =0, a(Ry) =1.

Then a Reeb orbit of length A > 0 is a map
y(t): R/AZ — C, %y(r) — Ry

We write I,y C C for the set formed by Reeb orbits of length A and I'y := ;.o ['x,1. We say a Reeb
orbit is nondegenerate if the Poincaré return map of the Reeb flow does not have eigenvalue 1. And we
say a contact form « is nondegenerate if all of its orbits are nondegenerate. We say o is Morse—Bott
nondegenerate if, for all A > 0, the set Iy, is a closed submanifold in C, the rank of da |, , is locally
constant, and T, Iy ; = ker(Tp¢pp —id) for all p € I'y », where ¢, is the Reeb flow. For a Morse-Bott
nondegenerate contact form, one can define a Conley—Zehnder index of its Reeb orbits; see [Cieliebak
and Mohnke 2018, Section 2.1] for more details on Reeb orbits and their indices. Then we have the
following definition.

Definition 2.2 [Tonkonog and Varolgunes 2023, Definition 1.12] Suppose (M, w) is Calabi—Yau. A
contact hypersurface (C, «) in M is called index-bounded if:

(1) « is a nondegenerate contact form.
(2) All of its Reeb orbits are contractible inside M.
(3) For any integer k, the lengths of the Reeb orbits of Conley—Zehnder index k are bounded from

above.
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Similarly, we call a Liouville domain (D, 6) in M index-bounded if its boundary (0D,a = 0 |3p) is
index-bounded.

Let (D, 0) be a Liouville domain in (M, w). For small € > 0 there is an embedding
C=[l—el+exdD—>M

such that dD is the image of {1} x dD. We do not distinguish C from its image. Then C is called a
contact cylinder associated to the Liouville domain D if @ |z= d(ra), where r is the coordinate on
[1—¢,1+€]. And we will write D14+¢ = D UC as a compact neighborhood of D. The 1-form 6 on D
smoothly extends to a 1-form ¢ on D14 such that w |p, .= d6.

2.3 Relative symplectic cohomology of a Liouville domain

The relative symplectic cohomology is the homology of a suitable limit of complexes derived from
Hamiltonian Floer theory of M. The whole construction [Varolgunes 2018] of relative symplectic
cohomology defines a module SHys (D) over the universal Novikov ring A¢ for any compact subset D
of a closed symplectic manifold M. Now we briefly review its definition when D is a convex domain in a
symplectic Calabi—Yau manifold M.

The following data is called an acceleration data for D:

(1) Hys < Hy; < --- a monotone sequence of nondegenerate Hamiltonian functions such that

Hi;(x) >0on D and H;;(x) - +ooon M — D.

(2) Monotone homotopies of Hamiltonians { H s }sc[;,i+1] for all i, which means that H;(x) >
Hy ¢(x)ifs>s"and Hg, = H;; if s = 1.

(3) A family of almost-complex structures {Js,¢ } (s r)e[1,+00)xs! Such that, for each i, (Hiz, Jit) is a
regular pair, and, for each i, (Hy,, Js,¢t)se[i,i+1] 1S a regular homotopy.

From an acceleration data, we obtain a sequence of chain complexes over A
CF¥ = CFF(H,y ) — CFF(Hypy) — -

which are connected by continuation maps. Here each CFk (H, ;) is the degree—k Floer complex of the
Hamiltonian H; ;. Since H; ; < H; 11 are connected by a monotone family of Hamiltonians, the weight
(2-10) in the continuation map is nonnegative.

Then the relative symplectic cohomology module SH’&(D; Ay) is defined as the cohomology
@2-11) H(tel(CF¥): Ag)
of the completion tgl(C]-" k) of the telescope

€lCF*) = P ([Call]® Cn).
n€Z+
Algebraic & Geometric Topology, Volume 24 (2024)
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Here we write C, = CF¥ (Hp,r). Another algebraic way to define it is that
SChy(D: Ag) :=lim lim C ®ao Ao/Asr.
(2-12) rz0 n
SHE (D; Ag) := H(SCK,(D); Ao).
For the equivalence of these two definitions, see [Varolgunes 2018, Section 2]. And it is also shown that
the definition of SH’;,I (D; Ap) is independent of various choices.

Proposition 2.3 [Varolgunes 2018, Proposition 3.3.4] (1) Let Hy and H; be two different acceleration
data. Then H(SCpy (D, Hy)) = H(SCpy (D, H)) canonically. Therefore we simply denote this invariant
by SHys (D).

(2) Let¢p: M — M be a symplectomorphism. There exists a canonical isomorphism SHys (D) =
SHjps (¢ (D)) by relabeling an acceleration data by the map ¢.

(3) For D C D', there exist canonical restriction maps SHps (D’) — SHpz (D). This satisfies the presheaf
property.

Hence we can write this invariant as SHys (D) := SHps(D; A) and its torsion-free part SHps (D Ag) @a, A
This invariant has many good properties. Notably it satisfies the Mayer—Vietoris exact sequence in some
settings. Another property we will keep using here is the stably displaceability condition.

Theorem 2.4 [Varolgunes 2018, Theorem 4.0.1 and Remark 4.3.1] If the compact subset D C M is
stably displaceable then SHps (D; Ag) @, A = 0.

In practice when D is a convex domain, with a nondegenerate contact form on its boundary, we will use
a particular class of acceleration data to compute the relative symplectic cohomology. For small € > 0 we
fix a contact cylinder C associated to D and write Dite=DU Casa compact neighborhood of D. We
introduce the notion of S—shaped Hamiltonian functions; see Figure 1.

Definition 2.5 A time-independent Hamiltonian function H : M — R is called an S—shaped Hamilton-
ian if:

(1) H is cylindrical on the region [1—$,1+ %] x 3D C C. That is, H(x) = H(x') if r(x) = r(x’),
where r is the cylindrical coordinate. So we can write H(x) = h(r(x)) for some 4 : [1 -5 1+ 34—5] —-R
on the cylinder region.

(2) h'(r)is concave and h(r) = Ar +m on [1 + 5.1+ %] x 3D C C for some constants A > 0 and m.
(3) The linear slope A is not in the action spectrum of the contact form.

(4) H is a C%—small Morse function on D_ /4, and it is a Morse function on M — D14 3¢/4 with small
derivatives such that it only has constant orbits outside [1 -5 1+ %] x aD.

Algebraic & Geometric Topology, Volume 24 (2024)
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Figure 1: Hamiltonian functions in the cylindrical coordinate.

By this special shape of our Hamiltonian functions, we have further description of their 1-periodic orbits.
First in the region where the Hamiltonians have small derivatives, there are only constant orbits. Hence
all nonconstant orbits lie in the contact cylinder C. By a direct computation we have that

X, ,(ro,co) = =0, Hy ¢ (ro) - Ru(co) forall (ro,co) € C=[l—e1+¢€xaD.
That is, the Hamiltonian vector field is proportional to the Reeb vector field with the negative slope as the

ratio. Hence any t—periodic Reeb orbit gives rise to a 1-periodic Hamiltonian orbit in o x dD if and only if

T =

1
/ ar]'In,t(’”O) dt
0

Since the Hamiltonian is linear in the middle of the cylindrical region, with a slope which is not in the

action spectrum of the contact form, there are no orbits in this region. Hence all the nonconstant 1—periodic
Hamiltonian orbits can be separated into two groups. One group is located in the region [1 -5 1+ %] xdD
and we call them lower orbits. The other group is located in the region [1 +5. 1+ %76] x dD and we call
them upper orbits.

Previously, an S—shaped Hamiltonian function is time-independent. So the nonconstant orbits appear in
S1_families. Now we use small time-dependent perturbations to make them nondegenerate by using the
technique in [Cieliebak et al. 1996].

Proposition 2.6 [Cieliebak et al. 1996, Lemma 2.1 and Proposition 2.2] Let H be a time-independent
S —shaped Hamiltonian function and let y be a nonconstant 1—periodic orbit of H such that y is transver-
sally nondegenerate. Pick U to be a neighborhood of y which does not contain other 1—periodic orbits.
Then there exists a time-dependent function H; such that:

(1) The supportof H — H; isin U.

(2) There are exactly two 1—periodic orbits y+ of H; in U.

(3) [y*0=[yi0=[y*0, where 0 is the Liouville 1-form in the cylindrical region.
(4) The difference between the Conley—Zehnder indices of y and y+ is bounded by 1.

Algebraic & Geometric Topology, Volume 24 (2024)
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Note that the orbit y is both a Hamiltonian orbit of H and a Reeb orbit of the contact form. One can
compute its index in two ways. The following lemma relates these two indices.

