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Abstract

In this paper, we initiate the study of the Givental group action on Cohomological Field Theories in
terms of homotopical algebra. More precisely, we show that the stabilisers of Topological Field Theories
in genus O (respectively in genera O and 1) are in one-to-one correspondence with commutative homotopy
Batalin—Vilkovisky algebras (respectively wheeled commutative homotopy BV-algebras).
© 2013 Elsevier Inc. All rights reserved.

Keywords: Batalin—Vilkovisky algebra; Topological field theory; Differential operators on commutative algebras

Contents
0. INEEOQUCTION ...t eee ettt e ettt e e e et ettt e e e et eatbb e e e et eeabae e eeeeeanaans 225
L. RECOIECHOMS ettt ettt ettt e et ettt e e e et ettt e e e e e eeebbbn e e eeeeenabanneeeneens 227
1.1.  The mOduli SPACES Of CUIVES.....uuiiiiiieetiiiieeeiiie ettt e et e et e et e e e et e e eeteeeeeieeeeaennes 227
| O 1< - T TP 228
1.3.  Cohomological field theories...............ccooiiiiiiiiiiiiii e 232
| 010} 4 (51 1 (o) o PO PTT PP 233
1.5, Givental SroUP QCHOM ...cccuuniiiitiieiiii ettt ettt et e et e et e e e et e e e et e e eebaeeeananes 234

* Corresponding author.
E-mail addresses: vdots @maths.tcd.ie (V. Dotsenko), s.shadrin@uva.nl (S. Shadrin), brunov@unice.fr (B. Vallette).

0001-8708/$ - see front matter (© 2013 Elsevier Inc. All rights reserved.
doi:10.1016/§.aim.2013.01.003



V. Dotsenko et al. / Advances in Mathematics 236 (2013) 224-256 225

2. DIfferential OPETatOrS.......uiiiii ittt ettt ettt e e et et e et e eeb e eeaans 236
3. StabiliSers 1N ZENUS O .e.uuiiuniiii i et et e e et et e e et e it e e e 240
4. Stabilisers in genera 0 and 1 .........cooiiiiiiiiirii e e e 244
ACKNOWIEAZMENLS .....eiiiiiiiiiiii ittt e e e e 249
Appendix A.  Differential operator conditions and (wheeled) homotopy BV-algebras.............. 249
Appendix B.  Generalised BCOV theoTy .......ccouuiiiiiiiiiiiiiiiiiiii et 252
B.1. Motivation: classical BCOV theOoTy ..........ciiuiiiiiiiiiiiiiiii e 252
B.2.  The CONSITUCHION ...uueiiiiiiiiieee ettt e e ettt ettt e ettt s e e et eetab e e e e eeanbin e eeeeenes 254
RETEIEICES ...ttt ettt ettt e e e eeeans 255

0. Introduction

The Deligne—-Mumford—Knudsen compactifications ﬂg,n of the moduli spaces of curves with
marked points form a modular operad. This algebraic structure is defined via the mappings of
moduli spaces of curves that identify two marked points of one or two curves. This modular
operad structure passes to homology, and algebras over H, (Mg,n) are called Cohomological
Field Theories, or CohFTs for short. The notion of a CohFT was introduced by Kontsevich and
Manin in [23] in order to capture the main properties of Gromov—Witten invariants of target
varieties. Recently a new set of natural examples of CohFTs came from the quantum singularity
theory of Fan—Jarvis—Ruan—Witten [12].

Cohomological field theories also play a crucial role in the formulation of one of the versions
of the Mirror Symmetry conjecture. Namely, in [5], Bershadsky, Cecotti, Ooguri and Vafa
introduced a construction of a mirror partner (B-side) for the Gromov—Witten invariants (A-side)
of a mirror dual Calabi—Yau manifold. More precisely, they considered what is now called the
BCOV action on the Dolbeault complex of a Calabi—Yau manifold. Barannikov and Kontsevich
showed in [3] that the critical value of the BCOV action indeed provides a genus O CohFT
structure on the Dolbeault cohomology.

In the series of papers [16—18], Givental developed a particular group action on a special class
of formal power series (the “R-action”). Using this group action and some extra operators, he
proposed an explicit conjectural formula for the Gromov—Witten invariants of target varieties
with semi-simple quantum cohomology (e.g., projective spaces) in terms of the genus O data
and known Gromov—Witten invariants of a finite number of disjoint points. This conjecture was
proved by Teleman in [42] via a complete classification of semi-simple CohFTs.

