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TOPOLOGICAL RECURSION RELATIONS IN
NON-EQUIVARIANT CYLINDRICAL CONTACT
HOMOLOGY

OLIVER FABERT AND PAOLO ROSSI

It was pointed out by Eliashberg in his ICM 2006 plenary talk that
the integrable systems of rational Gromov—Witten theory very natu-
rally appear in the rich algebraic formalism of symplectic field theory
(SFT). Carefully generalizing the definition of gravitational descen-
dants from Gromov—Witten theory to SF'T, one can assign to every con-
tact manifold a Hamiltonian system with symmetries on SF'T homol-
ogy and the question of its integrability arises. While we have shown
how the well-known string, dilaton and divisor equations translate from
Gromov—Witten theory to SF'T, the next step is to show how genus-zero
topological recursion translates to SF'T. Compatible with the example
of SFT of closed geodesics, it turns out that the corresponding localiza-
tion theorem requires a non-equivariant version of SF'T, which is gener-
ated by parameterized instead of unparameterized closed Reeb orbits.
Since this non-equivariant version is so far only defined for cylindri-
cal contact homology, we restrict ourselves to this special case. As an
important result we show that, as in rational Gromov—Witten theory,
all descendant invariants can be computed from primary invariants, i.e.,
without descendants.
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1. Introduction

Symplectic field theory (SFT), introduced by Hofer et al. in 2000 [EGH], is
a very large project and can be viewed as a topological quantum field the-
ory approach to Gromov-Witten theory. Besides providing a unified view
on established pseudoholomorphic curve theories such as symplectic Floer
homology, contact homology and Gromov—Witten theory, it leads to numer-
ous new applications and opens new routes yet to be explored.

Although SFT leads to algebraic invariants with very rich algebraic struc-
tures, it was pointed out by Eliashberg in his ICM 2006 plenary talk [E]
that the integrable systems of rational Gromov—Witten theory very natu-
rally appear in rational SFT by using the link between the rational SF'T of
prequantization spaces in the Morse—Bott version and the rational Gromov—
Witten potential of the underlying symplectic manifold; see the recent
papers [R1, R2] by the second author. Indeed, after introducing gravita-
tional descendants as in Gromov—Witten theory, it is precisely the rich alge-
braic formalism of SFT with its Weyl and Poisson structures that provides
a natural link between SFT and (quantum) integrable systems.

On the other hand, carefully defining a generalization of gravitational
descendants and adding them to the picture, the first author has shown
in [F2] that one can assign to every contact manifold an infinite sequence
of commuting Hamiltonian systems on SFT homology and the question of
their integrability arises. For this, it is important to fully understand the
algebraic structure of gravitational descendants in SFT.

While it is well known that in Gromov—Witten theory the topological
meaning of gravitational descendants leads to new differential equations for
the Gromov—Witten potential, in this paper we want to proceed with our
project of understanding how these rich algebraic structures carry over from
Gromov-Witten theory to SFT. While we have already shown in [FR]| how
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the well-known string, dilaton and divisor equations translate from Gromov—
Witten theory to SF'T, as a next step we want to show how classical genus-
zero topological recursion generalizes to SF'T.

Although this is a first concrete step in the study of integrability of the
Hamiltonian systems of SFT, notice that topological recursion relations in
the forms we study here might not be enough to answer the question of
integrability: the Hamiltonian systems arising from SF'T are, a priori, much
more general than those associated with Gromov-Witten invariants, involv-
ing in particular more than just local functionals (see [R2]), and topological
recursion relations, even together with string, dilaton and divisor equations,
might not yet restrictive enough to grant complete control over the alge-
bra of commuting Hamiltonians. They seem however to give an affirmative
answer to the fundamental question of the reconstructability of the gravita-
tional descendants from the primary invariants (i.e., without descendants)
in genus 0.

From the computation of the SFT of a Reeb orbit with descendants in [F2]
it can be seen that the genus-zero topological recursion requires a non-
equivariant version of SF'T, which is generated by parameterized instead of
unparameterized Reeb orbits. The definition of this non-equivariant version
of SFT is currently a very active field of research and related to the work
of Bourgeois and Oancea in [BO], where a Gysin-type spectral sequence
relating linearized contact homology (a slight generalization of cylindrical
contact homology depending on a symplectic filling) and symplectic homol-
ogy of this filling is established by viewing the one as the (non-)equivariant
version of the other.

Since the topological recursion relation is already interesting in the case of
cylindrical contact homology and the non-equivariant version of it is already
understood, in this first paper on topological recursion we restrict ourselves
to cylindrical contact homology, i.e., study the algebraic structure of gravi-
tational descendants only for this special case.

This paper is organized as follows: While in section two we review the most
important definitions and results about SF'T with gravitational descendants
and its relation with integrable systems in [F2,FR], in section three we first
show, as a motivation for our main result, how the topological recursion
relations in Gromov—Witten theory carry over to symplectic Floer theory.
Since this example suggests that the localization theorem for gravitational
descendants needs a non-equivariant version of cylindrical contact homology
which, similar to symplectic Floer homology, is generated by parameterized
instead of unparameterized closed Reeb orbits, we then recall the definition
of non-equivariant cylindrical homology from [BO] and prove the topological
recursion relations in the non-equivariant situation. Finally, in section four
we discuss two important applications of our main result. First we show
how the topological recursion formulas carry over from the non-equivariant
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to the equivariant situation and use this result to show that, as in rational
Gromov—Witten theory, all descendant invariants can be computed from
primary invariants, that is, without descendants. After this we show that our
results can be further used to define an action of the (quantum) cohomology
on non-equivariant cylindrical homology similar to the corresponding action
on symplectic Floer homology defined in [PSS]. At the end we show that in
the Floer case of SFT we just get back the topological recursion relations
in Floer homology and that the action of quantum cohomology on non-
equivariant homology splits and agrees with the action on Floer homology
as defined in [PSS].

2. SFT with gravitational descendants

2.1. SFT. SFT is a very large project, initiated by Eliashberg et al. in their
paper [EGH], designed to describe in a unified way the theory of pseudo-
holomorphic curves in symplectic and contact topology. Besides providing
a unified view on well-known theories like symplectic Floer homology and
Gromov—Witten theory, it shows how to assign algebraic invariants to closed
manifolds with a stable Hamiltonian structure.

Following [BEHWZ| a Hamiltonian structure on a closed (2m — 1)-
dimensional manifold V is a closed two-form w on V, which is maximally
non-degenerate in the sense that kerw = {v € TV : w(v,-) = 0} is a one-
dimensional distribution. The Hamiltonian structure is required to be stable
in the sense that there exists a one-form A on V such that kerw C ker dA
and A\(v) # 0 for all v € kerw — {0}. Any stable Hamiltonian structure
(w, A) defines a symplectic hyperplane distribution ({ = ker A, wg), where we
is the restriction of w, and a vector field R on V by requiring R € kerw
and A(R) = 1, which is called the Reeb vector field of the stable Hamilton-
ian structure. Examples for closed manifolds V' with a stable Hamiltonian
structure (w, \) are contact manifolds, symplectic mapping tori and princi-
pal circle bundles over symplectic manifolds BEHWZ|:

First observe that when A is a contact form on V, it is easy to check
that (w := dA,\) is a stable Hamiltonian structure and the symplectic
hyperplane distribution agrees with the contact structure. For the other
two cases, let (M,wys) be a symplectic manifold. Then every principal circle
bundle S — V — M and every symplectic mapping torus M — V — S,
e,V =My=RxM/{(t,p) ~ (t+1,¢(p))} for ¢ € Symp(M,w) also car-
ries a stable Hamiltonian structure. For the circle bundle the Hamiltonian
structure is given by the pullback 7*w under the bundle projection and we
can choose as one-form \ any S'-connection form. On the other hand, the
stable Hamiltonian structure on the mapping torus V' = M, is given by
lifting the symplectic form to w € Q2?(My) via the natural flat connection
TV =TS'®TM and setting A = dt for the natural S'-coordinate t on My.
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While in the mapping torus case £ is always integrable, in the circle bundle
case the hyperplane distribution £ may be integrable or non-integrable, even
contact.

SFT assigns algebraic invariants to closed manifolds V' with a sta-
ble Hamiltonian structure. The invariants are defined by counting J-
holomorphic curves in R xV with finite energy, where the underlying closed
Riemann surfaces are explicitly allowed to have punctures, i.e., single points
are removed. The almost complex structure J on the cylindrical manifold
R xV is required to be cylindrical in the sense that it is R-independent, links
the two natural vector fields on R x V', namely the Reeb vector field R and
the R-direction 0y, by JOs = R, and turns the symplectic hyperplane dis-
tribution on V into a complex subbundle of TV, £ =TV N JTV. It follows
that a cylindrical almost complex structure J on R xV is determined by its
restriction J, to & C T'V, which is required to be we-compatible in the sense
that we(:, J¢-) defines a metric on €. Note that such almost complex struc-
tures J are called compatible with the stable Hamiltonian structure and that
the set of these almost complex structures is non-empty and contractible.

Let us recall the definition of moduli spaces of holomorphic curves studied
in rational SFT in the general setup. Let I'™, '™ be two ordered sets of closed
orbits v of the Reeb vector field R on V,ie,y: R =V, vt +T) = ~(t),
4 = R, where T" > 0 denotes the period of . Here we assume that the
stable Hamiltonian structure is Morse in the sense that all closed orbits
of the Reeb vector field are non-degenerate in the sense of [ BEHWZ][; in
particular, the set of closed Reeb orbits is discrete. Then the (parameterized)
moduli space M%A(F*, ') consists of tuples (u, (z,f), (zi)), where (zéc), (z)
are three disjoint ordered sets of points on CP', which are called positive and
negative punctures, and additional marked points, respectively. The map u :
S — R xV starting from the punctured Riemann surface S = CP! — {(2)}
is required to satisfy the Cauchy—Riemann equation

Oyu=du+ J(u) -du-i=0

with the complex structure ¢ on CP!. Assuming we have chosen cylindrical
coordinates 1/1,;'[ : R* x$1 — § around each puncture z,:ct in the sense that
1/1,f(ioo,t) = z,;t, the map u is additionally required to show for all k =
1,...,n* the asymptotic behaviour
lim (uo wlf)(s, t+tp) = (Foo, ’yéc(Tkit))
s—Fo0

with some ty € S! and the orbits 71:: e I't, where T,;t > 0 denotes period of
V;:gt- In order to assign an absolute homology class A to a holomorphic curve

u: S — RxV we have to employ spanning surfaces u, connecting a given
closed Reeb orbit v in V to a linear combination of circles ¢s representing a
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basis of Hi(V),
auvzfy—Zns'cs

in order to define
A = [up+] + [u(5)] — [up-],
+

where [up+] =377 _;[u_+] viewed as singular chains.
Observe that the group Aut(CP!) of Moebius transformations acts on
elements in M = M%A(F+, I'") in an obvious way,

p-(u, (2), (20)) = (wo ™ (0(z)), (p(22))), ¢ € Aut(CPY),

and we obtain the moduli space M = M, 4(I'",T7) studied in SFT by
dividing out this action and the natural R-action on the target mani-
fold (R xV,J). Furthermore it was shown in [BEHWZ] that this mod-
uli space can be compactified to a moduli space M = M, 4T, T7)
by adding moduli space of multi-floor curves with nodes. In particular,
the moduli space has codimension-one boundary given by (fibre) products
My x My = My 4, (T, T7) x My 4,(T5,T5) of lower-dimensional moduli
spaces.