Lemma 2.7 [McLean 2020, Lemma 5.25] Let C = [l —¢, 1 + €] x C be an index-bounded contact
cylinder with cylindrical coordinate r and associated contact form  and let w: C — C be the natural
projection map. Let f: [l —€,1+ €] — R be a smooth function, Ry [, ] be the set of Reeb orbits
of length A and index in [-m,m] and O} [, ] be the set of 1—periodic orbits of f(r) contained in
{r = (f)~Y (L)} of index in [-m, m] which are null homologous in M. Then the map

Oi.[-m.m] = Ri[-m—1/2,m+1/2]
sending y:R/Z — C tom oy ob, is well-defined, where
by:[0,A] = [0, 1], by(t):=t/A ftorallt €0, A].

Hence we can use the index-bounded condition, which was previously defined for Reeb orbits, in the
setting of Hamiltonian orbits. Let D be a convex domain with an index-bounded boundary in a Calabi—
Yau manifold. We start with a time-independent S—shaped Hamiltonian function and perturb it. Before
perturbation, a nonconstant orbit y satisfies the index-length relation in Definition 2.2 since it comes from
a Reeb orbit. After perturbation, by the above proposition and lemma, the index-length relation still holds
for new orbits y4.

Now we say a time-dependent function H; is a time-dependent S—shaped Hamiltonian function if it is a
perturbation of a time-independent S—shaped Hamiltonian function as in Proposition 2.6. Note that we
only perturb the region where nonconstant orbits lie, so we can still talk about upper and lower orbits
after the perturbation.

Definition 2.8 Let D be a convex domain in a Calabi—Yau manifold M. A time-dependent S—shaped
Hamiltonian function H; is called index-bounded if, for any integer k, there exists a constant pz > 0
such that [ y*6 < uy for all degree—k 1-periodic orbits of H;.

The above discussion says that if D is a convex domain with an index-bounded boundary, then we can
always find time-dependent nondegenerate S—shaped Hamiltonian functions which are index-bounded.
In practice we will use families of time-dependent nondegenerate S—shaped Hamiltonian functions to
compute SHys (D).

2.4 Hamiltonian Floer theory on manifolds with convex boundary

Now we review the construction of Hamiltonian Floer theory on convex manifolds, and fix our notation
along the way. Symplectic cohomology was first introduced by Cieliebak, Floer and Hofer [Cieliebak
et al. 1995] and Viterbo [1999] in the exact setting, and by Ritter [2010] in the nonexact setting.

Let (M, w = d) be a Liouville domain, and let o := 0 |54 be the contact form. Then we can attach a
cylindrical end to M to get an open symplectic manifold

M :=M UM x [1, +00)).
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Let r be the coordinate on [1, +00). We equip the manifold M with a smooth symplectic form @, where
®=wonM and ® = d(ra) on oM x [1, +00). And (1\71, @) will be called the completion of M. In the
following we assume that &« on M is nondegenerate.

Now we define admissible Hamiltonian functions we will use. A Hamiltonian function H,: S! x M >R
is called admissible if:

(1) Itis a negative time-independent Morse function on M.

(2) All its contractible 1—periodic orbits in M are nondegenerate.

(3) Ttis a linear function just depending on r with a positive slope on IM x [Rg, +00) for some Ry > 1.
(4) The slope of the linear part is not an element in Spec(c).

For an admissible Hamiltonian function, there are only finitely many 1—periodic orbits. Next with an
admissible Hamiltonian H;, we consider the degree—k Floer complex CFF (H;) as in (2-2) and (2-3).
Then for suitably chosen almost-complex structures, we can use moduli spaces of Floer solutions to define
differentials and continuation maps as in the closed case.

For a monotone family H; ; such that H; ; < H; 1, and the linear slope of H;; goes to positive infinity,
we have a sequence of complexes

cFk = CF*¥(Hy,) - CF*¥(Hy) — -+

connected by continuation maps. Here all Floer differentials and continuation maps are weighted by the
topological energy; see (2-10). Since the symplectic form on our Liouville domain is exact, the images of
an orbit under Floer differentials and continuation maps are finite sums of other orbits. Hence we can
both define the classical symplectic cohomology over C or over Ag. The former theory can be defined by
the latter one by setting 7' = 1.

The classical symplectic cohomology of M over Ay is defined as
SH*(M: Ag) := H(tel(CFF)).

An essential difference between this definition and that of the relative symplectic cohomology is that the
classical one does not complete tel(CF k ) before taking homology.

The classical symplectic cohomology of M over C is defined as
SH*(M; C) := H(tel(CF¥) |7=1).

In other words, all differentials and continuation maps are defined without weights. Since (M, d0) is an
exact symplectic manifold, this reduction to 7' =1 is well-defined.
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2.5 Lower semicontinuous Hamiltonian functions

Defining the classical SHF (M ; C) via taking a direct limit is equivalent to the definition via a single
Hamiltonian function that is quadratic at infinity; see [Seidel 2008, Section 3]. Similarly, we will see that
the relative symplectic cohomology SHjs (D) is related to a kind of Hamiltonian Floer theory for a lower
semicontinuous Hamiltonian function FOD, where FOD |p=0and FOD |s—p= +o00. A general study of
Hamiltonian Floer theory of lower semicontinuous functions can be found in [Groman 2023; McLean
2020]. Now we will discuss a special case of it for our purpose.

Fix a closed symplectic Calabi—Yau manifold M and let F: M x S — R be a lower semicontinuous
function. Pick a monotone sequence { H, ;} of nondegenerate Hamiltonian functions such that

Hiy<Hy;<--+<Hp;<---—F.
The Hamiltonian Floer cohomology HF(F) is defined as
(2-13) H(tel(CF(Hy ;) — CF(Ha,) = +++)).
Also we have an equivalent definition in terms of (2-12).

From its definition, we can see that the lower semicontinuous Hamiltonian Floer cohomology HF(F) is a
generalization of the relative symplectic cohomology. For a domain D in M, we have

SHys (D) = HE(FP).

This indicator-type function FOD is a very degenerate one, since it is identically zero on D. In practice,
it is often more handy to replace its part on D by a fixed nondegenerate Hamiltonian function f. And
our main result of this subsection is the following isomorphism, which shows that the choice f does not
matter if we work over the Novikov field.

Proposition 2.9 Let D be a domainin M. Let F: M x S' — R be a lower semicontinuous function such
that F is a smooth negative nondegenerate Hamiltonian function f on D x S! and F = +oo otherwise.
Then we have

SHuy (D) @ g A = HF(F) ®@a, A.
Proof Pick a cofinal family { H, ;} of nondegenerate Hamiltonian functions such that
Hy <Hy; < <Hp <> F
and a cofinal family {K} ;} of nondegenerate Hamiltonian functions such that
Kit<Ky;<---<Ky;<---—=F.

By the nondegeneracy of f in D x S, we can choose K ; such that K, ;(x) = f(x,t) forall n € N,
(x,t)e Dx S 1. Moreover, since F is negative on D we can choose above families such that H, ; > K, ;
for all n. Moreover, we can assume that
max (Hp;—Kp;)= max (Hy;—K,;) forallneN.
(x,0)eM xS1 (x,t)eDxS!
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Figure 2: A sandwich of Hamiltonian functions.

Consider the continuation map

CF(Ki:) — CF(Hi,)
over Ag for each i. These continuation maps induce a A g—module map
HF(F) — HF(FP) = SHys (D).

Next we set A := —min(, ;) epxst K1,:, and set F + A to be the lower semicontinuous function such
thatitis  + A on D x S! and positive infinity otherwise. Note that the family {K, ; + A} is a cofinal
family for the function F + A, so on D x S! we have that K, ; + A > K1 ;s + A > 0> H,; for all n.
On the other hand, since Hy ; — K, ; takes maximum on D x § 1 we have Ky + A> Hy, globally on
M x S, see Figure 2. This gives the second Ay—module map in

HF(F) — HF(FP) — HF(F 4+ A) — HF(FP + A").