The (co)homology ring of the Deligne—Mumford—Knudsen moduli space of stable curves
is an intricate subject of study. One way to approximate it is to look at the tautological rings
RH* (/Vg, ) that are defined as the subalgebras of the cohomology algebras of ﬂg, » that contain
all natural cohomology classes (like the 1r-classes and the «-classes). In fact, using the Poincaré
duality, one can define a structure of a modular operad on the collection of the cohomology
algebras {H '(ﬂg,n)} of the moduli spaces ﬂg,n. Then the collection {RH ’(ﬂg,r,)} can be
defined as the collection of the minimal system of subalgebras of H*® (Mg,n) that forms a modular
suboperad of H ’(ﬂg,n). In genus 0, the tautological ring coincides with the full cohomology
ring: RH*(My ) = H*(Mo.n).

In [11], Faber, the second author and Zvonkine proved that the Givental group acts on
representations of the modular operad RH '(/Vg,n) of a given dimension. Later Kazarian [21]
and Teleman [42] observed that there is a way to describe the Givental group action as an action
on CohFTs of a given dimension, that is, representations of the modular operad { H, (Hg, .
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In the recent preprint [9], Drummond-Cole and the third author described, in terms of
the Homotopy Transfer Theorem, or HTT for short, how the underlying homology groups
of some differential graded Batalin—Vilkovisky algebras can be endowed with a natural
Frobenius manifold structure. In general, the HTT produces homotopy BV-algebra structures
on homology. But, it is proved in [9] that the transferred homotopy BV-algebra gives rise
to a Frobenius manifold when the induced operator A and its higher homotopies vanish. (In
our definitions, a Frobenius manifold is just a genus O CohFT structure.) This generalises
the Barannikov—Kontsevich Frobenius manifold structure and it provides higher homotopical
invariants which allow one to reconstruct the homotopy type of the original dg BV-algebra, for
instance the Dolbeault complex.

The latter result hints at a certain role played by homotopy BV-algebras in the context of the
Mirror Symmetry conjecture and the Givental group action. The present paper initiates the study
of Givental group action in terms of homotopy BV-algebras, as follows.

In genus 0, on the one hand, we restrict ourselves to topological field theories, or TFT
for short, which are cohomological field theories concentrated in degree 0. A genus 0 TFT
is equivalent to a commutative algebra structure. On the other hand, we restrict ourselves to
commutative BV 4 -algebras, which are BV y,-algebras where many higher operations vanish, so
that only the commutative product and a sequence of differential operators D; of order at most /,
[ > 1, remain. Theorem 1 states that the data of a commutative BV o-algebra structure on a TFT
is equivalent to the data of an element of the Lie algebra of the Givental group which preserves
the given TFT.

In genera 0 and 1, on the one hand, we restrict ourselves to genera O and 1 TFTs. This algebraic
structure is equivalent to a commutative algebra equipped with a compatible trace. On the other
hand, we restrict ourselves to wheeled commutative BV y-algebras, which are generalisations
of the notion of commutative BV y,-algebras, but equipped with a coherent trace. Theorem 2
states that the data of a wheeled commutative BV 4-algebra structure on a genera O and 1 TFT is
equivalent to the data of an element of the Givental group which preserves the given TFT. This
theorem partly relies on a recent proof [38] of the Gorenstein conjecture for moduli spaces in
genus 1 [20,36].

An algebra over a modular operad has to be equipped with a scalar product and is, therefore,
finite dimensional. To get rid of the dimension assumption, we recall that algebras over an operad
or over a wheeled operad do not have to be finite dimensional, and consider, respectively, the
operad {H, (ﬂo,n)} and the wheeled operad { H, (ﬂfl,n)} associated to the modular operad of
cohomology algebras { H, (M& n)}. It is worth mentioning that the main result of [9] relies on the
Koszul duality of the two operads { H, (Mo, n)} and {He (M )}. The Koszul duality for the pair
of wheeled operads {H, (ﬂfl,n)} and {He(M<1 ,)}, as well as the Koszul duality for the pair
of (wheeled) properads {H, (/Wg,n)} and {H,(Mg )} are interesting open questions. In higher
genera, the study of the precise relationship between the full action on the Givental group on a
general CohFT with homotopy BV-algebras is yet to be finished. This will be the subject of a
future work.

The paper is organised as follows. In Section 1, we have accumulated all the necessary
background information on the intersection theory for moduli spaces of curves, on operads and
the Givental group action. In Section 2, we recall the definition of a differential operator on a
commutative algebra, introduce a new notion of compatibility with the trace, and prove some
auxiliary results on differential operators compatible with traces in the sense of that definition.
The first theorem, in genus O, is proved in Section 3. The second theorem, in genera O and 1,
is proved in Section 4. The first appendix explains why differential operators arise naturally in
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the context of wheeled homotopy BV-algebras. The second appendix deals with a generalised
BCOV theory.