Let us now briefly introduce the algebraic formalism of rational SFT as
described in [EGH]:

Let us fix a trivialization of the symplectic bundle (£, wl|¢) over each curve
C;. This induces a trivialization a hoomotopically unique trivialization of
the same bundle over each periodic Reeb orbit v via the spanning surface
u. Let us use this trivialization to define the Conley—Zehnder index of the
Reeb orbit (the Maslov index of the path in Sp(2m — 2,R) given by the
linearized Reeb flow along 7). Recall that a multiply covered Reeb orbit +*
is called bad if CZ(y*) # CZ(y) mod 2, where CZ(7) denotes the Conley—
Zehnder index of . Calling a Reeb orbit v good if it is not bad, we assign
to every good Reeb orbit v two formal graded variables p., ¢, with grading

|p'y| =m —3 - CZ(y), |Q'y| =m — 3+ CZ(y)

when dim V' = 2m — 1.

Assuming we have chosen a basis Ag,..., Ay of Ha(V), we assign to
every A; a formal variable z; with grading |z;| = —2¢1(4;). In order to
include higher-dimensional moduli spaces we further assume that a string
of closed (homogeneous) differential forms © = (61,...,60x) on V is chosen
and assign to every 0, € Q*(V) a formal variables t* with grading

[tY] = 2 — deg .

With this let 53 be the Poisson algebra of formal power series in the variables
p, and t; with coefficients which are polynomials in the variables ¢, and
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Laurent series in z, with Poisson bracket given by

_ 9f 99 il |39<9f>
{f’g}_;m (81178% - gapw?qv '

As in Gromov—Witten theory we want to organize all moduli spaces
Mr,A (I, T'7) into a generating function h € B, called Hamiltonian. In order
to include also higher-dimensional moduli spaces, in [EGH] the authors fol-
low the approach in Gromov—Witten theory to integrate the chosen differ-
ential forms 6, over the moduli spaces after pulling them back under the
evaluation map from target manifold V. The Hamiltonian h is then defined

by

1 -
h = Z e / ev] Oa, A. .. Nevy O, Tl gl A
rmtn .HF+HF— MT,A(F+,F7)/R

r+ -1
. I _ joq ar 0T _ r- _ A _ do |
with ¢ =¢t*1 ... t%, p pvf...p,y;—,q q’Yf"'qf_’Z 2
dyr — - . .
Zy for A =doAog+---+dyAy and Kpx = Rk oo R‘Y;ti‘

2.2. Gravitational descendants. After introducing SFT in the sense of
[EGH], we now recall the definition of gravitational descendants in SFT
in [F2], which we will use to enrich the SFT Hamiltonian. In the same way
as the above Hamiltonian h explicitly depends on the chosen contact form,
the cylindrical almost complex structure, the differential forms and abstract
polyfold perturbations making all moduli spaces regular, it will turn out that
the enriched Hamiltonian further depends on the additional auxiliary choices
we have to make to define gravitational descendants. In the next subsection
we will show how to construct algebraic invariants, which just depend on
the contact structure and the cohomology classes of the differential forms
and are independent of the other auxiliary choices.

In complete analogy to Gromov—Witten theory we can introduce r tau-
tological line bundles Ly,...,L, over each moduli space M, o(I'",I'7).
The fibre of £; over a punctured curve is again given by the cotangent
line to the underlying, possibly unstable nodal Riemann surface (with-
out ghost components) at the i.th marked point. Note that it can still
be formally defined as the pull-back of the vertical cotangent line bun-
dle of m; : My41.4(TT, ™) — M, 4(I'",I'") under the canonical section
ot My a(TT,T7) = M,41 4(I'T, ") mapping to the ith marked point in
the fibre.

Recall that in Gromov—Witten theory the gravitational descendants were
defined by integrating powers of the first Chern class of the tautological
line bundle over the moduli space, which by Poincare duality corresponds
to counting common zeroes of sections in this bundle. On the other hand,
in SFT, more generally every holomorphic curves theory where curves with
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punctures and/or boundary are considered, we are faced with the problem
that the moduli spaces generically have codimension-one boundary, so that
the count of zeroes of sections in general depends on the chosen sections in
the boundary. It follows that the integration of the first Chern class of the
tautological line bundle over a single moduli space has to be replaced by
a construction involving all moduli space at once, which we will recall now
from [F2].

Following the compactness statement in [BEHWZ], the codimension-one
boundary of a moduli space M = M,. 4(I't, ") of SFT holomorphic curves
consists of curves with two levels (in the sense of  BEHWZ]). More precisely,
each component of the boundary has the form of a (fibred) product M; x
My = M,y 4, (T, T7) X My 4,(T5,T5) of moduli spaces of strictly lower
dimension, where the marked points distribute on the two levels. Consider a
boundary component where the ith marked point sits, say, on the first level
M it directly follows from the definition of the tautological line bundle £;
at the ith marked point over M that, over such boundary component,

*
Li 57, x 71, = 71 Lin

where £;1 denotes the tautological line bundle over the moduli space My
and 7y : M1 x My — M is the projection onto the first factor. With this we
can now give the definition of coherent collections of sections in tautological
line bundles from [F2].

Definition 2.1. Assume that we have chosen sections s; in the tautological
line bundles £; over all moduli spaces M of J-holomorphic curves of SFT.
Then these collections of sections (s;) are called coherent if for every section
s; of L; over a moduli space M the following holds: over each codimension-
one boundary component M; x My of M, the section s; agrees with the
pull-back 7fs;1 (73s;2) of the chosen section s;1 (s;2) of the tautological
line bundle £;1 over M; (L;2 over Ma), assuming that the ith marked
point sits on the first (second) level.

Since in the end we will again be interested in the zero sets of these sec-
tions, we will assume that all occurring sections are sufficiently generic, in
particular, transversal to the zero section. Furthermore, we want to assume
that all the chosen sections are indeed invariant under the obvious sym-
metries like reordering of punctures and marked points. In order to meet
both requirements, it follows that actually need to employ multi-sections
(in the sense of branched manifolds). On the other hand, it is clear that one
can always find coherent collections of (transversal) sections (s) by using
induction on the dimension of the underlying moduli space.

For every tuple (ji,...,7j.) of natural numbers we choose j; coherent
collections of sections (s; ) of £;. Then we define for every moduli space
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M = MT,A(FJr: Fi)a
M) — o)y n - sk (00NNl 0)n---Ns) (0) € M.
Note that by choosing all sections sufficiently generic, we can assume

M) ﬂgz""jr)(f‘*f*) is a branched-labelled submanifold of the
moduli space M, 4(I'",T'7). Note that by definition

m(jlymzjr) — M(jl,o,...,o) O---N M(Ow-vovjr)’

and it follows from the coherency condition that the codimension-one bound-

ary of M(O,...70,j,07...,0) is given by the products ﬂﬁo“”’o’j’o“"’o) x My or
M1 x ﬂgo""’o’]’o’""o) (depending on the ith marked points sitting on the

first or second level).

With this we can define the descendant Hamiltonian of SFT, which we
will continue denoting by h, while the Hamiltonian defined in [EGH] will
from now on be called primary. In order to keep track of the descendants
we will assign to every chosen differential form 6, now a sequence of formal
variables t*J with grading

[t = 2(1 — j) — degfq.
Then the descendant Hamiltonian h € 8 of (rational) SFT is defined by

1

h Z In+tin—1
rmtin Rr+RKRp-—
r+r-,1 LA

evi o, N...Nev)b,, thpl gt 24,

r+ _ r—- _ I _ ja1,51 ... 4Qr,Jr A _
where p —pﬁ...p%},q _qvf"‘qﬁ,’t t t , 2
do .. .dm — —
2 2y for A= doAp + + dyp Ay and kps = Ko /17;_;.

2.3. Quantum Hamiltonian systems with symmetries. In [F2] it is
shown that, after introducing gravitational descendants, SFT assigns to
every contact manifold not only a Poisson algebra, the well-known ratio-
nal SFT homology, but also a Hamiltonian system in it with an infinite
number of symmetries.

Theorem 2.2. Differentiating the rational Hamiltonian h € P with respect
to the formal variables t*P defines a sequence of classical Hamiltonians

Oh
ha,p - m € H*(“Ba {ha })

in the rational SFT homology algebra with differential d = {h, -} : P — P,
which commute with respect to the bracket on H.(B, {h,-}),

{h%pvhﬁ,q} = 07 (04717)7 (/67 Q> € {17" . 7N} X N~
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Note that everything is an immediate consequence of the master equation
{h,h} = 0, which can be proven in the same way as in the case without
descendants using the results in [F2]. While the boundary equation dod = 0,
d = {h, -} is well-known to follow directly from the identity {h,h} = 0, the
fact that every h,p, (o,p) € {1,...,N} x N defines an element in the
homology H,. (%, {h,}) follows from the identity

{h7 hOé,p} =0,

which can be shown by differentiating the master equation with respect to
the t*P-variable and using the graded Leibniz rule,

0 {ﬁgkz{é%?ﬂ}*ﬂ—lwm”ﬂ{ﬁ @7}'

On the other hand, in order to see that any two h, p, hg, commute after
passing to homology it suffices to see that by differentiating twice (and using
that all summands in h have odd degree) we get the identity

2
(hap hg o} + (D" h _o'h | _ 0
opr BB * Otrdtha '

We now turn to the question of independence of these nice algebraic
structures from the choices like contact form, cylindrical almost complex
structure, abstract polyfold perturbations and, of course, the choice of the
coherent collection of sections. This is the content of the following theorem
proven in [F2].

Theorem 2.3. For different choices of contact form \*, cylindrical almost
complex structure J*, abstract polyfold perturbations and sequences of coher-
ent collections of sections (sf) the resulting systems of commuting functions

h,, on H.(P",d") and hgp on H,(PT,d") are isomorphic, i.c., there
exists an isomorphism of the Poisson algebras H,(B~,d~) and H,(L,d ")
which maps h , € H.(P~,d”) to hf € H(P*, d).

This theorem is an extension of the theorem in [EGH], which states that
for different choices of auxiliary data the Poisson algebras H.(~,d ") and
H,(P*,d") with d* = {h*,.} are isomorphic. For the extension in [F2]
the first author introduced the notion of a collection of sections (s;) in
the tautological line bundles over all moduli spaces of holomorphic curves
in the cylindrical cobordism interpolating between the auxiliary structures
which are coherently connecting the two coherent collections of sections (sji)
On the other hand, assuming that the contact form, the cylindrical almost
complex structure and also the abstract polyfold sections are fixed to have
well-defined moduli spaces, the isomorphism of the homology algebras is the
identity and hence the theorem states the sequence of commuting Hamilto-
nians is indeed independent of the chosen sequences of coherent collections
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of sections after passing to homology,
1,— 1,4
hi,j = hi,j € H*(‘Ba {ha })

We want to point out the fact that the Poisson SFT homology algebra can
be thought of as the space of functions on some abstract infinite-dimensional
Poisson space. Indeed the kernel ker({h,-}) can be seen as the algebra of
functions on the space O of orbits of the Hamiltonian R-action given by
h, that is, the flow lines of the Hamiltonian vector field Xy, associated to
h. Even in a finite dimensional setting the space O can be very wild. Any-
how the image im({h,-}) is an ideal of such algebra and hence identifies a
sub-space of O given by all of those orbits o € O at which, for any f € 3,
{h, f}|, = 0. But such orbits are simply the constant ones, where X}, van-
ishes. Hence the Poisson SFT-homology algebra H, (B, {h,-}) can regarded
as the algebra of functions on X 1(0), seen as a subspace of the space O
of orbits of h, endowed with a Poisson structure by singular, stationary
reduction.

While it is well-known that in Gromov-Witten theory the topological
meaning of gravitational descendants leads to new differential equations for
the Gromov—Witten potential, it is natural to ask how these rich algebraic
structures carry over from Gromov—Witten theory to SFT. As a first step,
the authors have shown in the paper [FR] how the well-known string, dilaton
and divisor equations generalize from Gromov-Witten theory to SFT. Here
the main problem is to deal with the fact that the SFT Hamiltonian indeed
depends on auxiliary data like the chosen differential forms 6; and coherent
collections of sections (s;) used to define gravitational descendants. As cus-
tomary in Gromov—Witten theory we will assume that the chosen string of
differential forms on V contains a two-form 5. It turns out that we obtain
the same equations as in Gromov—Witten theory (up to contributions of con-
stant curves), but these however only hold after passing to SFT homology.