Similarly we can find some other constant A’ to define the third map. (For example, we can take A’ = A.
What we need is that H, ; + A" > K, ; + A for all n.) Since the data to define HF(F + A) is just a
translation of the data to define HF(F), the composition of the first two maps is the multiplication by T4,
by Lemma 2.1. By the same reason, the composition of the last two maps is the multiplication by T
After tensoring with the Novikov field, these compositions become isomorphisms, which shows that the
three A g—modules HF(F), HF(FOD ) and HF(F + A) are all isomorphic over A. |

Therefore if we only care about the relative symplectic cohomology over the Novikov field, we can relax
the condition of the acceleration data of Hamiltonian functions we used for computations. That is, the
Hamiltonian functions converge to a fixed negative Morse function on D, instead of converging to zero.
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3 A filtration on the completed telescope

Let (M, w) be a closed Calabi—Yau symplectic manifold and let D C M be a Liouville domain. Recall that
the relative symplectic cohomology SHys (D) is the homology of the completion tgl(Cf ) of the telescope

elCF) = P& C).

ieN

Now we will define a filtration on tgl(C]-" ) which is compatible with the differentials.

3.1 Auxiliary symplectic forms

First we define some auxiliary symplectic forms with respect to our Liouville domain D. The boundary dD
is a contact hypersurface in M and for small € > 0 we write D14+ = D U (1,14 €] x dD) as a compact
neighborhood of D. That is, we fix a choice of a contact cylinder associated to D. On Dj. there is a
1—form 6 such that d0 = w. Then we can interpolate @ from D 3¢/4 to M — D1e.

Lemma 3.1 There exists a global 2—form & and a 1—form 6 on M such that:
(1) w=@&+df on M.
(2) The support of 0 is in Dite and 0 = 6 in D113¢/4-
(3) The supportof @ isin M — D4 3¢/4 and® = w in M — D1y ye.

Proof Let p(r):[1,2] — R be a smooth increasing function such that

0, 1<r<I+3e
p(r) = 4
I, 1+e<r.
Next we define
0, X € Diy3e/a,
o |x =1d(p(r)0),  x € Dite— Dit3e/a,
w, x€M—Die,
i 6, X € Diy3e/a,
Olx=0-=p(r)0, x€Dite— Diy3e/a
0, xXeM—Diqe.
Then we can check that @ and 6 satisfy the conditions we need; see Figure 3. |

By the definition of @, it represents a cohomology class [@] € H?(M, D). The exact sequence of de Rham

cohomology .
...—> HY(D)— H*(M, D) . H*(M) - H*(D) — - --

says that j([@]) = [w]. So we also call [@] a lift of [@]. In the case that [@] takes integral values on
Hy(M, D;7Z), we say [@] is an integral lift of [w]. From now on, our Liouville domain D is always
equipped with such an auxiliary form @ and we assume it represents an integral class.
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Figure 3: Cut-off functions for @ and 6.

Example 3.2 If D is simply connected, then H!(D) = 0 and we have a unique lift [®] of [w]. Moreover,
the map H,(M) — H,(M, D) is surjective. Hence if [w] represents an integral class in H2(M) then
[@] is automatically integral. A similar conclusion holds when the map 71 (D) — 1 (M) is injective.

For a Hamiltonian vector field which is small on M — D3¢ /4, the Floer equation becomes very close
to the genuine Cauchy—Riemann equation on that region. This implies the positivity of the w—energy
of solutions on that region. To prove this first we recall the following computation for a solution to the
Floer equation. Let H be a Hamiltonian function and J be a compatible almost-complex structure. Let
g(-,-):=w(-,J ) be the induced Riemannian metric. For a solution u with finite energy we have

a)([u]):/u*w:/w(asu,atu):/|8su|§+/w(8su,XH).

For the second term we have

/a)(asu,XH) =—/dH(83u)

+o0 1 1 1
:_/_Oo 8%/0 H(u)dtds:—(/(; H(u(—i—oo,t))dt—/o H(u(_oo,,))d,)

>—|H].

where | H|| = fol (maxyepsr H(x,t)—minyepr H(x,1))dt is the Hofer norm of H. When we restrict our
function to some region of M, the relative Hofer norm is defined in a similar way by taking the max and
min on that region.

Lemma 3.3 Let (M, w) be a closed symplectic manifold and D be a Liouville domain in M. Let & be an
auxiliary form constructed above. We assume that [@] is an integral lift of [w]. Then for any nondegenerate
Hamiltonian function H with [|H ||pr—p, 5., < 1, for any finite-energy solution u: S xR — M of the
Floer equation

dsu + J(9;u — Xpg) =0,
the integral [ u*@& > 0. Here J is a cylindrical almost-complex structure compatible with D.
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Proof We prove this lemma by computation. By the definitions of @ and a cylindrical almost-complex
structure J, we know that g(-,-) := @(-, J -) defines a Riemannian metric on the region where @ # 0.
Then by the above computation we have that

~ ~ 2
[wra= [ o@uom = [l =18 -b e =~V HIbt-1ree
Since @ is supported in M — D 4 3¢/4, we only need to consider the relative Hofer norm || H [|pr—p 5.4
In particular, if the image of u does not intersect M — D4 3¢/4, then [u*® = 0.

Since the nonconstant orbits of H are in Dy 3¢/4, the cylinder u represents a relative homology class
in H>(M, D). By our assumption that the number [ u*® is an integer, when || H IM=D, 43,4 <1, the
number [ u*@ is nonnegative. O

Note that Lemma 3.3 also works for a family of Hamiltonian { H; s} under small perturbations. That is, if
|H¢s — Hy s/ llM—Dy 45,4 <1 forany s, s’ then we still have positivity of solutions of the parametrized
Floer equation.

3.2 A filtration which is not exhaustive

The computation in the last subsection tells that when the Hamiltonian functions have small relative
Hofer norms outside the Liouville domain, the outside part of the corresponding Floer solutions carry
nonnegative @—energy. Now we use this fact to define a filtration on the telescope, which is the underlying
complex of the relative symplectic cohomology.

First we consider the case of a single S—shaped Hamiltonian A such that [|[H| <1 on M — D 3¢/4.
We define a valuation of a single element

a-yeCF{(H)= P Aoy
yecP* (H)
by setting

3-1) o(a-y)=v(a)—fyH—/yé,

where v(a) is the valuation on Ag. If y is a constant orbit, the integral fy 6 is zero. For a general sum
X = Zl- a;y; we define the valuation as

(3-2) o(x) = inf{o(a;y;)} = inf{ v(a;) —/ H; —/ é}.
! ! Vi Vi
Lemma 3.4 For the valuation o we have

o(d(a-y))=o(a-y).
Hence it induces a filtration

(3-3) FYCF¥(H) = {x e CFF(H) | o(x) > 1}
on the complex CF¥ (H).

Algebraic & Geometric Topology, Volume 24 (2024)



Index-bounded relative symplectic cohomology 4817

Proof We prove this lemma by a direct computation. First from our definition

dla-y)=a- Z n(y,y'; A)-y'- ToA@-f, Ht+[,y H
y,A

where A is the homotopy class represented by a solution u connecting y and y’. Hence we have

(3-4) o(d(a-y)) = a( : Z n(y.y': A)-y - TN H Ly H)

= inf 1 v(@) + 0(4) - /H+f / / }

i

{v(a)—i—w(A)—/yH—/yﬁ%
{v(a)+(Z)(A)+d§(A)—/H—/ é}
i

o

v(a)—HD(A)—/yQ—/yH}

(a-y)+a(A)}=aa-y).

Here we use that ® = & + df and the Stokes formula to compute d 6 (A). The last inequality uses
Lemma 3.3.

Similarly we can check that o(dx) > o (x) for a sum x = ) ; a;¥;. Hence this valuation o induces a

decreasing filtration on CF(H ). |

The above computation also works for a 1-parameter family of Hamiltonian functions if the variation of
these functions is sufficiently small outside the Liouville domain. More precisely, we pick a monotone
1-parameter family of Hamiltonian functions H, ; which form an acceleration data to compute the
relative symplectic cohomology of D such that:

(1) The relative Hofer norm of Hy ; on M — D1 y3¢/4 is less than 1 for each n.

(2) The relative Hofer norm of Hy s — Hy41,, on M — Dy 3¢/4 is less than 1 for each n.
Then each of the continuation maps also satisfies the above lemma. Therefore the telescope given by
CF:=CF(H1:) > CF(Hz;) — -+ —>CF(Hp;) — -+

satisfies that its differentials and continuation maps are compatible with 0. We write tgl(C]-' ) as the
completion of the telescope of this 1-ray. For a general element x = ), a;y; € tgl(CF) we define
o: tgl(C]:) — R U {—o0} by

(3-5) o(x):=inflo(a;yi)} = inf{ v(ai)— | Hi; —/ é} .
! ! Vi i
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This valuation gives a filtration on t/e\l(C]-" ). The differentials of the completed telescope are sums of the
differentials and continuation maps in the Floer complex. Hence the differential of tgl(C]-" ) is compatible
with this filtration, which makes tgl(Cf ) a filtered differential graded module. The homology of tgl(Cf )
is the relative symplectic cohomology.