Conventions

Throughout the paper, all vector spaces, unless otherwise specified, are defined over the field
of complex numbers C. Most of our constructions implicitly assume that we work with the tensor

29 ¢

category of graded vector spaces (that is, “commutative” means “graded commutative”, “trace”
means “supertrace”, “commutator’” means ‘“‘supercommutator” etc.); for the convenience of the
reader, we write all the formulae for the elements of degree zero, keeping in mind that in general
signs will appear in formulae according to the Koszul sign rule for evaluating operations on
elements. The words “commutative algebra” always refer to a commutative associative algebra.
We use the “topologist’s notation” for finite sets, puttingn := {1, ...,n}and [n] := {0, 1, ..., n}.
For a given product ajas - - - a, of factors indexed by n, we denote by ay, for I C n, the product
of factors whose subscripts are in /.

1. Recollections

In this section, we recall only the most basic information. For more information on the
moduli spaces of curves, see the survey [43], for a detailed discussion of cohomological field
theories, correlators, and relations between them—the book [30], for information on operads—
the book [27].

1.1. The moduli spaces of curves

The moduli space of curves My , parametrises smooth complex curves of genus g with n
ordered marked points. Under the usual assumption 2g — 2 + n > 0, it is a smooth complex
orbifold of dimension 3g — 3 + n. Its Deligne-Mumford—Knudsen compactification ﬂg,n
parametrises stable curves of genus g with n ordered marked points. A stable curve is a connected
curve with a finite automorphism group whose allowed singularities are simple nodes. The space
/Vg, » 18 @ smooth compact complex orbifold of (complex) dimension 3g — 3 + n.

Let us recall three kinds of “natural mappings” that can be defined between the different
moduli spaces of curves. First, there are projections

T Mg,n—{-l —> Mg,n

that forget the last marked point. Second, the identification of the last two marked points gives
rise to the 2-to-1 mapping

o. Mg_17n+2 — MgJ[

whose image is the boundary divisor of irreducible curves with one node. Third, gluing together
two curves along their last marked points gives rise to the mapping

p- Mgl,nl-i-l ngz,nz-f—l - Mg,na g1+g =g,n+ny=n.

These mappings p produce the other irreducible boundary divisors of the compactification of
Mg n.

The Deligne—Mumford—Knudsen compactification Mg,n has a natural stratification by the
topological type of stable curves. The images of the mappings o and p give a complete
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description of strata in codimension 1. An irreducible boundary stratum of codimension k in
Mg,n is represented as an image p(S) of the product § = Hglﬂ’ll X o X Hga,na- Here p is a
composition of the k natural mappings (o and/or p) described above.

The cohomology algebras of the moduli space of curves are complicated objects, and only
limited information about them is available. However, a special system of subalgebras, called
the tautological rings, is more accessible. The system of rautological rings RH '(ﬂg,n) C
H '(ﬂg,n, C) is defined as the minimal system of subalgebras of the aforementioned
cohomology algebras that is closed under the push-forwards and the pull-backs via the natural
mappings. The cohomology classes in RH '(Mg,n) are called the tautological classes. The
elements of the tautological ring that will be of crucial importance for our computations are
the following “iyr-classes”.

Definition 1 (v/-Classes). Both the moduli space M, , and its compactification Mg,,, have n
tautological line bundles L;. The fibre of I; over a point represented by a curve C, with marked

points xi, ..., x, is equal to the cotangent line 7, C,. The cohomology class ; of ﬂg,n is
defined as the first Chern class of the line bundle LL;:
vi = c1(Ly) € H* (Mg, Q). (1.1)

Using the Poincaré duality and the push-forward on the homology, one can define the push-
forward maps 4, o4, and p, on the cohomology as follows: m, is the composite

H*(Mg n+1) = Hog—6+2n+2—0 (Mg nt1) = Hog—6+2n+2—0 (Mg n)
— H*2(M,.,), (1.2)
o« 1s the composite
H*(Mg_1n42) = Heg—1242n+4—e(Mg—1 n42) = Hog—1242n+4—e(Mg.n)
— H*"2 (M, ), (1.3)
and p, is the composite
H* (Mg, ny+1) @ H*(Mgy ny 1) = H® (Mg 11 X Mgy iny11)
— Heg,+6g1— 12421, +2ny+4—e (Mgy n+1 X Mgy nyt1)

_ g
—> Heg,+6g,—124+2n;+2ny+4—e (Mg 405 ny+np+1) = H* (Mg 4oy ny+na+1)- (1.4)

1.2. Operads

The various notions of operads encode the algebraic structures defined by various types of
operations. The toy model of operads is the endomorphism operad Endy whose components
Hom(V®", V) consist of multilinear maps defined on a given vector space. In particular, Endy (1)
is the space of all linear operators on V; we shall keep the usual notation End(V) for it, hoping
that no confusion would arise.

Definition 2 (Operad). An operad is an S-module P, that is a collection of right S,,-modules
{P(n)},en, endowed with equivariant partial compositions

oj i Pm)® Pn) > Pm+n—1), forl <i <m, (1.5)
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satisfying

(mojv)oj—14jw=poj(vojw), forl <i=<I[1=<j=<m,
(mojv)ok—14mw = (Lorw)o;v, forl <i <k <I,

forany u € P(l),v € P(m), w € P(n). An operad is required to be unital, that is equipped with
an element I € P(1) acting as a unit for the partial compositions.