Theorem 2.4. For any choice of differential forms and coherent sections
the following string, dilaton and divisor equations hold after passing to SF'T-
homology

9 a,k+1 9
S0 b= /Vt/\t—i—Zt oo 1€ HL(F, {h,}),

0
atO 1

9 9 _ ak+1 8 Oh
<6t2,o 208ZO>h—/vt/\t/\92+§k:t cQQatMeH(;B {h,-}),

h = DEulerh S H (q3 {h }
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with the first-order differential operator

) D g D
Dguler := 2 — ;p’y% - ;Q’yaq’y - Zt p@tavp'

P

As computed example we review the SF'T of a closed Reeb orbit discussed
in [F2]. For this recall that in [F2] the first author has shown that every alge-
braic invariant of SF'T has a natural analog defined by counting only orbit
curves. In particular, in the same way as we define sequences of descendant

Hamiltonians h;j by counting general curves in the symplectization of a

contact manifold, we can define sequences of descendant Hamiltonians h,lw-?j

by just counting branched covers of the orbit cylinder over v with signs (and
weights), where the preservation of the contact area under splitting and glu-
ing of curves proves that for every theorem from above we have a version
for ~.

Let ‘Bg be the graded Poisson subalgebra of the Poisson algebra 93°
obtained from the Poisson algebra 3 by setting all t-variables to zero, which
is generated only by those p- and g-variables p, = pyn, ¢, = gyn corre-
sponding to Reeb orbits which are multiple covers of the fixed orbit «. In his
paper [F2] the first author computed the corresponding Poisson-commuting
sequence in the special case where the contact manifold is the unit cotan-
gent bundle S*@Q of a (m-dimensional) Riemannian manifold @, so that
every closed Reeb orbit v on V = S§*@Q corresponds to a closed geodesic %
on @ (and the string of differential forms just contains a one-form which
integrates to one over the closed Reeb orbit).

Theorem 2.5. The system of Poisson-commuting functions h;j, j €N on
‘Bg s isomorphic to a system of Poisson-commuting functions g%yj, 7 €N
on ‘.]3% = ‘l?g, where for every j € N the descendant Hamiltonian g%’j given

by
1 — (:I’I’L1""'qnj+2
- .= n)— ———
85,5 Ze( ) G+ 2)!
where the sum runs over all ordered monomaials Gn, - .. qn; ., withni+---+

nj+2 = 0 and which are of degree 2(m+j—3). Further e(ii) € {—1,0,+1}
is fired by a choice of coherent orientations in SFT and is zero if and only
if one of the orbits ™, ... ,y"+2 is bad in the sense of [BEHWZ].

2.4. Cylindrical contact homology. While the punctured curves in SE'T
may have arbitrary genus and arbitrary numbers of positive and negative
punctures, it is shown in [EGH] that there exist algebraic invariants count-
ing only special types of curves. While in rational SF'T one counts punctured
curves with genus zero, contact homology is defined by further restricting
to punctured spheres with only one positive puncture. Further restricting to
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spheres with both just one negative and one positive puncture, i.e., cylinders,
the resulting algebraic invariant is called cylindrical contact homology.

Note however that contact homology and cylindrical contact homology
are not always defined. In order to prove the well-definedness of (cylindrical)
contact homology it however suffices to show that there are no punctured
holomorphic curves where all punctures are negative (or all punctures are
positive). To be more precise, for the well-definedness of cylindrical contact
homology it actually suffices to assume that there are no holomorphic planes
and that there are either no holomorphic cylinders with two positive or no
holomorphic cylinders with two negative ends.

While the existence of holomorphic curves without positive punctures can
be excluded for all contact manifolds using the maximum principle, which
shows that contact homology is well-defined for all contact manifolds, it can
be seen from homological reasons that for mapping tori My there cannot
exist holomorphic curves in R x M, carrying just one type of punctures,
which shows that in this case both contact homology and cylindrical contact
homology are defined.

Similarly to what happens in Floer homology, the chain space for cylindri-
cal homology C is defined be the vector space generated by the formal vari-
ables g, with coefficients which are formal power series in the t®J_variables
and Laurent series in the z,-variables. Counting only holomorphic cylinders
defines a differential 0 : C, — C\ by

O+ = ot Z apwaqw |lp=q=0 " 4y~

with

8*h 1 \
———|lp=q=0 = A — evi o, A. . Nevi O, t124.
Opy+0qy- =a=0 ZT!H’W’H’Y_ /Miji; """ 7yt 7) b Y

It follows from the master equation {h,h} = 0 of rational SFT that 0 o
0 = 0 when there do not exist any holomorphic planes, so that one can
define the cylindrical homology of the closed stable Hamiltonian manifold
as the homology of the chain complex (C,d). The sequence of commuting
Hamiltonians h,, ;, in rational SF'T gets now replaced by linear maps

0

8a,p = Jtonp

00 :Cs = Cs, Ooplyt = Kyt Z 8t0<7p8p +8q - Ip=o=0" ;-

which by the same arguments descend to maps on homology, O,
H,.(C,0) — H,(C,0), and commute on homology, [Onp,034]— = 0, with
respect to the graded commutator [f,g]_ = fog — (—1)dee()deeld)g o £,
While we have already shown how the well-known string, dilaton and
divisor equations translate from Gromov—Witten theory to SFT, in this
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paper we want to proceed with our project of understanding how the rich
algebraic structures from Gromov—Witten theory carry over to SF'T. As the
next step we want to show how classical genus-zero topological recursion
generalizes to SE'T. As we will outline in a forthcoming paper, it follows from
the computation of the SF'T of a Reeb orbit with descendants outlined above
that the genus-zero topological recursion requires a non-equivariant version
of SFT, which is generated by parameterized instead of unparameterized
Reeb orbits.

The definition of this non-equivariant version of SFT is currently a very
active field of research and related to the work of Bourgeois and Oancea
in [BOJ, where a Gysin-type spectral sequence relating linearized contact
homology (a slight generalization of cylindrical contact homology depending
on a symplectic filling) and symplectic homology of this filling is established
by viewing the one as the (non-)equivariant version of the other. On the
other hand, since the topological recursion relations are already interesting
in the case of cylindrical contact homology and the non-equivariant version
of it is already understood, in this paper we will study the algebraic structure
of gravitational descendants just for this special case first.

Remarks on transversality We end this section with a short discussion
of the analytical foundations. As in [BO]| and other papers on SFT, the
algebraic results we prove rely on the fact that all appearing moduli spaces
of holomorphic curves are (weighted branched) manifolds with corners of
dimension equal to the Fredholm index of the Cauchy—Riemann operator.
On the other hand, it is well-known that the required transversality result
for the Cauchy—-Riemann operator does not hold even for generic choices of
almost complex structures due to the appearance of multiply covered curves.

While this problem is already present in Gromov—Witten theory and Floer
homology, the polyfold approach of Hofer et al. [HWZ] seems to be the
approach that solves all the challenges in the most satisfactory way, see
also the first author’s survey [F3]. Since, in contrast to relative SFT and
other papers about SF'T using Morse-Bott techniques, we only need to add
the classical transversality result for sections in the finite-dimensional tau-
tological line bundles, our results are indeed rigorous when Hofer and his
collaborators have completed their work.

Apart from the fact that we follow other papers in the field and state our
results as theorems for the general case, we remark that there are special
but interesting cases where transversality is already established. For this
observe that in the case when the stable Hamiltonian manifold is a sym-
plectic mapping torus, the cylindrical contact homology just splits into the
direct sum of the Floer homologies of powers of the underlying symplecto-
morphisms; see [F1]. It follows that one can directly apply the transversality
result for symplectic Floer homology, where we again just will assume that
the closed symplectic manifold is monotone in order to deal with bubbling of
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holomorphic spheres. Since we must allow the almost complex structure to
depend on the circle coordinate on the holomorphic cylinder, note that the
translation back to the SFT-picture leads to multi-valued cylindrical almost
complex structures when the period of the asymptotic orbits is greater
than one.

3. Topological recursion in non-equivariant cylindrical homology

3.1. Motivation from Floer homology. It is well known that there is a
very close relation between Gromov—Witten theory and symplectic Floer
theory. As a motivation for the topological recursion relations in (non-
equivariant) cylindrical homology, which we will prove in the next section, we
sketch in this subsection how the topological recursion relations in Gromov—
Witten theory carry over to symplectic Floer homology using a Morse-Bott
correspondence.

Assuming we have chosen a basis Ay,..., Ay of Ho(X) and a string of
closed (homogeneous) differential forms © = (01,...,0n) on X, to which
we assign graded formal variable z; and t*7 with grading |z;| = —2¢1(4;),

[t*I| = 2 — 2§ — degfy, recall that the rational descendant potential of
Gromov—Witten theory f is defined as

1
f= g ‘/ o eVilg, A Aevily, t1z4,
T M )

where t! = o101 .. gordr gnd 24 = zgo-zj'\lj[” for A = dygAg+- - -+dpr Apr. Here
M(ﬁ’“"“)(x ) C€ M, A(X) denotes the corresponding zero divisor inside the

7"7
moduli space of closed .J-holomorphic curves u : (S2,i) — (X,.J), which is
Poincaré dual to the product of psi-classes ¢{" A -+ A"

Topological recursion relations are differential equations for the descen-
dant potential f which are proven using the geometric meaning of gravi-
tational descendants, as for the string, dilaton and divisor equations. Fix
1 <4 < r and choose 1 < j,k < r such that 4, j, k are pairwise different.
While the string, dilaton and divisor equations are proven (see also [FR])
by studying the behaviour of the tautological line bundle under the nat-
ural map M, (X) — M,_1(X), the topological recursion relations follow
by studying the behaviour of the tautological line bundle under the natural
map M, (X) — M3 = {point}, where the map and all marked points except
i, 7,k are forgotten. Now it is a standard result in Gromov—Witten theory
that one can construct a special non-generic section in the tautological line

bundle £; - over M,.(X) such that the zero divisor Mﬁo,“.,o,l,o,...,o)(
with the divisor m’(m) (X) of holomorphic spheres with one node, where

the 7.th marked point lies on one component and the jth and the kth fixed
marked points lie on the other component.

X) agrees
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Translating the above localization result for descendants into a differential
equation for the descendant potential f we get that he descendant poten-
tial f of rational Gromov—Witten theory satisfies the topological recursion
relations. Note that this above localization result for descendants is not
symmetric with respect to permutation of marked points. Instead of writing
down these relations in their usual form, we want to emphasize that the
above localization result also leads to the following averaged version of the
usual topological recursion relations,

of 0% f of

N(N — 1)8ta’i = Dteni—19tus0 nMVN(N — 1)‘8tu,07

where N :=3 5 jtﬁ’j % is the differential operator which counts the num-
ber of marked points.

Recall that the goal of this section is to translate the above topological
recursion relations from Gromov-Witten theory to symplectic Floer theory.
In order to do so, we recall in this subsection the well-known relation between
Gromov—Witten theory and symplectic Floer theory.

First recall that the Floer cohomology HF* = HF*(H) of a time-
dependent Hamiltonian H : S' x X — R is defined as the homology of
the chain complex (CF*,0), where CF* is the vector space freely gener-
ated by the formal variables ¢, assigned to all one-periodic orbits of H with
coefficients which are Laurent series in the variables z,. On the other hand,
the differential 0 : CF* — CF* is given by counting elements in the mod-
uli spaces M(y",~v7) of cylinders u : R xS! — X satisfying the perturbed
Cauchy—Riemann equation 0 g (u) = dsu + Ji(u)(Opu — X (u)) = 0 with a
one-periodic family of almost complex structures .J; and where X} denotes
the symplectic gradient of H;, and which converge to the one-periodic orbits
7t as s — o0, u(s,-) — . In the same way as the group of Moebius
transforms acts on the solution space of Gromov-Witten theory and the
moduli space is defined only after dividing out this obvious symmetries, R
acts on the above space of Floer cylinders by translations in the domain,
so that the moduli space is again defined after dividing out this natural
action. On the other hand, since the Hamiltonian and the almost complex
structure depends on the S'-coordinate, it will become important that we
do not divide out the action of the circle.