Note that for a fixed Hamiltonian H this valuation takes values strictly in R since H is bounded and
there are finitely many periodic orbits. But for a general element in the completion of the telescope the
valuation can be negative infinity. Therefore the induced filtration is not exhaustive. That is,

| F* relcr) # telc ).

A
which is one main reason that the induced spectral sequence sometimes does not converge. We also
remark that this filtration is weakly convergent since

() F* tel(cF) = {0}.
A

Now we recall two foundational theorems on spectral sequences from [McCleary 2001], one on the
existence and the other on the convergence.

Definition 3.5 Let R be a commutative ring with unit. An R—module A is called a filtered differential
graded module if:

(1) A is a direct sum of submodules, A = @?:0 A",

(2) There is an R-linear map d : A — A satisfying d od = 0.

(3) A has a filtration F and the differential d respects the filtration, that is, d: FPA — FP A.

Theorem 3.6 [McCleary 2001, Theorem 2.6] Each filtered differential graded module (A, d, F') deter-
mines a spectral sequence, {E;k’*, de}, r=1,2,..., withd, of bidegree (r,1 —r) and

EP? ~ gPYI(FPA/FPT A).
Theorem 3.7 [McCleary 2001, Theorem 3.2] Let (A, d, F) be a filtered differential graded module

such that the filtration is exhaustive and weakly convergent. Then the associated spectral sequence with
EPY ~ HPTA(FPA/FP*!A) converges to H(A,d), that is,

EP9 =~ FPHPYI(A,d)/FPTYHPYI(A, d).

4 The induced spectral sequence

Previously we constructed a filtration on tgl(Cf ) by using a special family of Hamiltonian functions that
have small variations outside D. However, the induced spectral sequence does not always converge since
the filtration is not exhaustive. Now we study the particular case that D is a Liouville domain with an
index-bounded boundary in a symplectic Calabi—Yau manifold M.
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First, we give an outline of the proof in this section. For a fixed degree k, we will study SH]j,,(D).
In practice we will study the Hamiltonian Floer cohomology of a lower semicontinuous function such
that it is a fixed nondegenerate Hamiltonian function on D x S! and it is positive infinity outside. It is
isomorphic to SHﬁ,I (D) over the Novikov field. Abusing the notation, we still write it as SH’;,I (D). Let
tgl(Cf ) be the completed telescope, constructed by a special family of Hamiltonian functions as in the
previous section. Pick a sequence

O<Ei<Ey<---<Ej<--

of positive numbers going to infinity. We have a sequence of telescopes tel(CF) ® o, A g, , which form
an inverse system by using projection maps. The homology

SHE (D Ag)) := H¥(tel(CF) ®p, AE,)

is called the truncated symplectic cohomology. Since projections are chain maps, we have an inverse
system in the homology level

-« SHX (D: Ag,_ ) < SHE (D: AE) «---.
The inverse limit
lim SHY, (D; Ag,))
I
is called the reduced symplectic cohomology in [Groman and Varolgunes 2023]. The relation between
this reduced symplectic cohomology and the relative symplectic cohomology can be studied by verifying
certain Mittag-Leffler condition of the above inverse systems.

The goal of this section is the following:

(1) For each E;, we will construct two chain models which both compute SH’X,,(D; AE,). They are
defined by using particular Hamiltonians, which depend on E;. The first chain model is a telescope, on
which the filtration defined in the previous section is exhaustive. Hence we have a convergent spectral
sequence for this chain model to compute SH]j,[ (D; AE,). This will establish (1), (2) in Theorem 1.1.

(2) The second chain model is a direct limit. It helps us to show SHﬁ,I (D; AE,) is finitely generated,
and the number of generators is independent of £}, thanks to the index-bounded condition. By using this,
we can verify a finite homological torsion criterion in [Groman and Varolgunes 2023], which shows that
the reduced symplectic cohomology is isomorphic to the relative symplectic cohomology. This proves (3)
in Theorem 1.1.

4.1 Ignoring upper orbits and convergence

For a monotone family of S—shaped Hamiltonian functions, the orbits form two groups: upper orbits
and lower orbits. And the Floer differentials/continuation maps have four components: upper-to-upper,
upper-to-lower, lower-to-upper and lower-to-lower. The next lemma says that, under the index-bounded
condition, any lower-to-upper Floer trajectory has a big topological energy.
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Lemma 4.1 Given any energy bound E > 0 and an integer k, there exists an S—shaped Hamiltonian
function such that any lower-to-upper Floer differential with degree—k input has topological energy greater
than E.

Proof First, we choose an S—shaped Hamiltonian function H; with ||H ||pr—p, 5., less than 1. For a
Floer differential with degree—k input y and degree—(k+1) output y’, the energy weight is

y Y’ 4 v/ 4 v/

By the index-bounded condition, the difference — fy 0 + fy, 6 is a bounded number which only depends
on k. The computation in Lemma 3.3 says that [ u*® is nonnegative. Therefore if we choose an S—shaped
Hamiltonian function such that its upper level is high enough, then the above energy weight is larger
than E. |

Note that this estimate is uniform for all degree k orbits; hence we can make a subcomplex which only

contains lower orbits, which gives the following lemma.

Lemma 4.2 For any integer k and an energy bound E > 0, let H be a Hamiltonian function which

satisfies Lemma 4.1 for all three integersk —1, k, k+1 for E. Let CFk-L (H) be the subspace of CFk (H)

which only contains lower orbits. Let d be the restriction of the Floer ditferential to CFk-L (H). Then
0— CFF1L(H) L5 cERL () 45 CRFPLL(H) = 0

satisfies thatd od = 0 over Ag.

Proof Take y € CF*~LL(H). The usual argument to show d o d(y) = 0 is to look at broken Floer
trajectories. In our case, if it breaks along an upper orbit, then the energy weight is greater than E by
Lemma 4.1, which is automatically zero over A g. Hence we can ignore the upper orbits’ contributions. O

The above two lemmas tell us for any fixed energy bound £ and degree k, we can use only lower orbits to
form a homology theory. By the same argument, lower-to-upper continuation maps have big topological
energy for particular Hamiltonians.

Lemma 4.3 Given any energy bound E > 0 and an integer k, there exists a family of nondegenerate
S —shaped Hamiltonian functions { H, },eN such that:

(1) Hi<Hy<---<Hp <Hp41=---.

2 Hi=Hy=---H,=---onS'xD.

(3) H, satisfies the above two lemmas.

(4) Any lower degree—k orbits are inside D.

(5) Any continuation map from a lower degree—k orbit to an upper degree—k orbit has topological
energy greater than E.
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Figure 4: Hamiltonian functions with fixed lower parts and small variations outside.

Proof Take H; as a function which satisfies the above two lemmas. Then we construct H, in the
following way:

(1) Hi=HyonD.

(2) Hi+1=HyonM—Dj 34

(3) Near dD, the function H; is obtained from a cylindrical function by adding time-dependent

perturbations. We assume the perturbation is small such that H; < H», globally; see Figure 4.

Then we repeat this process inductively to get Hy, 41 from H,. Hence the items (1)—(4) are satisfied, and
we can connect H, with H,4+1 by a monotone homotopy. If we have a continuation map from a lower
degree—k orbit y of Hj to an upper degree—k orbit y’ of Hy 1, then it is weighted by an energy

/u*w—/Hn+f Hn+1+f(asHs)=/u*os—fé+/ é—[Hn+f Hn+1+/(asHs).
y y’ y y’ y y’

By the construction, we have that || Hy — Hp+1llpM—D, 5,4, < 1; hence the first term is nonnegative. The
monotonicity of dg Hg shows the last term is nonnegative and the index-bounded condition shows the
second and third terms are bounded. So the whole energy is larger than E because the difference between
the lower levels of H,, and the upper level of H, . are big enough. O

Therefore by using the above family of Hamiltonian functions, we are computing the Hamiltonian Floer
cohomology of a semi-lower-continuous function, which is a nondegenerate Hamiltonian function on D
and is positive infinity outside D. By Proposition 2.9, the resulting invariant is isomorphic to the relative
symplectic cohomology over the Novikov field.