Elements of an operad model operations with » inputs and one output. The partial composition
o; amounts to composing one operation at the ith input of another one, as the next figure shows.

The category of S-modules is equivalent to the category Vect®i™ of contravariant functors

from the groupoid Bij of finite sets and bijections to the category Vect of vector spaces:

S-modules = Vect®l”
(Phen  ~ PO =( P Pm) (1.6)

fin—X "

Pn) = P(=),

where in the space of coinvariants on the right-hand side the sum is over all the bijections
from n to X and where the right action of 0 € S, on (f; ) for u € P(n) is given by
(f; ) = (fo; u?%). So, from now on, we freely identify them.

Definition 3 (Modular Operad [15]). A modular operad is a graded S-module P, that is a graded
collection of right S;,-modules {Pg (1)}, »en, endowed with equivariant partial compositions

of 1 Pe(m) @ Py(n) — Poyg(m+n—2), forl<i<mandl<j<n (17
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and equivariant contractions

§ij 1 Pg(n) > Poypi(n—2), forl <i#j=<n. (1.8)

j

These structure maps are required to satisfy the following properties, for every choice of
w € Pg(X),v € Py(Y),and w € Pyr(Z):

ool ool [l oo, whenke .
l g (MOQw)o{v, when k € X,

foranyi € X, j € Y,and!/ € Z;

&ijbki L = Eriij (1.9)
for any distinct i, j, k, and / in X

Ej(u) o, v, wheni,j € X,
£ (ol v) = MOiéij(v), wheni, j €Y,
WAk E(nol v), wheni € Xandj €Y,
Eu(vol w), wheni €Y andj € X,

forany k € X,and[ €Y.

The modular endomorphism operad of a vector space V with a scalar product has the
vector space V@ as its component of genus g and arity n. It is endowed with both the partial
compositions and the contractions defined using the scalar product on V. The homology groups
H.(ﬂg,n) of the Deligne—Mumford—Knudsen moduli space of curves also form a modular
operad. In the latter case, the partial compositions are given by the pushforwards of the maps
p and the contractions are given by the pushforwards of the maps o.

The genus 0O part of a modular operad is faithfully encoded into the following operad.

Proposition 1 ([15]). Let (Py(n), olj , &ij) be a modular operad. The S-module

Pn) = Po(n + 1) = Po([n]), (1.10)
and the partial compositions o; := o? define a functor

modular operads — operads,

which sends the endomorphism modular operad V®" to the endomorphism operad Endy .

The genus 0 operad H, (Mo,n) encodes hypercommutative algebras. It contains the operad
Com = Hy(My ) encoding commutative algebras and it is Koszul dual to the genus 0 operad
He(My ); see [14].
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Definition 4 (Wheeled Operad [32]). A datum of a wheeled operad is a pair of S-modules,
{P(1, n)},en and {P(0, n)},en, endowed with equivariant partial compositions

oj : Ple,m)@P(,n) > Ple,m+n—-1), forl<i<mandO0<e <1

and equivariant wheel contractions

g . P,n) - PO,n—-1), forl<i<n.

These structure maps are required to satisfy the following properties for every choice of
uwe P X),veP(,Y),and w € P(1, Z):

noj(vojw), whenjey,

(mojv)ojw= {(/,(,Oja))ol‘ v, whenj € X,

foranyi € X;
i .
i L S.(v)oja), wheni €Y,
s vojw) = {gf(wo,- V), wheni € Z,
forany j € Y.

The paradigm of wheeled operads is the endomorphism wheeled operad made up of the
two components {Hom(V®", V)},en and {Hom(V®", Q)},en associated to a vector space V
equipped with a frace, that is a map tr : Hom(V, V) — C satisfying tr([ f, g]) = 0.

The genera 0 and 1 parts of a modular operad are faithfully encoded into the following
wheeled operad.

Proposition 2. Let (Pg(n), o{ , &ij) be a modular operad. The pair of S-modules
P(,n) :="Pon+1) =Po([n]), and PO,n):="Pi(n)= Pi(n),
the partial compositions and the wheel contractions o; = o? and &' := & define a functor

modular operads — wheeled operads,
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which sends the endomorphism modular operad V®" to the endomorphism wheeled operad
Endy.

Proof. It is straightforward to check the various axioms of a wheeled operad. Any scalar product
n of a vector space V induces a trace. Using the scalar product n, one makes the identifications

verth = Hom(V®", V) and V®" = Hom(V®", C),
which proves the last statement.  [J

Therefore, an algebra over a modular operad, that is a vector space V together with the
morphism of modular operads P — Endy, induces, under the aforementioned functor, an
algebra over the associated wheeled operad. The latter notion is more general than the former
one: as opposed to modular operads, a wheeled operad can act on infinite dimensional vector
spaces.