In order to prove the Arnold conjecture about the number of one-periodic
orbits of H one shows that the Floer cohomology groups are isomorphic to
the quantum cohomology groups Q H*(X) of the underlying symplectic man-
ifold. One way to prove the above isomorphism is by studying the behaviour
of the moduli spaces of Floer cylinders as the Hamiltonian H converges
to zero. In the limit H = 0 the removable singularity theorem for (unper-
turbed) holomorphic curves that in the limit the moduli spaces of Floer
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trajectories M(y+,77) are replaced by the moduli spaces of holomorphic
spheres My 2(X) with two marked points from Gromov-Witten theory. On
the other hand, note that there is a natural product structure on quantum
cohomology, the so-called quantum cup product, given by counting holomor-
phic spheres with three marked points. In [PSS] it was already shown that
one can define the corresponding action of Q H*(X) on the Floer cohomology
groups HF*(H) by counting Floer cylinders u : R xS! — X, 9, g(u) = 0
with an additional marked point with fixed position (0,0) € R xS, as in
the description of the moduli spaces of the quantum product.

Note that on the quantum cohomology side we can either assume that also
the third marked point is fixed or it varies and we divide out the symmetry
group R xS' of the two-punctured sphere afterwards. On the other hand,
since in the Floer case we now only divide by R and not by R xS! on the
domain, it follows that in the second case with varying position the third
marked point must still be constrained to lie on some ray R x{tg} C R xS,
where without loss of generality we can assume that f5 = 0. Keeping the
picture of points with varying positions of marked points as in Gromov—
Witten theory and SFT we hence have the following

Proposition 3.1. With respect to the above Morse—Bott correspondence,
counting holomorphic spheres with three or more marked points in Gromov—
Witten theory corresponds on the Floer side to counting Floer cylinders with
additional marked points, where only the first marked point is constrained to

R x{0} C R xS

Before we use the above translation scheme from Gromov-Witten theory
to symplectic Floer theory to transfer the topological recursion relations
from Gromov—Witten theory to symplectic Floer theory, we first enrich the
Floer complex using descendants as we did for cylindrical contact homology,

1
Aqy+) = Zf o eV Oy A -+ Aevi O, tlg -2,

where M&{X""jr) (v",77) € M, (y",77) now denotes the corresponding zero
divisors inside the moduli space of Floer trajectories with r marked points.
We again define 9, ;) := % 0 0. As we have seen in the last subsection we
further need to include cylinders with one constrained (to R x{0}) marked
point. In order to distinguish these new linear maps from the linear maps
Oa,p Obtained by counting holomorphic cylinders with one unconstrained
marked point, we denote them by 04, : CF* — CF*. In the same as
for 0, it can be shown that 04, descends to a linear map on homology,
and commutes on homology, [8(171,,6& q]_ = 0, with respect to the graded

commutator [f,g]_ = fog— (—1)d&lNdeglo)go f
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With this we can formulate our proposition about topological recursion
in symplectic Floer theory as follows. In contrast to Gromov—Witten theory,
we now obtain three different equations, depending on whether we remem-
ber both punctures, one puncture and one additional marked point or two
marked points. On the other hand, inside their class we want to treat the
additional marked point in a symmetric way as in the above averaged ver-
sion of topological recursion relations in Gromov—Witten theory. Note that
this is needed for coherence as we will show in the proof of the corresponding
relations for non-equivariant cylindrical contact homology.

Proposition 3.2. With respect to the above Morse—Bott correspondence,
the topological recursion relations from Gromov—Witten theory have the fol-
lowing translation to symplectic Floer theory: for three different non-generic
special choices of coherent sections we have

(2,0):
0*f

= pHVH.
a(aﬂ) - ata,i—latun 0y

(1,1):

N iy = o't N By + 1[0 NO
(6,i) = MU p + 5[ (a,i—1)> NI+
(0,2):
*f -
(N =1)NO,) = Hrai—1ggn"! (N = 1)NOy + [0(4,i-1), (N — 1) N0,

where N = Z@jtﬁ’j%, No = Z@jtﬂ’jaﬁvd and [f,gl+ = fog+
(—1)deg(f)deg(9)g o f denotes a graded anti-commutator with respect to the
operator composition. Notice that, since the two entries in the bracket
are having even degree, in the above formulas the anti-commutator always
corresponds to a sum.

Proof. In order to translate the localization result of Gromov-Witten theory
to symplectic Floer theory, we first replace the holomorphic sphere with
three or more marked points by a Floer cylinder with one marked point
constrained to R x{0} and possibly other unconstrained additional marked
points, where we assume that the constrained marked point agrees with
the ith marked point carrying the descendant. In order to obtain the three
different equations we have to decide whether the jth and kth marked point
agree with the positive or negative puncture or some other additional marked
point and then use the localization theorem from the first subsection, which
states that the zero divisor localizes on nodal spheres with two smooth
components, where the ith marked point lies on one component and the jth
and the kth marked point lie on the other component.
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In order to obtain equation (2,0) we remember both punctures (j =
+,k = —). While for each holomorphic curve in the corresponding divi-

sor M’H’*)(’y“',v_) C M, (y*,77) the component with the jth and the
kth marked point is a Floer cylinder, the other component with the ith
marked point is a sphere, since both components are still connected by a
node (and not a puncture) by the compactness theorem in Floer theory.
On the other hand, in order to obtain equation (1,1), we remember one of

the two punctures, j = + (or j = —) and another marked point. While for

each holomorphic curve in ﬂi’(Jr’k) (v",v7) € M,(y",77) the component

carrying the jth and the kth marked point still needs to be a Floer cylinder
and not a holomorphic sphere as the jth marked point is a puncture, the
other component carrying the ¢th marked point can either be a holomorphic
sphere or Floer cylinder, depending on whether both components are con-
nected by a node or a puncture. Note that in the second case this connecting
puncture is necessarily the negative puncture for the Floer cylinder with the
ith marked point and the positive puncture for the Floer cylinder with the
kth marked point. On the other hand, both Floer cylinder carry a special
marked point, namely the ith or the kth marked point, respectively, which
by the above Morse—Bott correspondence are constrained to R x{0}.
Finally, in order to establish equation (0,2), we remember none of the two
punctures. Since only Floer cylinders and holomorphic spheres appear in the
compactification, it follows that for the above equation we must just sum
over all choices for both components being either a cylinder or a sphere and
again use the above Morse—Bott correspondence. (|

Note that in order to make the above proof precise, one needs to rigorously
establish an isomorphism between Gromov—Witten theory and symplectic
Floer theory beyond the isomorphism between quantum cohomology and
Floer cohomology groups together with the action of the quantum cohomol-
ogy on them proven in [PSS] involving the full ‘infinity structures’. On the
other hand, while we expect that the Morse—Bott picture from above should
lead to such an isomorphism in an obvious way, we are satisfied with the
level of rigor, since it should just serve as a motivation for our topological
recursion result in non-equivariant cylindrical contact homology. Note that
our rigorous proof for that case will in turn directly lead to a rigorous proof
of this proposition.

3.2. Non-equivariant cylindrical homology. Motivated by the topolog-
ical recursion result in symplectic Floer homology discussed in the last sub-
section, we want to prove the corresponding topological recursion result
for cylindrical contact homology. Since, in contrast to Floer homology, the
closed orbits in cylindrical contact homology are not parameterized by S*,
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it turns out that we need to work with a non-S!-equivariant version of cylin-
drical contact homology, where we follow the ideas in Bourgeois—Oancea’s
paper [BO]J. Note that in the contact case our results indeed immediately
generalize from cylindrical contact homology to linearized contact homology
which depends on a symplectic filling and is defined for any fillable contact
manifold, e.g., since it is still isomorphic to the positive symplectic homology
which only counts true cylinders.

Here the key observation is that a closed (unparameterized) Reeb orbit
defines a S'-family S, of parametrized Reeb orbits. In particular, the set of
parameterized orbits is no longer discrete but is a disjoint union of circles.
Following [BO] we introduce Morse-Bott moduli spaces M% A(Sy+,8,-)
of parameterized holomorphic cylinders with r additional marked points
(u, (2;)), where u : R xS1 — R xV satisfies 0y(u) = 0, [u] = A € Hy(V) and
u(s,-) — 7 € S,+ as s — F00. As in Floer homology and in contrast to
the equivariant case, we now do not divide by the S'-action on the domain
R xS, but only divide out the action of R in the domain and in the target to
obtain the moduli space M, 4(S,+, S, ). Furthermore this moduli space can
again be compactified as in Floer homology to obtain the compact moduli
space My, 4(S,+,5,~) by adding multi-floor curves.

Since in the definition of the moduli space of parameterized cylin-
ders MQ 4(y",77) in equivariant cylindrical homology we did not fix a
parametrization of the asymptotic Reeb orbits, it follows immediately that
M%A(’y*,'y*) agrees with M27A(S~,+75r) (note that for the sake of sim-
plicity we want to ignore the combinatorial factors for coherent orientations
here). On the other hand, since in the definition of M, 4(y",77) we divided
out the S'-action on the cylinder while for M, A(Sy+,8,-) we did not, we
get that M, A(S,+,S5,-) is a trivial circle bundle over M, o(y*,~7). Since
cylinders in M. 4(S,+, S,-) approach Reeb orbits with a fixed parametriza-
tion, observe that we have additional evaluation maps

evy : My a(Sy+,9,-) — S+ = =
which also extend to the compactified moduli space.

Assigning to every closed Reeb orbit v two new formal variables ¢, ¢, we
can write a general element in Q*(S,) as ¢y = §y+ -dd+ G+ - 1. With this the
chain space for non-equivariant cylindrical contact homology H(C2om-5" (V) is
the vector space generated by the formal variables ¢, and ¢, with coefficients
which are formal power series in the t®/-variables and Laurent series in the
zp-variables. Note that the chain space naturally splits,

Cfon_SI — é* ® C«)H

where C,, C, are generated by the formal variables ¢, ¢,, respectively.
Following [BO] the Morse-Bott differential 8 : C, @ C, — C, @ C, for
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non-equivariant cylindrical homology is then given by

G+ = Z % O s ) evifa, N Nevyfy, Nevyl
Nev' g, 124,
G+ = Z % i) evifa, N Nevyba, Nevlde
M7 (84,8, -)
Nev™ g, - 24,

and we define as in Floer homology,

o@:(:“'*EDCV'*HCA'*EBCV’*.

Do) = Hya

Note that, as in Floer homology, the multiplicity of the orbit does not enter
appear as a combinatorial factor, but enters after identifying the Morse-Bott
moduli space M(S,+,S,~) with the SFT moduli space M(y",77) (where
we ignored signs for simplicity).

Furthermore as for Floer homology we further need to include cylinders
with one constrained (to R x{0}) marked point. For this observe that as
in Floer homology we can also enrich the evaluation map for an additional
marked points by not only remembering their image in the target manifold

but also their S'-coordinate on the cylinder,

(ev,m) : My a(Sy+,8,-) — V" x (SHyr.