Now we consider two direct systems

CF¥ = CF*(Hy ) — CFF(Hpy) — -+,
cFht = CFt (H1p) — CF! (Hpg) — -
over A g, induced by Hamiltonian functions defined in the above lemma. For each n, we have an inclusion

of a subcomplex CFk-L (Hnyt) — CF¥ (Hp,r) over A . We recall the following algebraic property of a
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telescope of subcomplexes. Suppose that we have a commutative diagram of chain complexes

= C > Cy > Cy

Ll

C:= C1 )Cz )C3 S e

where horizontal maps are chain maps (which we call continuation maps) and vertical maps are inclusion
maps of subcomplexes. Then we have an induced map between telescopes tel(C') — tel(C).

Lemma 4.4 [Borman et al. 2022, Lemma A.1] Suppose that for every y € C, there exists N(y) >0

such that under continuation maps y lands in C’ Then tel(C') — tel(C) is a quasi-isomorphism.

n+N(y)

This lemma can be applied to our lower Floer complexes.

Proposition 4.5 For any integer k and energy bound E > 0, there exists a tamily of Hamiltonian functions
such that
tel(CF5L) — tel(CFF)

is a quasi-isomorphism over Ag.

Proof For any integer k and energy bound £ > 0, we pick Hamiltonian functions as above to get a
commutative diagram between CcFrk-L (Hy ) and CFk (Hy ) such that horizontal maps are continuations

and vertical maps are inclusions. Next we check the condition in Lemma 4.4,

Pick y € CF* (Hp,). If it is a lower orbit, then its images under continuation maps are always lower, by
Lemma 4.3(5). So we assume Y is an upper orbit, and we will show after several continuation maps,
it becomes lower or zero. Let TE1y; be the image of y under the continuation map CFk(Hn,,) —

CF*(Hy41.). Then
Elz—/é—|—/ é—i—/u’fd)—/Hn,t—i- Hyy1,
Y Y1 14 Y1

If y; is a lower orbit, then we are done. Otherwise we consider 7 €2y, as the image of 721y, under the
continuation map CFk(HnH’,) — CFk(HnJr_z,t). We have

Ez=E1+(—/ é-l-/ 9~+/u§a~)— Hyy1:+ Hn+2,t)
yi ¥2 y1 ¥2

=—/(§+/ 9~+/u’fa~)—|—/u§a~)—/Hn,t+/ Hyio;.
14 Y2 Y Y2

By the index-bounded condition, the first two terms are bounded. Moreover, our Hamiltonian functions
have small variations outside; the @—energy terms are nonnegative. If y, is still an upper orbit, we will
consider its image under the third continuation map. Therefore after N compositions of continuation
maps, either y is sent to a lower orbit, or Ex > E, since — fy Hp: + ny Hy N becomes arbitrarily
large. This completes the proof by applying Lemma 4.4. |
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We call the process to get this quasi-isomorphism ignoring upper orbits. And we define the truncated
symplectic cohomology as

SHE (D: Ag) := H(tel(CF*L): Ap) = H(tel(CF¥): Ag).

Therefore Proposition 4.5 gives two ways to compute the truncated symplectic cohomology: by using
tel(CF*L) or tel(CFK). The former has the advantage that all generators of the underlying complex
are local and the differentials are global. Moreover, the filtration on tel(CF*) constructed in Section 3
becomes exhaustive when restricted to tel(CF%L). Hence we will get a convergent spectral sequence to
compute the truncated symplectic cohomology. This will be discussed in next subsection. Now we study
how this truncated symplectic cohomology is related to the usual relative symplectic cohomology.

First, note that a telescope is quasi-isomorphic to a direct limit. Hence we also have

SHY,(D: Ag) = H(tel€F*1): Ap) = H(limCF5F; Ag).
n
The following lemma shows that the direct limit has a simpler description in our index-bounded case.

Lemma 4.6 For a fixed degree k, the direct limit lim CF kL which contains lower orbits is a finite-
dimensional free A g—module.

Proof By the index-bounded condition and nondegeneracy of the contact form, for each fixed Hamiltonian,
CFk-L (Hy ) is a finite-dimensional free A g—module, generated by degree—k orbits. On the other hand,
the lower parts of the Hamiltonian functions Hj ; are fixed. Hence we have a canonical identification
between CFX-L (Hp,) for different n. Next we study the continuation maps between CFk’L(Hn,,).
After identifying the generators of CFk-L (Hy,¢) for different n, the continuation maps can be written as
[ x [ matrices {a?j} with entries a?j € A g, where [ is the dimension of CFk’L(Hn,t).

Let u be a Floer cylinder contributing to the continuation maps, and assume u is contained in the region
where the Hamiltonian function is fixed. Then by regularity it can only be the identity map; see Lemma 2.1.
There may be other Floer cylinders that travel outside D and contribute to the continuation maps, which
have nontrivial topological energy. Hence the continuation maps, viewed as a matrix, have the following
properties:

(1) The entries on the diagonal are a7, =1+ b7,

(2) The off-diagonal entries have strictly positive valuations.

with v(b}’j) > 0.

Note that the determinant of the matrix {a?j} has a constant term 1, which says that the matrix is invertible.
Hence each continuation map is an isomorphism of Ag—modules. So the direct limit lim CF kL s
isomorphic to CFk-L (Hp ), which is a finite-dimensional free A g—module. |

To effectively use the truncated symplectic cohomology, there are two options: to show it is an invariant
with good properties, or to relate it with the original relative symplectic cohomology SHIX,I (D).
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For the first option, we expect the following is true:

Proposition 4.7 The truncated symplectic cohomology SH’X,, (D; AE) is a finite-dimensional A g—
module. Let A > 0 be the smallest number such that
T*.SHK, (D; AE) =0.
Then the displacement energy of D is not less than A.
Proof The finite-dimensionality follows from the above lemma. We expect the proof of the energy

relation is similar to [Varolgunes 2018, Remark 4.2.8] in the original relative symplectic cohomology
setting. The full proof will be pursued in the future. |

The number A is an analogue of the torsion threshold of the Lagrangian Floer cohomology (see [Fukaya
et al. 2009, Theorem J]), which is related to the displacement energy of a Lagrangian submanifold. Since
the energy bound E can be as large as one needs, this proposition is useful for most displacement problems.

For the second option, we have the following:

Proposition 4.8 The inverse limit of the truncated symplectic cohomology recovers the original relative
symplectic cohomology. That is,

(lim SHY, (D; Ag)) ®a, A 2= SHE (D) @4, A.
E

Here the inverse limit is taken as E goes to infinity.
To prove the proposition, first we recall some results in homological algebra.

Definition 4.9 An inverse system
C=C1<Cy<«---

is said to satisfy the Mittag-Leffler condition if, for each n € N, there exists i > n such that, for all j > i,

we have
Im(C; — Cy) = Im(C; — Cyp).

The Mittag-Leffler condition shows the vanishing of the 1<iLr11 of an inverse system.

Proposition 4.10 [Weibel 1994, Proposition 3.5.7] If an inverse system C satisfies the Mittag-Leffler
condition, then @1 ©)=0o.

Proposition 4.11 [Weibel 1994, Proposition 3.5.8] For an inverse system
C= C1 < C2 <.
of complexes, which satisfies the degreewise Mittag-Leffler condition, we have a short exact sequence
0— lim' H*(C,) - H*(lim C,) — lim H*(C,) — 0.

Algebraic & Geometric Topology, Volume 24 (2024)



Index-bounded relative symplectic cohomology 4825

Now we begin the proof of Proposition 4.8.

Proof Fix a sequence of positive numbers
O<Ei<Ey<---<Ej<--

going to infinity. Let {G,} be a fixed acceleration data we used in Proposition 4.5 and Lemma 4.6. Then

we have
SHi; (D) ® a0 A = H (lim tel(CF¥ (Gy) ® 4, AE,)) ®a, A
E;
The complexes tel(CFk (Gn) ®a, AE,) form an inverse system over E;. Note that the Hamiltonian
functions are independent of E;, so the maps in this system are given by projection. Since projections are
surjective, this inverse system satisfies the degreewise Mittag-Leffler condition. Hence we have a short
exact sequence
0~ lim' H(C;) > H(lim C;) — lim H(C;) — 0,
where C; := tel(CFk (Gn) ® Ay AE,). In this short sequence, the middle term is what we need to compute
and the right term is the inverse limit of truncated symplectic cohomology. Hence it suffices to show the
vanishing of the left term.