We conclude this section with a natural open question.

Question 1. Are the two wheeled operads, made up of the genera 0 and 1 parts of the modular
operads He(Myg ) and of He(My ), Koszul dual to one another? Are they Koszul wheeled
operads?

1.3. Cohomological field theories

Roughly speaking, a cohomological field theory on a graded vector space V is a system of
cohomology classes on the moduli spaces of curves with values in tensor powers of V compatible
with all natural mappings between the moduli spaces. Expressed formally, this means that a
cohomological field theory is a representation of the modular operad formed by the cohomology
algebras of moduli spaces of curves. Let us use the previous section to make this precise. To
conform with the usual conventions, we use cohomology classes: even though a naive translation
of what was just said suggests to think of a cohomological field theory as of a collection
of elements a, ,: Hom(H, (./\_/lg,n), V®m) we replace the dual space to the homology by the

cohomology, and let our elements belong to H '(Mg,n) ® Ven,

Definition 5 (CohFT). Given a graded vector space V with a basis {eq, ..., e;} (e plays the role
of a unit) with a scalar product 7, a cohomological field theory (CohFT) on V is defined as a
system of classes ag , € H*(M, ) ® V®" satisfying the following properties.

¢ The classes oy , is equivariant with respect to the actions of the symmetric group S, on the
labels of marked points and on the factors of V&".

¢ The pullbacks via the natural mappings o and p correspond to the pairings with n of the
factors in tensor powers corresponding to the points in the preimage of the node:

U*ag,n = (ag—l,n—i—Z, 77_1) ) (1.11)

progn = <a817n1+1 ® Uy my+1> 77_1) . (1.12)
¢ The unital conditions for the element e1:

(20,3, 1 ®ei ®ej) =n(ei, e)), (1.13)

n*ag,n = n(n—l—l) (Olg,n—}—l’ el) (1.14)
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(the superscript in 7"+ refers to the fact that we use 7 to compute the scalar product of e;
with the factor of V®" corresponding to the last marked point).

A topological field theory (TFT) is a special case of a cohomological field theory for which all
the classes «, , are of homological degree 0, that is belong to H O(Hg, 2) ® VO One can easily
show that in this case the whole system {ay ,} is determined by the class a3 € V®3 A CohFT
is a TFT if and only if g 3 determines a structure of a unital commutative Frobenius algebra on
the vector space V; see [10].

The definition of a CohFT and thus of a TFT includes an element e playing the role of a
unit of V. However, this unit is not of an operadic nature (because of the stability condition,
Mo = Q).

Throughout this paper, we shall consider possibly infinite dimensional genus O (respectively
genera 0 and 1) CohFT's without a unit as algebras over the operad (respectively wheeled operad)
associated to the modular operad H ‘(Mg,n). For practical purposes, this means that a genus 0
CohFT is encoded by a collection of classes o, = g +1 € H'(mo,nﬂ) ® Endy (n), and a
CohFT in the genera 0 and 1 is encoded by a collection of classes

dn = g nt1 € H*(Mon+1) ® Endy (n) and

Bn = a1,n € H* (M) ® Hom(V®", ©).
Observe our choice of notation: the class o, = g 41 represents an n-ary operation; it is a
cohomology class of the moduli space of curves with n 4+ 1 marked points, since we need n

inputs and one output. In the same spirit, 8, = o , represents an operation with »n inputs and no
outputs.

1.4. Correlators

Using the -classes, it is possible to extract certain numerical information from a
cohomological field theory.

Definition 6 (Correlators).Letd, ..., d, be a sequence of nonnegative integers. The correlator
(T4, - - - T4,)g,v associated to this sequence is defined by the formula

S
M

In the computations below, we shall express the correlators as particular elements of Endy
with correlators for V. = C as coefficients. The latter correlators are just numbers denoted by
(T4, - - - 1d,) ¢ For a genus zero topological field theory, it is known that

n
g [ v e Ve (1.15)
=0

g.n

(n —3)! .
(T, - Ta)o =1 dy!---dy ifdy + - +dp=n-3, (1.16)
0 otherwise.

By a standard argument, see for instance [39], the correlators contain all the information
necessary to compute the restriction of a cohomological field theory on the tautological rings
of the moduli spaces.