On the other hand, instead of integrating the pull-back form =, ,df,
df € Q*(S") over the moduli space M,11,.4(S,+,5,-), we can equivalently
consider the moduli space MT,LA(S,YJ”SW—) C ﬂHLA(Sﬁ,Sv—) of holo-
morphic cylinders with r» + 1 additional marked points, where the r 4 1-st
additional marked point is constrained to lie on the ray R x{0} C R xSt

With this we again define new linear maps 0y, : Cs @ C,—C,o Cy, where

802,qu;+
1
= i evibo, Ao Nevy g,
T Mr?%,’;&"]r’p (S“/*’Sv*)
Nevyyq o Nevi 0 Nev: q, - ti24,
In the same way as for J,, it can be shown that 04, descends to a linear
map on non-equivariant cylindrical homology.
The significance of the moduli space M;.1,4(S,+,S,-) and hence of the
linear map 0y, for our desired localization result for descendants is as fol-
lows: While the moduli space M;1,4(S,+,S5,-) is a trivial circle bundle
over the usual SFT moduli space M, 11 4(y",77), the submoduli space
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M;1,.4(Sy+,8,-) C Myy1,4(S,y+,5,-) can be identified with the equivari-
ant moduli space M, 41 4(7",~v7) by determining the missing S L_coordinate
by the requirement that the r 4+ 1st marked point has to be constrained to
R x{0} C R xS On the other hand, as a subset of the non-equivariant
moduli space M;11,4(S,+,S,-), the moduli space M, 1 A(S,+,5,-) still
has the two evaluation maps evy : My a(S,+,5,-) — S+ = S', which
we will use to determine a codimension-two locus in the codimension-one
boundary of the moduli space M1 4(S+,5,-) = Mp14(vT,77).

3.3. Topological recursion in non-equivariant cylindrical homol-
ogy. With the reasonable assumption in mind that the topological recursion
relations in Floer homology also hold true in (positive) symplectic homol-
ogy and hence also carry over to non-equivariant cylindrical contact homol-
ogy, we now formulate our main theorem. Since we assumed that there
are no holomorphic planes in R xV and hence the usual Gromov com-
pactness result holds we define the Gromov-Witten potential f of a sta-
ble Hamiltonian manifold as the part of the rational SF'T Hamiltonian h
of V' counting holomorphic spheres without punctures, f = h|,—o—,. Note
that in the contact case this agrees with the Gromov-Witten potential of
a point due to the maximum principle and is determined by the Gromov—
Witten potential of the symplectic fibre in the case when the stable Hamil-
tonian manifold is a symplectic mapping torus as every holomorphic map
CP! - R XMy — R xS! 22 C* is constant by Liouville’s theorem.

Theorem 3.3. For three different non-generic special choices of coher-
ent sections the following three topological recursion relations hold in non-
equivariant cylindrical contact homology
(2,0):

0 f

a(d,i) = Dteni—1 L nul/ap

(1,1):

i S 1 -
N O = Spaiigm! N8y + 5[3(a,i—1), NOl+
(0,2):
Pt ]
(N —=1)NO4,) = Spaiigm! (N —=1)NOy + [0(a,i—1), (N = 1)NI]+
0

where N := Zt@jatﬁj’ NO = Ztﬁﬂa&j and [f,gl+ = fog+
B.j B,

(—l)deg(f )deg(9) g o f denotes a graded anti-commutator with respect to the
operator composition. Note that, since the the two entries in the bracket
are having even degree, in the above formulas the anti-commutator always
corresponds to a sum.
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Indeed we claim that the three topological recursion relations only hold for
three special coherent collections of sections and do not hold true for general
choices. In particular, in general there does not exist a choice of coherent sec-
tions such that all three equations hold true simultaneously. Nevertheless we
will show in Subsection 3.2 how we can generalize (and reprove) a well-known
result from [PSS] by comparing two of the above topological recursion rela-
tions ((2,0) and (1,1)). Note that it is already known from [PSS] that the
corresponding identity does not hold on the chain level, and we instead
resolve the above invariance problem by proving an identity on homology.
On the other hand, for the first equation we can solve the invariance problem
directly.

Remark 3.4. Note that the first topological relation actually descends to
homology, i.e., it holds for O, and Oy viewed as linear maps on non-

equivariant cylindrical homology H C’fon'sl(V). In particular, while on the
chain level all topological recursion relations only hold true for (three dif-
ferent) special choices of coherent sections, after passing to homology the
first relation (2,0) holds for all coherent sections, i.e., is true for all auxiliary
choices.

As in [FR], we furthermore need to make the following comment on the
genericity of our choices.

While in the above theorem we make use of special choices of coherent
collections of sections as in our proof in [FR] of the SFT analogues of the
string, dilaton and divisor equations, recall that, for the definition of gravi-
tational descendants in [F2], we need to choose sections in the tautological
bundles over all moduli spaces which are generic in the sense that they are
transversal to zero section, so that, in particular, all zero divisors are smooth.
On the other hand, as we will see below, all our special choices of coherent
collections of sections used in the proof are automatically non-generic, since,
after the limit procedure described below, their zero sets localize on nodal
curves and, in particular, are not smooth. In order to see that we can still
use our special non-generic choices for computations, we have to use the
fact that, by making small perturbations, the special non-generic choice of
coherent collections of sections can be approximated arbitrarily closely (in
the C'-sense) by generic coherent collections of sections. While for two dif-
ferent coherent collections of sections the linear map in general depends on
these choices, since for a given homotopy (coherent collection of sections
coherently connecting the two different choices in the sense of [F2]) zeroes
may run out of the codimension-one boundaries of the moduli spaces, we can
further make use of the fact that the latter can be prevented from happening
as long as the perturbation is small enough, as described in the following
picture (we refer to [FR] for further details).
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Figure 1. The picture represents the trivial cobordism
between a moduli space and itself (vertical black lines) and
the corresponding cobordism for the zeros of coherent sec-
tions (green lines). The number of zeroes (black dots) in
each copy of the moduli space may change during a homotopy
(from left to right) as zeroes may run out of the codimension-
one-boundary (dashed lines above and below). This, however,
can be excluded as long as the homotopy is chosen sufficiently
small (like the one between the middle and the right vertical
lines).

3.4. Proof of the main theorem. In this section we establish the psi-class
localization result needed to prove Theorem 3.3, but also Proposition 3.2. In
fact we will consider a more general situation, i.e., tautological bundles and
coherent collections of sections in the general moduli space of SF'T holomor-
phic curves. This will apply to non-equivariant cylindrical contact homology
by the identification between the moduli space relevant for defining the dif-
ferential J44) and the moduli space of SF'T curves with one positive and
one negative puncture, and one special marked point constrained on a geo-
desic connecting the positive and negative puncture (besides carrying the
ith descendant of 6, € H*(V')). We will show how coherent sections of tau-
tological bundles on the moduli space of SFT-curves can be chosen such
that their zero locus localizes on nodal configurations and boundary strata
(multi-level curves). In the case of curves with one positive and one nega-
tive punctures, the presence of a marked point constrained to the geodesic
described above will be used to identify explicitly such zero locus inside the
boundary.

The localization will be the analogue, in presence of coherence conditions,
of the usual result in Gromov-Witten theory describing the divisor v; , =
c1(Lir) on Mo, a(X) as the locus of nodal curves where the ith marked
point lies on a different component with respect to a pair of other reference
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marked points. We will divide the discussion in three parts, corresponding
to the three kind of topological recursion relations (2,0), (1,1) and (0, 2).

For the moment we stay general and consider the full SF'T moduli space
of curves with any number of punctures and marked points in a general
manifold with stable Hamiltonian structure. In particular we will describe
a special class of coherent collections of sections s;, for the tautological
bundles £;, on the moduli spaces Mo,r, A(TT,T7). We will then consider a
sequence inside such class converging to a (no longer coherent) collection of
sections whose zeros will completely be contained in the boundary strata
(both nodal and multi-floor curves) of Mg, 4(I'", 7).

In [FR] we already explained how to choose a (non-generic) coherent
collection of sections s;, in such a way that, considering the projection
7t Mya(TT,T7) — My,—1.4(",T7) consisting in forgetting the r-th
marked point, the following comparison formula holds for their zero sets:
(3.1) 51 (0) = sy (0) + D,

The sum in the right hand side means union with the submanifold Dﬁ“t of
nodal curves with a constant sphere bubble carrying the ith and rth marked
points, transversally intersecting 7 (s; !, (0)).

We wish to stress the fact that such choice is possible because any codi-
mension 1 boundary of the moduli space M, 4(I'",I'") decomposes into a
product of moduli spaces where the factor containing the ith marked point
carries the same well defined projection map . This is because codimension
1 boundary strata are always formed by non-constant maps, which remain
stable after forgetting a marked point.

In fact coherence also requires that our choice of coherent collection of sec-
tions is symmetric with respect to permutations of the marked points (other
than the ith, carrying the descendant). We can reiterate this procedure until
we forget all the marked points but the i-th, getting easily

(32) s (0)=(mfo...0of 0. oms ) 0)+ > D
TuJj={1,...,r}
{i}CIC{1,...,r}

where DE}’E]St is the submanifold of nodal curves with a constant sphere
bubble carrying the marked points labelled by indices in I. Such choice of
coherent sections is indeed symmetric with respect to permutation of the
marked points.

However, forgetting all of the marked points is not what we want to do
in general, so we may take another approach, that does not specify whether
the points we are forgetting are marked points or punctures. Forgetting
punctures only makes sense after forgetting the map too.
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Indeed, consider the projection o : My o(I'",T7) — Mg 4 p+ 10— to
the Deligne-Mumford moduli space of stable curves consisting in forget-
ting the holomorphic map and asymptotic markers, consequently stabilizing
the curve, and considering punctures just as marked points. For simplicity,
denote n = r + [I'"| 4 |T~|. The tautological bundle £;, on M, 4(T",T7)
coincides, by definition, with the pull-back along o of the tautological bundle
L;n on ﬂg,n away from the boundary stratum D; C ﬂr, A(TT,T7) of nodal
curves with a (possibly non-constant) bubble carrying the i-th marked point
alone and the boundary stratum D} C M, 4(I'",T™) of multi-level curves
with a level consisting in a holomorphic disk bounded by a Reeb orbit and
carrying the ¢-th marked point.

At this point we are going to make the following assumption, which will
hold throughout the paper.

Assumption: In V x R there is no holomorphic disk bounded by a Reeb
orbit. This implies, in particular, D} = (.

We choose now a coherent collection of sections 5;, on the Deligne-
Mumford moduli space of stable curves My ,,. The definition of such coher-
ent collection is the same as for the space of maps, but this time we impose
coherence on each real-codimension 2 divisor of nodal curves (as opposed to
the case of maps, where we only imposed coherence at codimension 1 bound-
ary strata). Such a coherent collection pulls back to a coherent collection of
sections on M, 4(I'",I'") away from the already considered boundary stra-
tum D; (the only one still present after the above assumption), where we
use the bundle map induced by a local coordinate on the underlying curve
to identify the bundles £;, and ¢* L;,, on M, 4(I'",I'") \ D;. Such map
is a bundle isomorphism on M, 4(I'",I'") \ D; and becomes singular on
D;: the image of 0*5; , under this map extends to the whole ﬂnA(F*, )
assuming the value zero on D;. The zero appearing this way along D; has
degree 1 by construction. This way we get a coherent collection of sections
on the full M, 4T, T7).

Once more, such construction is possible because any codimension 1
boundary of the moduli space M, 4(I'",I'") decomposes into a product
of moduli spaces where the factor containing the i-th marked point car-
ries the same well defined projection map o. This is because codimension 1
boundary strata are always formed by multi-level curves, each level carrying
at least two punctures (by the above assumption) and the ith marked point,
hence remaining stable after forgetting the map.

We then get, on M, 4(I'",T'7),

(3.3) $;.4(0) = (0% 5i,n) " (0) + Di.

This construction of a coherent collection of sections for M, 4(I't,T'7)

moves the problem of explicitly describing their zero locus to the more
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tractable space of curves ﬂg,n. Note first of all that, since ﬂg,n has no
(codimension 1) boundary, any generic choice (coherent or not) of sections
for the tautological bundles will give rise to a zero loci with the same homol-
ogy class. However, when we pull-back such section via o, we want to remem-
ber more than just the homology class of its zero (as required by coherence),
so we need to make some specific choice.