In Lemma 4.6, we have showed that H (h_r)nn CFRL:A E,) is finite-dimensional by using acceleration
datum depending on E;. On the other hand, the quasi-isomorphisms before Lemma 4.6 shows that

H(C)) = H(limCF*F; Ag,).
n

So H(Cj) is finite-dimensional for any E;. Moreover, for different E; the defining Hamiltonians for
CF*L have the same fixed lower part. Hence the dimensions of H(C;) have a uniform upper bound,
independent of /, given by the number of lower degree—k orbits of Hamiltonian functions with a fixed
lower part. Therefore H(C;) over [ is an inverse system of finite-dimensional modules with a uniform
upper bound on ranks. In the following we will show it satisfies the degreewise Mittag-Leffler condition,
which completes the proof. a

Now we prove that H(C;) over [ is an inverse system which satisfies the degreewise Mittag-Leffler
condition, by using the finite torsion criterion in [Groman and Varolgunes 2023].

Let V be a Ag—module. For any element v € V we define
t(v):=inf{A > 0| T*v =0}
and we define the maximal torsion of V as

(V) := sup t(v);
veV,t(v)<+oo
see [Groman and Varolgunes 2023, Definition 6.15]. The following is a combination of Lemma 6.19

and Proposition 6.12 in [loc. cit.]. The invariant SH’X,I 1 (D) in [loc. cit.] is our truncated invariant
SHE (D; Ag)) with E = .
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Proposition 4.12 If SH’X,I (D) has finite maximal torsion, then H(Cj) over [ is an inverse system which
satisfies the degreewise Mittag-Leffler condition.

Next we verify that SH’&(D) has a finite maximal torsion. Suppose SHﬁl (D) has an infinite maximal
torsion. Then we have a sequence of elements x,, y, in the completed telescope such that

dxp) =0, dyn)=T"x, 0<11 <1+ <Ty <-+»—> +00.

This shows that as / goes to infinity, the number of x,’s with valuations less than E; goes to infinity.
Hence the rank of H(Cj) also goes to infinity, which contradicts that their ranks are uniformly bounded
from above.

4.2 The first page of the spectral sequence

We showed that the truncated symplectic cohomology recovers the relative symplectic cohomology. Now
we study how to compute the truncated symplectic cohomology.

For any integer k and energy bound E > 0, we have three chain models

telCF), telCF&L),  limerFrL
n

given by a particular family of Hamiltonian functions. They are all quasi-isomorphic; hence they all
compute the truncated symplectic cohomology over A g. Now we equip the second chain model with
the filtration defined in (3-5). Recall that for a general element x = ) . a;y; € tel(CF k.Ly we define
o:tel(CFFL) - R U {—oc0} by

4-1 o(x) :=ir_1f{v(a,~)— Hi,t—/ é}
l Vi

Vi
And for any p € R we define

(4-2) F?tel(CF*L) := {x e tel CF*L) | o(x) > p}.

By the computations in Section 3, we know that the differentials in the telescope are compatible with this
filtration, which makes tel(CF*-L) a filtered differential graded module. Moreover, since all generators in
tel(CF*-L) are lower orbits, the Hamiltonian terms in o (x) are uniformly bounded. By the index-bounded
condition, the integrals of 6 in o (x) are also uniformly bounded. Hence o (x) > —oo for any x. This
shows that the filtration is exhaustive. (Actually this filtration is bounded from below by some number.)
Therefore Theorems 3.6 and 3.7 give us a spectral sequence which converges to the truncated symplectic
cohomology. This proves the convergence part in Theorem 1.1(1). In the following we will compute the
first page of this spectral sequence.

First we observe that by using the special family of S—shaped Hamiltonians, all Floer cylinders which are
not contained in the Liouville domain have positive @—energy, given that the asymptotic boundaries of
the cylinders are lower orbits.
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This will be proved via Abouzaid and Seidel’s integrated maximum principle. We follow [Borman
et al. 2022, Section 3.4] and recall the setup now. Let (K, w) be a symplectic manifold with a concave
boundary (Y, ). That is, there is a symplectic embedding (Y X [c, ¢ + €), d(ra)) onto a neighborhood
of Y in K, where r is the Liouville coordinate. We will consider maps u: (X, 0X) — (K, Y) solving the
Floer equation with respect to a certain class of almost-complex structures and Hamiltonian perturbations.
Here (X, 0X) is a general Riemann surface with boundary.

To define our Floer equation, we choose a family of compatible almost-complex structures J, parametrized
by z € ¥, and a Hamiltonian-valued 1—form x € Q!(Z; C*(K)). Note that we may interpret x as a
I-form on ¥ x K. The de Rham differential has a decomposition

d :=dsxg =dx +dg.

Then the nondegeneracy of w gives us a Hamiltonian-vector-field-valued 1-form X, € Q1 (Z; C®(T W)).
The Floer equation in consideration is

(du—X)%! =0.

Proposition 4.13 [Borman et al. 2022, Proposition 3.9] Suppose that:

(1) J; is of contact type along Y forall z € 0%, thatis, dr o J, = —ra.
(2) There exist 1-forms B1, B2 € Q1(X) such that k = By -r + B, in a neighborhood of Y.
(3) dsk—{k.k}—dp =0.!

Then any smooth map u: (£,0% # @) — (K,Y) solving (du — X,)®' = 0, will satisfy that

/u*a)—/ u*(ca) >0,
z X

with equality if and only if u is contained in Y.

Next we apply the above proposition to our setting. We make two more assumptions on the S—shaped
Hamiltonian functions which are used to define the telescope:

(I) Near the boundary of Dy y3¢/4, the function H; is a function of the radial coordinate with small
positive slope.
(2) All Hy’s and all homotopies connecting them are given by translations in the s—coordinate outside

D143¢/4- That is, we choose a smooth nondecreasing function ¢(s): R — R such that

¢(s) =0 foralls <0, ¢(s) =13 foralls> 1.

Then define H, = Hy + % and define the homotopy between H, and H, 4+ tobe Hy = Hy + ¢ ()
outside D1+3€/4.

THere {k, «} lives in Q2(Z; C®°(K)) and is defined by {k, k}(v, w) := {k (v), k (w)} by the Poisson bracket.
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Proposition 4.14 Let D be a Liouville domain in M. Assume that [®] is integral; see the paragraph
after Lemma 3.1. And assume our acceleration data satisfies the above conditions. Let y_, y+ be two
1—periodic orbits of H_, H in the telescope which are lower orbits. Let u be a Floer solution connecting
Y= V4. I Im(u) N (M — D1 3¢/4) # 9, then @(u) > h, where # is a positive number independent of H .

Proof Suppose that Im(u) N (M — D143¢/4) # @. We pick a number €’ which is slightly greater than €
and 0D y3¢/4 intersects Im(u) transversally. The intersection is a disjoint union of circles in R x § 1
which is nonempty when €’ is close to €.

Then we set M — D14 3¢//4 to be the concave manifold K in Proposition 4.13, and ¢ = 1 + 375/. By the
transversal intersection we get a new map u’: (X, 0X # @) — (K, Y) solving the Floer equation. We will
check the hypotheses in Proposition 4.13. First in our definition of the telescope we did use contact-type
almost-complex structures in the cylindrical region. Hence (1) is satisfied.

In our case the 1-form satisfies k = Hy dt. Near Y it is given by linear Hamiltonian functions, in terms
of the r—coordinate: k = (ar +b + ¢(s)) dt. Hence (2) is satisfied, with 81 = a dt, B2 = (b + ¢(s)) dt.
Next we verify (3). Since there is no ds term in «, we have that {«, x}(ds, d;) = 0. Moreover, we can

compute that
dsk —dpr, =0sHsdsdt —df»

=¢'(s)dsdt —ds5(b + ¢ (s)) ds dt
= ¢/(s)dsdt —¢'(s)ds dt =0.

Therefore all hypotheses in Proposition 4.13 are satisfied and we get

0</ u/*a)—/ u’*(coz):/ u/*a)—[ u'™*o.
) ) p) kD>

By our integrality assumption, the right-hand side of the equation is an integer. On the other hand, since
the support of @ is outside D 3¢/4, the integral

/u*cbz[u*w—/u*dé
/u/*a)—/ u/*9~=/ u/*a)—/ u*(ca) >0
x X x X

as €’ tends to €. This shows that if Im(u) N (M — D143¢/4) # @, then @(u) > 1. Finally, for example,
we can seth:%. m|

can be approximated by

Remark 4.15 The above proposition is an analogue of [Borman et al. 2022, Proposition 5.10]. However,
our situation is easier since we can assume the Hamiltonian functions are translations of a fixed one
outside D4 3¢/4.