One of the key technical tools in our proofs will be the following relations; see for in-
stance [30].
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Proposition 3 (7Topological Recursion Relations). The following relations between the
correlators hold.

o The genus zero relations at the points i, j, k
(tay Ty Tar1 a0 = Y {Ta;10)0{T0Td, )o- (1.17)
IuJ=n
iel; jkel
& A more symmetric version of the genus zero relations at the points i, j that follows immediately
from the previous ones

(Tay Ty Tar1 - Td,)0 + (T Ty -+ Taj41 - Ta)o = D (T4, T0)0(T0Ta, )o- (1.18)

IuJ=n
iel, jeJ
¢ The genus 1 relations at the point i
(TayTay+ Tar1 - Ta,)1 = Y (T4, T0)o(T0Ta, )1
1uJ=n,
iel
1 2
+ﬁ( dlfdz"'fdi"'fdn'fo)O- (1.19)

1.5. Givental group action

In this section, we describe a part of the Givental theory of a certain group action on
CohFTs [16,18].

Definition 7 (Givental Group and Lie Algebra). Let V be a vector space with a scalar product
n as above. The group that plays the key role in Givental’s construction is the (upper triangular
group of the) group of symplectomorphisms of Laurent series with coefficients in V. It is the
group of formal power series with coefficients in the space of endomorphisms of V' consisting of
all series R(z) = Id + R1z + Ryz> + - - - satisfying R*(—z)R(z) = Id. Its Lie algebra consists
of all series r1z+r2z2+---, where r; € End(V) is symmetric for odd / and skew-symmetric for
even [ (with respect to the scalar product n).

Following [21,42], we associate to an element Z[’il r1z! as above an infinitesimal deformation
of CohFT.

Definition 8 (Givental Lie Algebra Action). The Givental Lie algebra action on cohomological
field theories takes the system of classes g, € H*(M,,,) ® V" to the system of classes

(Z?.Ot)g,n € H*(Mg ) ® V®" given by the formula

—

n
(rizl @) gn = — (ﬂ*(ag,n+l : W,l:_ll), rl(el)) + Z(a&” . lﬁ,ln) Om 1
m=1
1S il
+ —1- _
+ 5 ;(_1)1 (O'*(O(g—l,n+2 : W:H—lllfn—i—Z l), n I"l)

1 ; . . 3
+ E Z (_1)j+1 (P*(agl,lll—i-l : 1p|11|_|_1 ® Qgy,|J|+1 l,h|]J|_|_1), n 1’”l) . (1.20)

1uJ=n,
itj=1-1,
g1+82=¢
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In this formula, we assume that the points in the preimage of the node are the points labelled n+1
and n + 2 in the second sum, and the points [/ + 1 on Mg 41 714+1 and [J| + 1 on Mg, 11 7141
in the third sum.

Proposition 4 ([21,42]). The classes

o0
&g p = (exp (Z rlzl) .a) (1.21)
=1 g.n

are well-defined cohomology classes with the values in the tensor powers of V that define a
CohFT.

If one chooses to ignore the unit ey, it is possible: the exact same formulae with the summand
containing e; omitted provide a well defined Lie algebra action on CohFTs; see for example [22].
We shall be using Formula (1.20) only in the cases of genera 0 and 1 and without a unit, as
follows. To match the notation of the subsequent sections, we shall write the formula for the
action of the operator Dlzl_l, [ > 1. Note that Formula (1.20) makes sense even for / = 0, in
which case we get the usual action on the Lie algebra End(V') by the Leibniz rule.

In the case of genus 0, we have the action

—

Dzl a} = (o'}, (1.22)

and the general formula (1.20) simplifies to
n
a) = (=1)'Djoray - wé“ + Zan yllo, Dy
m=1

+ Y ED T YD1 g - ). (1.23)
IuJ=n,|1|22.
i+j=1-2
Here we assume that the output of every operadic element corresponds to the marked point x
on the curve, and that, in the last sum, the points in the preimage of the node are the point xo on
the curve with || + 1 marked points and the point x; on the curve with |J| + 2 marked points.
The operation o; in the last sum refers to using the push-forward p, on the cohomology and,
simultaneously, the composition o in the endomorphism operad. Because of our assumption
on the (skew-)symmetry of components of power series, the first summand acquires the sign
(—1)%: our translation into the operadic language requires us to identify V with its dual using
the scalar product n, so we have to replace the operator D; acting on the output by its adjoint.
After that replacement, the assumptions on the (skew-)symmetry of components of power
series do not need to be used anymore: any element of z End(V)[[z]] provides a well defined
infinitesimal deformation of a given CohFT, viewed as an algebra over the corresponding operad
[22,40].
In the case of genus 1, we have the action

—

Dz a, B} = {o/, B'}. (1.24)

The classes «,, are defined by the genus zero formula (1.23). For the S-classes, we can simplify
the general formula (1.20) to
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Br=" BV onDit Y (=D B ¥ISHDyor ey - Y1)
m=1

IuJ=n,|1|>2,
i+j=1-2
1 S~ . .
+5 D DT i@ W Wy ontr D). (1.25)
i+j=1-2

Here we assume that the points in the preimage of the node are the point xo on the curve of
genus 0 and the point x; on the curve of genus 1 in the second sum, and the points xq, X1
in the third sum. The operation o1 in the second sum refers to using the push-forward p, on
the cohomology and, simultaneously, the composition o in the wheeled endomorphism operad.
The operation &, in the last sum refers to using the push-forward o on the cohomology and,
simultaneously, the contraction &, in the endomorphism operad. As above, once we pass to
wheeled operads, we may drop the assumptions on components of power series: any element of
zEnd(V)[[z]] provides a well defined infinitesimal deformation of a given CohFT, viewed as an
algebra over the corresponding wheeled operad.