Let us now restrict ourselves to genus 0. In Gromov—Witten theory, where
there is no need for coherence conditions, we are used to select two marked
points besides the one carrying the psi-class and successively forget all the
other ones until we drop on My 3 = pt, where the tautological bundle £; 3 is
trivial. This approach is not possible in our SF'T context where we require
coherence on ﬂg,n. Indeed, if we select two punctures labelled by j and k,
we automatically lose the required symmetry with respect to permutation
of the marked points. To overcome this problem we need to use coherent
collections of multi-sections (whose image is a branched manifold) in order
to average over all the possible choices of a pair of punctures. In fact, we
will only deal with multi-sections that are averages of ordinary sections of
the tautological bundles, i.e., whose image is the union of images of ordinary
sections each of them carrying a (rational) weight whose sum is one.

Let us choose an averaged (over all the possible ways of choosing two
marked points out of n) multi-section for £;, on ﬂom such that its zero
locus has the (averaged) for

_1 (n—3)! k!
(3.4) $in(0) = =1y > MD(I\J)
2<k<n—2
IuJj={1,...,n}
iel,|J|=k
This formula is just the average (in the sense of branched manifolds)
of the usual formula in Gromov-Witten theory expressing the psi-class on
Mo, in terms of nodal divisors. The interest of such averaged (holomorphic,
non-generic) multi-section is that it can be perturbed to a (smooth, generic)
multi-section that is also coherent (this is in fact a statement about all of the
sections s; ; together, for 3 < j < n). The zero locus of such multi-section
will form a (branched) codimension 2 locus in the tubular neighbourhood
of the unperturbed zero locus s; ; (0), transversally intersecting such locus.
For notational and visualization simplicity we will analyse in detail such
perturbation in the case of ﬂoﬁ in the example below, the general case
being just an easy extension of the same construction. Once such cohere(n‘)c
k

collection of sections 5; ; is constructed we consider a sequence of sections §; J
9

with §?J- = §;; and converging back to the old non-generic s; ; as k — oc.
This limit construction determines a codimension 2 locus in the moduli
space My, (I'",T'7) completely contained in the boundary strata formed by

nodal and multilevel curves, corresponding to the first summand in the right
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hand side of equation (3.3). The explicit form of the boundary components
involved by such locus is described by formula (3.4), where the divisor D115
refers to the source nodal Riemann surfaces for the multilevel curves in the
target V x R.

Example 3.5. This example, and the understanding of the general phenom-
enon it describes, emerged in a discussion with Dimitri Zvonkine. Consider
the moduli space ﬂoﬁ, whose boundary divisors, formed by nodal curves,
we denote D;;, 1 <i < j <5, where D;; is the space of nodal curves with a
bubble carrying the ith and jth points alone. The intersection structure of
such divisors is represented by the following picture.

D3y Dy Doy
Dy Dy
Do Dys
Dy
D3y
Dss Dy
Dys Dss
Dyy Dy Dyy

When two different nodal divisors intersect, they do it with intersection
index +1. The self-intersection index of any of them is, on the other hand,
—1. Each of the D;; being a copy of P! (representing a copy of the moduli
space ﬂ0,4 appearing at the boundary of ﬂoé), this means that the normal
bundle N, Di; of such D;; has Chern class c; (N Dij) = —1; hence the tubular
neighbourhood of D;; is a copy of C2, i.e., C2 blown up at 0, D;; itself
being the exceptional divisor. An intersecting Dy; can then be seen as a line
through the origin of C2.

Consider now the tautological line bundle £1 5 on My 5. Using formula
(3.4), the corresponding averaged psi-class, i.e., the (dual to the) zero locus
of a averaged multi-section of £ 5, has the form

_ 1 1
s15(0) = §(D12 + D13+ D1a+ D15) + E(Dzs + Doy + D25 + D34+ D35+ Dys)



TOPOLOGICAL RECURSION IN CYLINDRICAL HOMOLOGY 433

We now want to perturb such multi-section s to a coherent multi-section 3
by a small perturbation int he neighbourhood of the nodal divisors. In fact
it will be sufficient to describe how the zero locus is perturbed.

First notice that, once the line bundle £, 5 is chosen, the nodal divisors D;;
are split into two different sets, namely the ones for which ¢ = 1 and the ones
with ¢ # 1 (appearing in the first and second summand in the above averaged
formula). The perturbation will be symmetric with respect to permutations
inside these two subsets separately. Looking at the picture above for visual
help, let us start by perturbing %D34 away from itself in such a way that it
still intersects D34 at D34 N D15 with index —%, at D34 N Doy with index +%
and at D3sN D1 with index —é (notice that the total self-intersection index
is —%, as it should for %D34). Such perturbation is constructed starting
from a section of the normal bundle to %D34 with a zero at D3y N Dis

of index —% (recall that, in general, the normal bundle to D;, inside ﬂoﬂu

agrees with 7 £; .1 and, hence, the zeros of its sections are always localized
at nodal divisors) and adding an extra zero of degree 0 (non-transversal)
which spawns two zeros with opposite indices to be placed at D34 N Dys and
D34 N Dy (using the fact that D3y N Doy and Dsq N Do are homologous
inside D34 and more in general, for the case beyond My 5, the fact that two
singular fibres of the forgetful map m, are homologous inside My, ). The
analogous choice is to be made for each of the divisors D; ; with 7 # 1.

Then we perturb %D15 away from itself in such a way that it still intersects
Dis at D15 N D3y, D15 N Doy and D1 N Dog always with intersection index
—% (summing to a total self-intersection index of —%, as it should be for
%D15). This is in fact a multi-section of the normal bundle to %D15 formed
by superimposing three sections of weight % each, having a zero (of index
—%) at D15N D3y, D15N Doy and Di5M Dag respectively (we are always using
the fact that the normal bundle to D;, inside Mo,r agrees with 7} L; ,_1).
Notice that such perturbation of %D15 still intersects D34 in a punctured
neighbourhood of D34 N D15 with total intersection index % and once more
precisely at D34 N D15 with intersection index %. The analogous choice is to
be made for all of the divisors Dy;. See the left side of next picture for some
intuition.
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At the point D34N D15 we will combine the two perturbed divisors to anni-
hilate their intersection there (their intersection indices being —é and —1—%).
This gives rise to a hyperbolic (and smooth, as we want to get generic sec-
tions) behaviour of the zero locus that will now avoid D5 completely (right
side of the above picture). In a tubular neighbourhood of D34 the situa-
tion is described by the following picture, representing such neighbourhood
as C2.

The circle at the origin is the exceptional divisor D34 and points on it
are identified along diameters. Note that, in the second picture, we see the
hyperbolic behaviour and the fact that the green zero locus does avoid Dys.

We are now ready to prove that such averaged perturbed section is coher-
ent with the corresponding section on My 4, whose zero locus, using once
more formula (3.4), will be

1
3

Indeed, the perturbed zero locus does not intersect at all Dy, coherently
with the fact that £q5 pulls back to the trivial bundle at such divisors,
while at each of the D;; with i # 1 the situation is the same as for D3y:
two of the three branches of the multi-section of Np,,, each with weight %,
intersect it close to D34 N D15 (total index %), and similarly for Np,,, while,
close to D34 N D5, both the perturbation of %D34 and the perturbation to
%DQ{, intersect D3y (total index %) This is coherent with the above averaged
formula for si}i(O).

With the very same approach (only the combinatorics being more com-
plicated) we can trat the general case of My, constructing the analogous
perturbation to the averaged formula (3.4) for the psi-class on the Deligne—
Mumford space of curves.

5;,}1(0) (D12 + D13 + D1g).
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The same perturbation procedure of the above example can be applied
to the general case of Mj,. In particular one can proceed by induc-
tion, assuming that a coherent perturbation of the averaged multi-section
corresponding to formula (3.4) exists for the moduli spaces ﬂoyk with
k < n and proving that the perturbation can be coherently extended (as
in the above example) to Mo’n+1. In order to do so, let us assume that
the point carrying the descendant is the first marked point and consider
the n possible forgetful maps m; : M07n+1 — Moyn, j =2,...,n+1
which preserve the first marked point. Our perturbed averaged section
S1,n+1 on ﬂ07n+1 is constructed by starting with the superimposition of
the n possible comparison lemmas (3.1), each with weight %, whose zero
locus is

57100 = S 2 (1L (0) + Diy)

and then perturbing the divisors of zeros D; j away from themselves (using
as in the example above the fact that the normal bundle to D ; inside
Mo’n+1 agrees with 77;‘ L1, to compensate any self-intersection of D1 ; with
an intersection of D; ; with Wj_l(fél_}l(O))) to obtain 51 y,41.

Checking coherence on Mo,nﬂ of such perturbed section 81 5,41 is a some-
what involved combinatorial matter: one needs, in particular, to notice that
the intersection of 517; +1(0) with each irreducible component of the bound-

ary divisor D7y C Mo i1, 1 € I (with D5y =~ ﬂo,m X M0,|J| and pro-

jections p; and ps on the two factors) gets a contribution of %pfl(siﬂl‘ 0))

from the comparison lemma relative to forgetting each point in j € J
[]—1
n

relative to forgetting each point in j € I with j # 1. This sums up to
%pfl(sib'm)) = p1_1(31_,|11\(0)) as desired.

In order to prove Theorem 3.3 we will make three different choices of
special coherent collections of sections on the space of maps. Indeed, for
equation (2,0), the idea is not remembering any marked point, but only
averaging with respect to the possible choices of two punctures. In this
case we can choose an averaged coherent collection of multi-sections on the
Deligne-Mumford moduli space of curves with ||+ |I'~|+ 1 marked points
(using the perturbation technique of Example 3.5, where we are keeping all
the punctures and the ith marked point, carrying the psi-class), and then use
equations (3.3) and (3.2) to go to the space of maps Mo, 4(I'",I'~). This
coherent collection is evidently symmetric, with respect to permutations of
marked points and punctures separately. Its zero locus, in the moduli space

and a contribution of

pl_l(sl_‘lll(O)) from from the comparison lemma
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Mo a(TT,T7), has the form

P(P-1) Py(Py—1)
9 S rrer-(0) = L ;{ } 9 D rt rrart,ry)
iel, IUJ={1,...,r
rfury=r+
IyUr, =0
Po=Irf |+I07 |

where P = [I'"|+ || and Dot v ry) refers to a codimension 2 locus
in the tubular neighbourhood of two-components curves joint at a node or
puncture (hence nodal or two-level) where marked points and punctures
split on each component as indicated by the subscript. The combinatorial
factor on the left-hand side accounts for the possible ways of choosing two
punctures to be remembered out of P, while the one on the right-hand
side accounts for the number of ways a term of the form D(I,FT,FIIJ,FQL,F{)

appears in the described averaging construction.