Now we can use this positive number # to construct a Z-valued filtration out of the R—valued filtration
(4-2). And for any [ € 7 we define

(4-3) Fltel(CF* L) = {x e tel(CF*L) | o (x) > Ih).
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Then this new filtration induces a convergent spectral sequence. Its first page is calculated by using all
differentials of which the change of the w—energy are less than #. On the other hand, Floer solutions that
are not contained in D are weighted by a positive @—energy greater than #. Hence the first page of this
spectral sequence is calculated by all differentials and continuation maps that are in D. Since in D our
Hamiltonian function is a fixed function, the continuation maps are identity maps and the differentials
give the classical symplectic cohomology SH* (D; Ag). In particular, when [@] =0 € H>(M, D; Z),
there will not be outside contributions; hence the spectral sequence degenerates at its first page. Now we
have completed the proofs of (1) and (3) in Theorem 1.1.

S Examples and extensions

We now discuss some applications of our spectral sequence, and how to construct perturbations in the
Morse—Bott case.

Example 5.1 Let B be a round ball symplectically embedded in a Calabi—Yau manifold M 2" with
an integral symplectic form. Then the boundary dB carries the standard contact structure on an odd-
dimensional sphere, which is Morse—Bott index-bounded. After perturbing, the nondegenerate Reeb
orbits on the sphere all have positive Conley—Zehnder indices. Our Hamiltonian flow is the reverse of
the Reeb flow in the cylindrical region. Hence the degrees of nonconstant Hamiltonian orbits are all less
than 2n. Moreover, we can choose the fixed lower part of our Hamiltonians so that they do not have
degree—2n constant orbits. So the only degree—2n constant orbits are upper constant orbits. Then we
apply the ignoring-upper-orbits process to get that SH%,}' (B) ®A, A = 0. Finally, the Mayer—Vietoris
sequence shows that any neighborhood of M — B has nonvanishing relative symplectic cohomology;
hence it is not stably displaceable. This fact is already known in [Ishikawa 2016, Theorem 1.1] and
[Tonkonog and Varolgunes 2023, Corollary 1.15] by using different methods (with stronger conclusions).
We put our argument here to motivate Proposition 5.9.

5.1 Simply connected Lagrangians in Calabi—Yau manifolds

Let (L, g) be a Riemannian manifold and let 7* L be its cotangent bundle with the standard symplectic
form. The unit disk bundle D;T* L, with respect to the metric g, is a Liouville domain with the unit
sphere bundle ST* L being its contact boundary. A closed geodesic ¢(¢) in L lifts to a Reeb orbit
y() = (q(t),q'(¢)) in ST*L. Pick a trivialization ® of the contact distribution along y. There is a
Conley—Zehnder index CZg(y). On the other hand, the trivialization ® also gives a trivialization of the
symplectic vector bundle 7T * L along ¢g. Hence there is a Maslov index pe(g) of g, viewed as a loop
in L. The relation between these two indices is the following lemma.

Lemma 5.2 [Cieliebak and Mohnke 2018, Lemma 2.1] In the above notation, we have
CZs(y) + 1o(g) = ind(q),

where ind(q) is the Morse index of ¢ as a geodesic.
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Now we consider a Lagrangian submanifold L in a Calabi—Yau manifold M. Let D be a Weinstein
neighborhood of L, which is isomorphic to D17 * L for some metric g on L. Then dD is a contact
hypersurface in M. In particular, when L is simply connected we can use trivializations induced by disk
cappings to compute these indices. The Maslov index is always zero and we have CZg(y) = ind(g) > 0.

Similar to the index-bounded condition, we can consider the following relation between the Morse index
and the length of a closed geodesic.

Definition 5.3 A Riemannian metric g is called index-bounded if, for every m > 0, there exists p, > 0
such that
{length(g) | —m < ind(q) <m} C (0, im)

for all closed geodesics. And the metric is called (Morse-Bott) nondegenerate if the length functional is
(Morse—Bott) nondegenerate.

Hence if L admits an index-bounded Riemannian metric g then any Lagrangian embedding of L into a
Calabi—Yau manifold admits an index-bounded neighborhood. This is true for Riemannian manifolds
with a positive Ricci curvature.

Lemma 5.4 [Milnor 1963, Theorems 19.4 and 19.6] Let (L, g) be a closed Riemannian manifold of
dimension n whose Ricci curvature satisfies Ricg > (n — 1)C for some positive real number C. Then
any closed geodesic on L with length A has Morse index greater than A~/C /7 — 1. In particular, g is
index-bounded.

Proof Let y be a closed geodesic on L with length A. For the constant C there exists an integer / such
that

In/vC <A <(+1)r/~C.

We cut y into [ + 1 segments such that each of the first / segments has length slightly greater than 77/+/C.
Then by the proof of [Milnor 1963, Theorem 19.6], any geodesic segment with length greater than 7/ +/C
is unstable. Hence each of these / segments has index at least 1, and the index of y is at least /.

Now let y be a closed geodesic with index k and length A, we know that k > A+/C /7 — 1, which shows
that A < (k 4+ 1)7/+/C. Hence g is index-bounded. |

Remark 5.5 The positivity of the Ricci curvature of a metric g is preserved under C ®°—small perturba-
tions. Hence we obtain a nondegenerate index-bounded metric g¢ after perturbation.

Let (L, g¢) be a closed Riemannian manifold with a positive Ricci curvature. Then g¢ is a nondegenerate
index-bounded metric. Suppose there is a Lagrangian embedding L. — M into a Calabi—Yau manifold M.
Another consequence of the Bonnet—Myers theorem [Milnor 1963, Theorem 19.6] is that L has a finite
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fundamental group. Hence L is a Lagrangian submanifold of M with a vanishing Maslov class. Now
let U be a Weinstein neighborhood of L induced by the metric g.. The above lemma tells us that U
is a Liouville domain with a nondegenerate index-bounded boundary in M. In conclusion, our spectral
sequence works for computing SHys (U ), given the integrality condition on @.

If we have two Riemannian manifolds both with positive Ricci curvature, then the product manifold also
admits a metric with positive Ricci curvature. Hence we can also study Lagrangian submanifolds of
product type.

Now we present the example of spheres, to demonstrate the above method. Let S” be a sphere with
dimension n > 3, and let gg be the round metric on S”. It is known that gg is a Morse-Bott non-
degenerate index-bounded metric. Next let g be a C°°—small generic perturbation of gg such that it is a
nondegenerate index-bounded metric.

The above discussion tells us that for any Lagrangian sphere S = S” with n > 3 in a Calabi—Yau
manifold M with an integral symplectic form, a Weinstein neighborhood U of S induced by the metric g
has a nondegenerate index-bounded contact boundary. Hence our spectral sequence works for computing
SHys (U).

Lemma 5.6 For (M, S,U) as above, we have SHp (U) ® o, A # 0.

Proof For a given energy bound E > 0, there is a convergent spectral sequence which starts from the
symplectic cohomology SH(7*S™; A g) and converges to SHps (U A g). In our degree notation (2-1),
the usual symplectic cohomology SH(7*S”; C) is nonzero and 1-dimensional in degrees

{nyuf{ill—n)+n,i(l—n)+n—1\|i € Z4+}.

(Note that our Hamiltonian flow is the reverse of the Reeb flow in the cylindrical region.) The nonzero
element in degree n cannot be killed in the spectral sequence when n > 3, since the differential only
changes the degree by 1.

Hence for any energy bound E > 0, the truncated invariant satisfies that
SHX,I(U; Ag) = AEg.
Then by taking the inverse limit over £, we have that SHps (U) ®a, A # 0. ad

So any Lagrangian sphere with dimension # > 3 in a Calabi—Yau manifold is stably nondisplaceable. This
is known by using the Lagrangian Floer cohomology of S; see [Fukaya et al. 2009, Theorem L]. But by
using the Mayer—Vietoris property, we can get more from the above lemma. Note that SH%,, (U) is zero,
and hence it cannot be isomorphic to the quantum cohomology of M. Pick a Weinstein neighborhood V'
of S, also induced by the same g¢ but with a smaller radius in the fiber direction, compared with U. Then
(M —V)UU = M and the boundaries of U, V' do not intersect. The Mayer—Vietoris property says that
SH3,(M —V)®n, A #0.
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Lemma 5.7 For (M, S, U) as above, we have that M — U is stably nondisplaceable.

Proof Suppose that M — U is stably displaceable. Then a neighborhood K of M — U is also stably
displaceable. We can choose V' as above such that M —V C K, contradicting SH?M (M-=V)®a,A#0. O

This result is new and it contrasts the case where the ambient space is not Calabi—Yau: a Weinstein
neighborhood U of a Lagrangian sphere can be compactified to be a quadric hypersurface Q" c C P"+1,
Note that Q" is a monotone symplectic manifold, and the complement of U in Q" is a small neighborhood
of a divisor 0”1, which is stably displaceable.