2. Differential operators

In this section, we recall the definition and the properties of differential operators on
commutative algebras, and introduce a new notion of compatibility with the trace. Several new
results are proved, both for classical differential operators and for operators compatible with the
trace.

Definition 9 (Order of an Operator [24]). Let D be a linear map on a commutative algebra V.
Let us define the Koszul bracket hierarchy

(— = ..., vl sy (2.1)
by (f )f) := D(f) and, recursively, by
Frooeon fiots fiu fir1) o
= (fio oo fimts FSie) = (S1ooos frots IO fivr = fild1s s fiots fren)P - 222)

The operator D is said to be a differential operator on V of order at most | if the bracket
(—, —, ..., _>lD+1 is identically equal to zero.

We denote by D € Diff<;(V) the set of all differential operators of order at most /, and by
Diff(V) the set of differential operators of all possible orders:

Dff(V) = |_J Diff<;(V). (2.3)
>0

The composition of differential operators makes Diff(V') an associative algebra. This algebra is
filtered by the order of operators:

Diff; (V) o Diff<;(V) C Diff<4;(V). (2.4)

There are many definitions of differential operators on commutative associative algebras
that can be found in the literature. The oldest and the most known one is probably due to
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Grothendieck [19], requiring, for an operator of order at most /, that

AP, fi- (D) fa- D) figr - (9] =0, 2.5)

where each f; - (—) stands for the operator g — f; - g. Later, other definitions have appeared;
see for example [24,1]. For algebras with a unit, and operators which annihilate the unit, all these
definitions are equivalent to each other; see [2].

It is easy to see that the above recursive definition of the Koszul hierarchy results in the
following explicit formula for the higher brackets:

(fioeeos ot 0P =Y DD - fa (2.6)

icl,
=1

From this formula, it is clear that the Koszul brackets are graded symmetric, and the condition of

being a differential operator of order at most / becomes

D(fifa-- fir = ) DD fisan 2.7)

ICl+1,
I<|I|=l
From calculus, it is well known that to compute the derivative (respectively the second
derivative) of a product of n factors, it is enough to know the derivative of each factor
(respectively the second derivative of each factor and each product of two factors):

(fife-f) = ) flfaviy 2.8)
1<i<n

Fifo f) = 3 G fois— =2 S £ v, 2.9)
1<i<j<n I<i<n

We shall need the following generalisation of these formulae for any commutative algebra and
any order of an operator.

Proposition 5. For a differential operator D of order at most [, and for everyn > 1 + 1 we
have

Ay -l ”‘1‘”')
D(fifz--- fu) = Z( 1) < .y D(f1) fu\1- (2.10)

Icn,
I=<|I|=l

Proof. Let us prove this formula by induction on n — [. For the basis of the induction, that is
n — [ = 1, Formula (2.10) coincides literally with Formula (2.7), so there is nothing to prove.
For inductive step, let us note that a differential operator of order at most / is automatically a
differential operator of order at most / + 1; therefore by the induction hypothesis,

I+1—|J| |J|>
D(fifa-- Z (—1) (l 1l D(f1) fu\J- 2.11)
1<\J\<Z+]

To show that this identity is equivalent to (2.10), let us eliminate all the terms D( f;) fu\s with

|J| =1+ 1 using (2.7). This would replace these terms by a sum of terms (—l)k_”'D(f])fQ\],

n—|1I|

and each of the latter terms will appear exactly ( 11|

) times (the number of choices of the
“new” factors in fy\ ;). Therefore, we have
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D(fifs fy= 3 (—Hi+-I (”_1_"')D(f1)fn\1

1cm <l I+ 1—11]
Sy (N Yo
+ IC;@( ) 41— (f1) a1
= Y (p (”_1_ '”)D(fz)fn\z, (2.12)
Icn,|l|<l [ =1

which is exactly what we wanted to prove. [J

The key property of higher brackets that we shall need in this paper is given by the following
proposition.

Proposition 6 ([4]). We have
Froeeos oot PO B = 3" (i BB Fie e Fi )i

1uJ=n,
[|=r>1

— (=)W CREN (D Fis e Fie it (2.13)
This formula immediately implies the well known fact that the commutator “makes the order

of differential operators drop by 17:
[Diff<x (V), Diff<; (V)] C Diff<;—1(V). (2.14)

Further in this paper, we shall need a modification of this property for commutative algebras with
traces which we shall now present.