As a second possible choice we will start from an averaged coherent col-
lection of multi-sections on the Deligne-Mumford moduli space of curves
with |[TF] + |I'7| + 2 marked points (like in Example 3.5 where, again, we
keep all the punctures, the ¢th marked point carrying the psi-class, but also
another marked point). There are exactly r — 1 different forgetful projec-
tions from the space My, 4(I'",I'7) to such ﬂmpﬂﬂp—‘”, corresponding
to the numbering of the extra remembered marked point (excluding the ith,
which is also always remembered). In order to obtain a coherent collection
on MOJ,A(FJF,F_) which is also symmetric with respect to permutations
of the marked points we need to use the pull-back construction of equa-
tions (3.3) and (3.1) (the last one reiterated r — 2 times), but also average
among the r — 1 different projections. After some easy combinatorics, its
zero locus has the form

P(P+1) _
-y e 0=

P2(P2 + 1) PQ(PQ — 1)
Z [W 2 +(n—1) 2 BDarfryiarsr)
iel, IuJ={1,...,r}
Hl=r1, |J]=r2
rfurf=r+
ryury =r-
Py=|T5[+|Ty |

Finally, as a last choice, we start from the moduli space of curves with
IT*| + |T~| 4+ 3 marked points, so that we are keeping, after forgetting the
map, two extra marked points (besides the ith). This time there will be

exactly % forgetful maps from ﬂo,r,A (T, T7) to ﬂmpﬂﬂp 1+3
corresponding to the numbering of the two extra remembered marked points.
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The pull-back construction of equations (3.3) and (3.1) (the last one reiter-
ated r — 3 times) needs then to be averaged among these possible choices in
order to be symmetric with respect to permutations of marked points. This
time the averaging combinatorics gives

(r=1)(r—=2)(P+2)(P+ 1)371

9 9 i,r, 0+, I~ (O)
ro(rg — 1) (Po+2)(Pe+ 1 Py (P +1
_ 3 2(re — 1) (P2 +2)(P )+T2(T1_1) 2 (P +1)
. 2 2 2
iel, IUJ={1,...,r}
[I|=r1, |J]=r2
rfurf=r+
Iy ur, =T~
Py=|T3 |+ |
(7“1 — 1)(7“1 — 2) P2(P2 — 1)
+ 5 5 D1 i r1arsry)-

Such three different choices of multi-sections can also be superimposed
(always in the sense of branched manifolds and multi-sections) to form fur-
ther multi-sections which are, of course, still coherent. In particular, by
taking respectively the first one, % times the second one minus %(r —1) the
first one, and 3 times the third one minus 3(r — 2) times the second one
plus the (r — 1)(r — 2) times the first one, we get multi-sections whose zero

loci have the form

PP—-1) _,4 (0):ZP2(P2_1) D

5 Sip D+ - 9 (Iry ry|Jaryry)
-1
(3.5) (r—1)P i w0+ - (0) = Z ol D(LFTIIIJI?FE)’
(r=1(r-2) ra(rz — 1)
" Siarer- (0= 5" Dty arg )

To complete the proof of Theorem 3.3 we just need to notice that the
limit procedure taking the perturbed sections s;, of L;, back to their
original non-generic limit s;, corresponds, via equation (3.3) for the loci
D( JRE P! appearing above to select, in the space of maps relevant
for cylindrical non-equivariant contact homology, either nodal configurations
(and this is obvious), or two-level ones (i.e., where the two smooth compo-
nents are connected by a puncture instead of a node). Since the two-level
curves are of codimension one and not two in the space of maps (indeed this
extra dimension remembers the information on the angular coordinate used
for the gluing at the connecting puncture), we need to correct this error
by fixing the decoration, i.e., the identification of the tangent planes at the
connecting puncture, a priori as follows.

Since each of the two cylinders connected by the puncture carries one
(or two in the case of (0,2)) of the remembered additional marked points,
the position of these additional marked points can be used to fix unique
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Sl-coordinates and hence asymptotic markers on each of the two cylinders,
which in turn defines a natural decoration by simply requiring that the two
asymptotic markers are identified. Note that this turns the additional mark-
ers used for fixing the S'-coordinates automatically into additional marked
points constrained to R x{0}. The following picture illustrate such phenom-
enon for the case relevant to equation (1,1): the red puncture and marked
point are those we are remembering, the black marked point is the one car-
rying the psi-class, whose power is specified by the index (i or ¢ — 1), the
dashed line represents R x{0} and the green arrow indicates the matching
condition between the two dashed lines (notice that, for simplicity, we are
not explicitly drawing any other marked point, which would correspond to
having N = 1). This is a pictorial representation of each term in equation
(1,1) once we divide each side by 2. The (0,2) case is completely similar,
only involving averaging between the two possible choices of marked point
to be constrained to R x{0}.

- >
— =
—
- -
- -
_ ;+ G“
- D -

We are only left with translating the three above equations (3.5) for
the zero loci back into our generating functions language for the potential
(recall the definition of the non equivariant cylindrical homology differen-
tial). There, considering that the number of punctures is always 2 in cylin-
drical contact homology, we see that, for each of the three formulae (3.5),
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the averaging combinatorial coefficients are absorbed in the right way to give
rise to each of the three equations in the statement of Theorem 3.3. In partic-
ular, we put P =2, P, = 0,2 for nodal configurations (recall the absence of
holomorphic planes), P, = 1 for two-level configurations (this in particular
kills the two-level term in equation (2,0), since the corresponding first equa-
tion in (3.5) contains the factor Py — 1). Moreover we use the operators N
to account for the number of marked points on the appropriate component
when the limit of D(LFT,FIIJ,F;FQ_)’ on the right hand side of formulae (3.5),

corresponds to a nodal map, while we use N to further constrain one of the
marked points to R x{0} when the limit of D(I,FT,FIIJ,F;FQ_) corresponds
to a two-level map, as described above.

4. Applications

In this final section we want to apply the topological recursion result for non-
equivariant cylindrical homology to (equivariant) cylindrical homology. As
an important result we show that, as in rational Gromov-Witten theory, all
descendant invariants can be computed from primary invariants, i.e., those
without descendants. Furthermore we will prove that the topological recur-
sion relations imply that one can define an action of the quantum cohomol-
ogy ring QH*(V') of the target manifold (defined using the Gromov—Witten
potential f of V introduced above) on the non-equivariant cylindrical homol-
ogy HCMom-S 1(V) by counting holomorphic cylinders with one constrained
marked point.

4.1. Topological recursion in cylindrical homology. Since the chain
space for non-equivariant cylindrical homology splits, C°™ St =C, @ C.,
it follows that the linear maps on the chain space, obtained by differenti-
ating the differential of non-equivariant cylindrical homology with respect
to t®P- or t*P-variables, can be restricted to linear maps between C, and
C., respectively. On the other hand, since each of the spaces C, and C, is
just a copy of the chain space for (equlvarlant) cylindrical homology, with
degree shifted by one for the second space, C,, = Cy, C, = C, [1] = Cit1, we
can translate the linear maps from non-equivariant cylindrical homology to
(equivariant) cylindrical homology as follows.

While the restricted linear maps 8(%1,) : C'* — C** and 8(%73) Oy —
C, indeed agree with the linear maps 8(0%,) : Cy — C, from cylindrical
homology as defined in subsection 2.6, note that one can now introduce new
linear maps 4,y : Cx — Cy on cylindrical homology by requiring that they
agree with the linear maps 8(5[7],) : C’* — C* (and hence 6((14,) - C, — C'*)
from non-equivariant cylindrical homology.
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On the other hand, although the topological recursion relations we proved
for the non-equivariant case are useful to compute the linear maps 94 ) on

H(Cron-$ 1, the goal of topological recursion in cylindrical contact homology
(as in rational SFT) is to compute the linear maps Jqp) : HCx — HC..
In order to apply our results of the non-equivariant case to the equivariant
case, we make use of the fact that (apart from the mentioned equivalence
with O(q p) C. — C, and I ap) C. — C,) the linear map Iap) : Cx — Cy
also agrees with the restricted linear map 94,y : C, — C..

In order to see this, observe that, while in the case of 9, ) : C, — C,
(or O(a,p) : : Cy — C,) the free S'-coordinate on the cylinder is fixed by the
critical pomt on the negative (or positive) closed Reeb orbit, in the case
of Oup : C, — C, the free S'-coordinate on the cylinder is fixed by the
additional marked point (and thereby turning it into a constrained marked
point).

With this we can prove the following corollary about topological recursion
in (equivariant) cylindrical homology.

Corollary 4.1. For three different non-generic special choices of coherent
sections the following three topological recursion relations hold in (equivari-
ant) cylindrical contact homology
(2,0):

0*f

= v
a(a:l) - 6ta,i—18tun 0y

0% f 5 1 - 1
N O = mﬁ“ N9, + §[a(a,i—1)7 N Ot + 5[3(01,1—1)7 NI+
(0,2)
2f ]
(N —=1)NO(q,) = mn“ (N —=1)NOy + [0(a,i—1), (N = 1)NOI]+

+ [Oa,i-1), (N = 1)NO] 1.

Proof. While the relation (2,0) is immediately follows by 1dent1fy1ng the
linear map 8(a7p) : Cy — C, with the restricted linear map 8(a,p) C — C*,
for the relations (1,1) and (0,2) it suffices to observe that

(Oai1y o NO: Gy — CL) = (0a,i-1y : Cx — C.) o (N9 : Cy — Cy)
+ (0(ai-1) 1 Co = C) o (N9 : C — C.)
= (O(ayi—1) : Csx — Cy) 0 o (NO:C, — C,)
+ (O(ai—1) : Cx = Ci) o (N0 : Ci — C\).
O
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While it follows that the second and the third topological recursion rela-
tion involve the linear maps 04, : Cx — C defined using non-equivariant
contact homology and hence leave the frame of standard (equivariant) cylin-
drical homology, it is notable that the first topological recursion relation
(2,0) indeed has the following important consequence.

Corollary 4.2. All linear maps Oyop) : HC (V) — HCW(V') on cylindri-
cal homology involving gravitational descendants can be computed from the
linear maps 0y : HC.(V) — HC(V) with no gravitational descendants
and the primary rational Gromov—Witten potential of the underlying stable
Hamiltonian manifold, i.e., again involving no gravitational descendants.

Proof. For the proof it suffices to observe that after applying the topolog-
ical recursion relation (2,0) the marked point with the descendant sits on
the attached sphere, so that the linear maps with descendants can indeed
be computed from the linear maps without descendants and the rational
Gromov—Witten potential of the target manifold with gravitational descen-
dants. Together with the standard result of rational Gromov—Witten the-
ory (generalized in the obvious way from symplectic manifolds to stable
Hamiltonian manifolds without holomorphic planes) that the full descendant
potential can be computed from the primary potential involving no descen-
dants using the above mentioned topological recursion relations together
with the divisor (to add more marked points on non-constant spheres),
string and dilaton (for the case of constant spheres) equations, it follows the
remarkable result that also in cylindrical homology the descendant invari-
ants are determined by the primary invariants, that is, if we additionally
include the primary Gromov—Witten potential. O

Remark 4.3. Note that the first topological relation actually descends to
homology, i.e., it holds for J, ;) and 0, viewed as linear maps on cylindri-
cal homology HC,(V'). In particular, while on the chain level all topologi-
cal recursion relations only hold true for (three different) special choices of
coherent sections, after passing to homology the first relation (2,0) holds for
all coherent sections.

As we already remarked, it follows from the maximum principle that
the Gromov—Witten potential of a contact manifold simply agrees with the
Gromov—Witten potential of a point. Since in this case it follows from dimen-
sional reasons that after setting all ¢-variables to zero we have

% f
G- 1ggn =0
we have the following important vanishing result for contact manifolds.

For the rest of this subsection as well as the next one we will restrict
ourselves to the case where all formal ¢-variables are set to zero.

=0, i>0,
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Following the notation in [F2,FR] let us denote by HC?(V) = H(C?,d)
the cylindrical homology without additional marked points and hence with-
out t-variables, which is obtained from the big cylindrical homology com-
plex HC.(V) = H(C\,0) by setting all t-variables to zero. In the same way,
let us introduce the corresponding linear map 8(1a7p) cHCY(V) — HCY(V)
obtained again by setting ¢ = 0 and which now counts holomorphic cylinders
with just one additional marked point (and descendants).

Corollary 4.4. In the case when V is a contact manifold, after setting
all t-variables to zero, the corresponding descendant linear maps 8(1a 0

HCY(V) — HCY(V), p> 0 are zero.

While this result shows that counting holomorphic cylinders with one
additional marked point and gravitational descendants is not very interest-
ing in the case of contact manifolds, it is clear from our ongoing work on
topological recursion in full rational SFT that the arguments used above
do not apply to the sequence of commuting Hamiltonians h%a’p) of rational
SF'T, which in the Floer case lead to the integrable hierarchies of Gromov—
Witten theory. More precisely, we expect that the corresponding recursive
procedure involves primary invariants belonging to a non-equivariant version
of rational SF'T.

4.2. Action of quantum cohomology on non-equivariant cylindrical
homology. As we already mentioned in Subsection 2.1, in [PSS] Piunikhin—
Salamon—Schwarz defined an action of the quantum cohomology ring of
the underlying symplectic manifold on the Floer (co)homology groups by
counting Floer cylinders with one additional marked point constrained to
R x{0} C R xS Note that for this the authors also needed to show that
the concatenation of two maps on Floer cohomology corresponds to the ring
multiplication in quantum cohomology.