Example 5.8 Let L = S2 x S3 be a Lagrangian submanifold in a Calabi—Yau manifold M. Then there
exists a Weinstein neighborhood of L which is a Liouville domain with a nondegenerate index-bounded
boundary. So it’s possible to use our spectral sequence to compute SHy (L), which could determine the
displaceability of L. However, due to the S2—factor, we don’t have an immediate nonvanishing result,
compared with the case of spheres with dimension larger than 2. Hence SHjs (L) may depend on the
ambient space.

On the other hand, the Lagrangian Floer cohomology of L may have obstructions to be defined. The
obstruction lies in H?(L;Q); see [Fukaya et al. 2009, Theorem L].

Another application of the geodesic-Reeb orbit correspondence is a generalization of Lemma 5.7. If we
only care about the complement of the Lagrangian, then no index-bounded Riemannian metric is needed.

Proposition 5.9 Let (M?", w) be a symplectic Calabi—Yau manifold with n > 2 and w represents an
integral class in H?(M ). For a simply connected Lagrangian S in M and a Weinstein neighborhood U of
S, we have that M — U is not stably displaceable in M.

Proof When n = 3, the only simply connected 3—manifold is the 3—sphere which has been discussed.
So in the following we assume n > 3.

Let g be a nondegenerate Riemannian metric on S. By the discussion after Lemma 5.2, the Reeb orbits
on the boundary of U = D;T*S all have nonnegative Conley—Zehnder indices. Then we pick a family
of S—shaped Hamiltonian functions to be our acceleration data such that all the lower constant orbits
have degrees less than n + 1. This can be achieved since U = D;T*S. Note that the Hamiltonian
flow is in the opposite direction of the Reeb flow, in the cylindrical region. From a Reeb orbit to its
corresponding Hamiltonian orbit, the index is changed by a sign, plus a error term bounded by 1; see
Lemma 2.7. Hence the Conley—Zehnder indices of nonconstant Hamiltonian orbits are all less than 2.
Their degrees, defined as CZ(y) + n, are all less than n + 3 after time-dependent perturbations. So these
Hamiltonian functions are index-bounded in degree 2n, since all degree—2n generators are upper constant
orbits. Then the ignoring upper orbits process says that SHJZ‘}’(D; AEg) =0 for any E > 0. Finally we
apply the Mayer—Vietoris argument in Lemma 5.7 to complete the proof. |

Algebraic & Geometric Topology, Volume 24 (2024)



Index-bounded relative symplectic cohomology 4833

The disk cotangent bundle can be regarded as a Liouville domain with a smooth Lagrangian skeleton. On
the other hand, certain Brieskorn manifolds are Liouville domains of which the Lagrangian skeletons are
chains of spheres modeled by trees. In [Kwon and van Koert 2016], the Reeb orbits of many Brieskorn
manifolds have been studied explicitly. Hence one can use the calculation of indices therein to get more
applications, like the rigidity of symplectic embeddings of Brieskorn manifolds into Calabi—Yau manifolds.

5.2 Perturbation of Morse—-Bott orbits

Let D be a Liouville domain with a contact boundary (C, «) in a closed Calabi—Yau manifold M such
that o is Morse—Bott index-bounded. Then a time-independent S—shaped Hamiltonian function H has
nondegenerate constant orbits, and nonconstant 1-periodic orbits that are Morse—-Bott degenerate, given by
the Reeb orbits of a. Now we will perturb H to get a nondegenerate S—shaped Hamiltonian function H;
such that it is index-bounded. We remark that we are perturbing the Hamiltonian function instead of
perturbing the contact form, since the index-bounded condition may be destroyed by the latter perturbation.

Let Y be the set of /—periodic Reeb orbits of «. By the Morse—Bott condition, Y is a closed smooth
submanifold of C. It may have several connected components, and we will construct our perturbation
componentwisely. For simplicity, we assume that / = 1. The general case is similar. Our perturbation is a
modification of the case of a time-independent Hamiltonian function with transversally nondegenerate
orbits, where Y = S

There is an S '-action on Y induced by the Reeb flow ¢*. For a Morse function g: ¥ — R, we twist it by
the S'-action to get a time-dependent function on Y':

g () =g "(y)., tel0,1], yeY.

Next let N be the normal bundle of Y in M. We extend g; to be a function g; on N which is supported near
the zero section. We also require that g; does not depend on the fiber direction in a small neighborhood
of the zero section.

Now for a time-independent S—shaped Hamiltonian function H : M — R, it has degenerate 1—periodic
orbits in the cylindrical region, which form the submanifold Y. Define G¢: S x M — R as

Gi(m): H(m)+€g;(m), meM.
Our main result of this subsection is:
Proposition 5.10 For small € > 0, the 1-periodic orbits of G5 in a small neighborhood of Y are in

one-to-one correspondence with critical points of g. Let y be a 1—periodic orbit of H on Y and y€ be a
1—periodic orbit of G; near Y. We have that:

(1 fy 0 = [ .0, where 6 is the Liouville 1-form on D.
(2) ICZ(y) —CZ(y)| = dimg Y.
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Proof This proposition, which is known to experts, is a modification of [Cieliebak et al. 1996, Lemma 2.1
and Proposition 2.2].

Let J be a compatible almost-complex structure on M which is cylindrical near C. By the construction,
the Hamiltonian vector field of Gy is

Xge(m) = Xpg(m) +€J Vg (m).

Here the gradient is computed with respect to the metric w(-, J -). Let p € Y be a critical point of g.
Then ¢’ (p) is a 1-periodic orbit of H on Y. We can also check that it is also a 1-periodic orbit of G§.
Hence each critical point of g gives a 1—periodic orbit of G;. Next we will show there is no other
1—periodic orbit.
Let U be a neighborhood of Y in M which does not contain other 1—periodic orbits of H disjoint from Y.
Then, for any open set V' C U with Y C V, there exists €p > 0 such that for any 0 < € < €¢ the 1-periodic
orbits of G in U are also in V. This is due to the compactness result in [Cieliebak et al. 1996, Lemma 2.2].
Hence when € is small, any 1—periodic orbit of G7 is close to a 1—periodic orbit of H on Y, particularly
in the W -2—topology.
Next consider a nonlinear operator
A:WV2(SY N)—> L?(S', TN)

given by

A(x (1) == —J(x'(t) — X (x(1))).
By the Morse—Bott nondegeneracy, the linearization of A is nondegenerate in the normal direction of Y.

More precisely, there exists a constant ¢ > 0 such that for any 1—periodic orbit x¢(¢) of H on Y and a
vector field y(¢) along xo(¢) with y(¢) ¢ TY for some ¢, we have

IDA(x0) - y(@) | = clly@)]-
Now define another operator
fwb2( S, N) - L*(S', TN)
given by
f&x () = g (x (1))

Note that the kernel of the operator A + €/ is the set of all 1-periodic orbits of G; in N. Since any
1-periodic orbit of Gy is close to a 1-periodic orbit xo(#) of H on Y, we can write it as xo + y(¢) with a
vector field y(¢) along xo(%).

Then we use the Taylor expansion to calculate that
(A+ef)(xo+ ) = A(xo) + DA(x0) -y + €/ (x0) + €Df (x0) -y + Ol y[1*).
Note that A(x¢) = 0 and ||DA(x¢) - y|| > c|l¥|l.- So we have that
1A+ ef)xo+ ) = cllyl +ell f(xo)l —ec’ Iyl + Odly[1?)
> c"|lyll + el f(xo)l

Algebraic & Geometric Topology, Volume 24 (2024)



Index-bounded relative symplectic cohomology 4835

when € and ||y || are sufficiently small. Hence (A 4+ €f)(xo + y) = 0 if and only if y =0 and f(x¢) =0,
which are the orbits given by critical points of g. Geometrically these perturbed orbits are the same orbits
which start at critical points of g. So the integrations of the Liouville 1-form do not change.

The proof of (2) will be a direct computation to relate the Conley—Zehnder index with the Morse index,
similar to that in [Cieliebak et al. 1996]. O

Therefore, given a Liouville domain D with a contact boundary (C, o) in M such that o is Morse—Bott
index-bounded, we can create nondegenerate index-bounded S—shaped Hamiltonian functions associated
with D. Then we can use them to construct the spectral sequence as we did in the Morse index-bounded

case.
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