While in [PSS] this result was proven by establishing appropriate com-
pactness and gluing theorems for all appearing moduli spaces, in this final
subsection we want to show how our topological recursion relation (1,1)
together with the relation (2,0) can be used to define a corresponding action
of the quantum cohomology (defined using the Gromov—Witten potential
introduced above) on the non-equivariant cylindrical contact homology of a
stable Hamiltonian manifold after setting all ¢-variables to zero.

In the same way as for closed symplectic manifolds we define the quan-
tum cohomology QH*(V') of the stable Hamiltonian manifold V as the vec-
tor space freely generated by formal variables t* = t*0, with coefficients
which are Laurent series in the z,-variables. Note that, as vector spaces,
the only difference to the usual cohomology groups H*(V') again lies in the
different choice of coefficients. On the other hand, while for general stable
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Hamiltonian manifolds the quantum product defined using the Gromov—
Witten three-point invariants is different from the usual product structure
of H*(V'), note that for contact manifolds we have QH* (V') = H*(V') (with
the appropriate choice of coefficients) as in this case the Gromov-Witten
potential of V' agrees with that of a point. Recalling that the linear maps

ot = 6(16[70) actually descend to maps on non-equivariant cylindrical homol-

ogy HC? non-5* (V'), we prove the following
Corollary 4.5. The map
QH™(V)® HCY"™S' (V) — HOX™" S (V). (1°,4y) = 04(d,).
(%, dy) = 04(dy),
defines an action of the quantum cohomology ring QH*(V') on the non-
equivariant cylindrical homology HCOmoS! (V) (after setting all t =0).

Proof. Tt follows from our topological recursion relations (2,0) and (1,1)
for non-equivariant cylindrical contact homology that, after setting all
t-variables to zero, we indeed have the following two non-averaged topo-
logical recursion relations,

0% f 3 f
2 _ v a2 v al
8(5‘ai)7(/37j) - ata,iflat,un# aﬁv(@j) + 6ta,iflatﬁ,jatun‘u af”
0% f

1

05 (8.) + 51001 g )+
While the first equation follows from differentiating the recursion relation
(2,0) with respect to the formal variable %7, the second equation follows
from the recursion relation (1,1) by first setting all ¢-variables except t%7
to zero.

Ignoring invariance problems for the moment, the desired result follows by
comparing both equations. Since the left-hand side and the first summand
on the right-hand side of both equations agree, it follows that

2 —
6(d7i)v(ﬁ:j) - ata,i—latun

N M N S

9 P(ani=1)2 ¥ (3,51 ata,z—latﬂaatun v

On the other hand, since [8(16[’1;1),6(167],)]_ = 0 on homology, and using
the natural relation between the commutator and its corresponding anti-
commutator, %[8(1d7i_1),8(13,j)]+ + %[8(16671._1),8(18’3.)]_ = 8(16“1»_1) o (9(1573.),
it follows that after passing to homology we have

1 1 0% £
8(0@1’—1) © a(B,j) = Ot 1980 ot
so that the desired result follows after setting ¢ = 1 and j = 0.
We want emphasize that the above identity in general does not hold on
the chain level, but only holds after passing to homology. Note that this is

"o,

2
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already known from [PSS]. While in their proof a chain homotopy adds an
exact term to the above identity, in our proof this follows from the fact that
the relations (2,0) and (1,1) only hold for two different (special) coherent
collections of sections, i.e., they do not hold true simultaneously on the chain
level. While the above identity should hold after passing to homology, note
that the invariance problem cannot be resolved as for the topological recur-
sion relation (2,0) by simply passing to homology, since the two equations
with which we started involve linear maps counting holomorphic cylinders
with more than one additional marked point.

In order to show that the desired composition rule still holds after passing
to homology, we make use of the fact that we can choose nice coherent
collections of sections interpolating between the two special coherent sections
(in the sense of Subsection 1.3) as follows. Since it follows from the proof of
the main theorem in Subsection 2.4 that our special coherent collections of
sections are indeed pulled back from the moduli space of curves to the moduli
space of maps (we can ignore the bubbles that we added afterwards here),
we do not need to consider arbitrary interpolating coherent sections but
only those which are again pull-backs of coherent sections on the underlying
moduli space of curves. Since in the moduli space of curves (in contrast
to the moduli space of maps) the strata of singular curves (maps) are of
codimension at least two, we can further choose the homotopy such that it
avoids all singular strata, so that all underlying curves in the homotopy are
indeed smooth. Since we excluded holomorphic planes throughout the paper,
it follows that the only singular maps that appear during the interpolation
process are holomorphic maps where a cylinder without additional marked
points splits off. But this implies that the difference between the two different
special coherent collections of sections is indeed exact, so that the above
equation indeed holds after passing to homology. g

While in the same way we can give an alternative proof of the result
of Piunikhin—Salamon—Schwarz by using our topological recursion relations
(1,1) and (2,0) in symplectic Floer theory of Subsection 2.1, in contrast
note that in (equivariant) cylindrical homology, due to the differences in
the topological recursion formulas in this case, neither 9} nor 9} defines an
action of quantum cohomology on (equivariant) cylindrical homology.

Finally, using the isomorphism of Bourgeois—Oancea in [BO], we show
how the latter result also establishes an action of the cohomology ring on
the symplectic homology, and thereby generalizes the result of [PSS] in the
obvious way from closed manifolds to compact manifolds X with contact
boundary X = V. For the proof we assume that there not only no holo-
morphic planes in (R x)V, but also no holomorphic planes in the filling X.
Furthermore we assume that all ¢-variables are set to zero without explicitly
mentioning it again.
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Corollary 4.6. Using the isomorphism between non-equivariant cylindrical
homology and positive symplectic homology in [BOJ, our result defines an
action of the cohomology ring H*(X) on (full) symplectic homology SH2(X)
(att=0).

Proof. Since we assume that there are no holomorphic planes in the fill-
ing X, it further follows from the computation of the differential in sym-
plectic homology by Bourgeois and Oancea in [BO] that the symplectic
homology is given by the direct sum, SHY(X) = SHY T (X) @ HImX—*(X).
While the action of H*(V') on non-equivariant cylindrical contact homology
HCE’HOH'SI(V) established above defines an action of H*(X) on SHY T (X)
1
using the isomorphism HCY""* (V) =~ SH>" (X ) and the natural map
H*(X) — H*(V) defined by the inclusion V' — X, together with the natu-
ral action of H*(X) on itself we get the desired result. O

Of course, we expect that this action agrees with the action of H*(X) on
SH?(X) defined using the action on the Floer homology groups FH?(H)
for admissible Hamiltonians and taking the direct limit, after generalizing
the result in [PSS] from closed symplectic manifolds to compact symplectic
manifolds with contact boundary in the obvious way.

Example 4.7. Using the natural map H*(Q) — H*(T*Q) given by the
projection, note that in the cotangent bundle case X = T*Q this defines
an action of H*(Q) on SH?(T*Q), which by [AS, SW] is isomorphic to
H,(AQ), where AQ denotes the loop space of Q. Introducing additional
marked points on the cylinders in the proofs of Abbondandolo—Schwarz and
Salamon—Weber, we expect that it can be shown that this action agrees with
the natural action of H*(Q) on H,(AQ) given by the cap product and the
base point map AQ — Q.

On the other hand, as mentioned above, in the equivariant setting we do
not expect to find a natural action of H*(Q) on (equivariant) cylindrical
homology HC?(S*Q), which by [CL] is isomorphic to the S'-equivariant
singular homology HS' (AQ, Q). But this fits with the well-known fact that
there is no natural action of the cohomology (H*(Q) —)H*(AQ) on relative
S1-equivariant homology HS' (AQ, Q).

4.3. Example: cylindrical homology in the Floer case. We end this
paper by discussing briefly the important Floer case of SF'T, which was
worked out in the paper [F1] of the first author, including the necessary
transversality proof. Here V = S x M is equipped with a stable Hamiltonian
structure (w = w+dH Adt, \ = dt) for some time-dependent Hamiltonian
H :S'x M — R on a closed symplectic manifold M = (M, w). It follows
that the Reeb vector field is given by RY = 9; + X!, so that in particular
every one-periodic closed Reeb orbit is a periodic orbit of the time-dependent
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Hamiltonian H. More precisely, it can be shown, see [F1], that the chain
complex of equivariant cylindrical contact homology naturally splits into
subcomplexes generated by Reeb orbits of a fixed integer period and that
the equivariant cylindrical homology generated by Reeb orbits of period one
agrees with the standard symplectic Floer homology for the time-dependent
Hamiltonian H : S' x M — R. In order to see that the differentials indeed
agree, one uses that the holomorphic map from the cylinder to R xV splits,
@ = (h,u) : RxS! — (RxS') x M, where the map h : RxS! — R xS?
is just the identity (up to automorphisms of the domain). Note that in
the Morse-Bott limit H = 0 one arrives in the trivial circle bundle case
and just gets back the relation between SF'T and Gromov—Witten theory
from [EGH].We now show the following important

Proposition 4.8. In the Floer case the topological recursion relations for
equivariant cylindrical homology reproduce the topological recursion relations
for symplectic Floer homology from section three. In particular, by pass-
ing to the Morse—Bott limit H = 0, they reproduce the standard topological
recursion relations of Gromov—Witten theory. Furthermore, the action of the
quantum cohomology on the non-equivariant cylindrical homology splits and
agrees with the action of quantum cohomology on symplectic Floer homology
defined in [PSS].

Proof. In the same way as it follows from the fact that the map h : R xS' —
R x S! is just the identity (up to automorphisms of the domain) that the dif-
ferentials 0 in equivariant cylindrical homology and symplectic Floer homol-
ogy naturally agree, it follows that the linear maps 05 for a € H*(M)
introduced in symplectic Floer homology in section three and in equivariant
cylindrical homology (using the corresponding map in non-equivariant cylin-
drical homology) agree. Furthermore it follows from the same result that for
a1 =a Adt € H*(S* x M) we have

Gahp = a@m . C* — C*, aozl’p =0.

Note that the last equation follows from the fact that the S'-symmetry is
divided out twice. Again only working out the second topological recursion
relation, it then indeed follows that

(Na(dvl) : CF* - CF*) = (Na(al,i) : C* — C*)

o fS1><M my
= Grniig! NG O

1 .
+ (30 Nl €.~ )

1
+ (300Nl €.~ )
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0y H(NOy : CF, — CF)
~ oo 1o T ’
1 -
+ <2[8(d,i_1),N8]+ : CF* — CF*> 5

where we further use that by similar arguments, namely that every holomor-
phic map CP' — R xS! is constant, the Gromov-Witten potential of the
stable Hamiltonian manifold S' x M is given by the Gromov—Witten poten-
tial of the symplectic manifold M, see also the discussion at the beginning
of Subsection 2.3.

Apart from the fact that this proves the desired statement about the
topological recursion relations, note that the same equation shows that in
this special case the linear map 0y : Cy — C, indeed leads to an action of
the quantum cohomology of S* x M on the equivariant cylindrical homology,
which agrees with the one defined by [PSS] on symplectic Floer homology.
For the action of quantum cohomology QH*(S! x M) on the non-equivariant
cylindrical homology HCmon-S* (S! x M), observe that the differential of non-
equivariant cylindrical homology is indeed of diagonal form

9 = diag(8,8) : CF, & CF, — CF,® CF,

with the Floer homology differential 9 : CF, — CFj. This follows from the
fact that in this case the only off-diagonal contribution ¢ : CF, — CF, is
also zero, which as above again follows from the fact that the S'-symmetry
on the cylinder is divided out twice. Furthermore note that by the same
argument the linear map J is also of diagonal form. It follows that the
non-equivariant cylindrical homology is given as a direct sum, HCDoS f =
HF,® HF,, that the quantum cohomology acts on both factors separately

and agrees with the action defined in [PSS]. O
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