Definition 10. A commutative algebra V' is said to be an algebra with a trace if it is equipped
with the linear functional tr: End(V) — C that vanishes on commutators: tr([A, B]) = 0 for all
A, B € End(V).

Proposition 7. A differential operator A of order at most | on a commutative algebra V with a
trace satisfies the trace identity

tr ((fl, o S (—)) =0, (2.15)
forall f1,..., fieV.
Proof. Since A is an operator of order at most [, the operator (fi,..., fi, _>f4+1 vanishes

identically. This means that

0= (fla""ﬁ—l’ ﬁ’_>24+1
= (flueeos fimts i N = (froeoos fimts I (5) = filf1s s fimr, 2 (2.16)

As a consequence, we see that

Floeeos et - () =11 () {f1s ooy fimt, =), (2.17)

so the trace in question vanishes being the trace of a commutator. [
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Informally, this result means that “the order of a differential operator drops by 1 in the
presence of the trace”. A subclass of differential operators of particular interest to us consists
of operators whose order drops unexpectedly low in the presence of the trace.

Definition 11. Let V be a commutative algebra with a trace. A differential operator A of order
at most / > 3 is said to be strongly compatible with the trace if it satisfies the trace identity

tr((fl,...,fl_l)f‘_l : (_)) —0, (2.18)
forall f1,..., fi-1 € V. Notation: A € DiffZ,(V), Diff"(V) := [ ;3 DiffZ; (V).

Note that from the defining property ( f1, ..., fi—1, f1, fi+1) IA+ | = 0 of a differential operator

one can instantly deduce ( f1, ..., fi—1, fi, fl+1);4+1f1+2 = (O forevery f;42 € V. In the presence
of traces, the corresponding conclusion is not obvious, and we shall prove it now. It will be
frequently used in our proofs in the main part of the article.

Proposition 8. Let V be a commutative algebra with a trace. Suppose that A is a differential
operator of order at most | > 3 which is strongly compatible with the trace. Then

tr (s fiots R fiv - () =0, 2.19)

tr ((fl, o SO i (—)) =0 (2.20)
forall f1, ..., fi € V. The first of these statements holds for | = 1 and | = 2 as well.

Proof. Let us prove the second statement; the first one is proved analogously to how it is done in
Proposition 7. Since A is of order at most /, we have

(Ao fimns ff - () =0

forall fi,..., fi_1, fi € V. Because of the definition of the Koszul hierarchy, we have
(e fimn - ()
=t ((fivoos fia, Sy - ) =t (Ui fias fin) £ )
— (i fieee i - 9)) @21

so since A is strongly compatible with the trace we have

(s iz fo)f fr )+t (fior(fis o oo - () =0, 222)

Recalling that Koszul brackets are symmetric in their arguments, we see that
(i iz, fo)f fi () = = (fimt (oo iz Sl O)
=t (fialfiv oo St S ()
= (/i fia finy - ), @23)
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SO

(oo froa ol fi () =0, (2.24)
which is what we need. [
Proposition 9. The subspace Diff'"(V) C Diff(V) is a Lie subalgebra.

Proof. Assume that A € Diff, (V) and B € DiffZ, (V). Let us examine the trace

<l

tr (f Froeeos feri—2)0h (—)) : (2.25)

which we rewrite, using Formula (2.13), as

> (Sl il i D e O)

1uJ=k+1-2,
l=r=1

— DS e (L fi o i i S M () (226)

The first trace vanishes for » > /41 because B is of order at most / and also for k+[—1—r > k—1
(that is, for [ > r) because A is of order at most k and is strongly compatible with the trace. The
second trace vanishes for r > k + 1 because A is of order at most k and fork+/—1—r >1—1
(that is, for k > r) because B is of order at most / and is strongly compatible with the trace. [

3. Stabilisers in genus 0

In this section, we make a very particular choice of a CohFT: we consider CohFTs in genus
zero, and moreover, we only work with TFTs, that is we assume we are given the classes

oy € H' (Mo nt1, C) ® Endy (n). 3.1)

The class oz endows V' with a structure of a graded commutative associative algebra. To simplify
the notation, we denote a>(x, y) by x - y, and by xy.

LetD=),_, D771 e End(V)[[z]] be an element of the Givental Lie algebra. It is natural
to ask when such an element preserves a given cohomological field theory.

Definition 12 (Commutative BV y,-Algebra [26]). A commutative algebra V is said to be a
commutative BV «o-algebra if it is equipped with a collection of operators D;, [ > 1, each Dy

being a differential operator of order at most / and of degree 2/ — 3, such that (lel Dl)2 =0.

Definition 13 (Chain Multicomplex [35]). A chain multicomplex is a graded vector space V
together with a system of operators D;: V, — V2,3 satisfying the condition

2
(Z Dl> —0, (3.2)

I>1
or, after separating the homogeneous components,

Z D;D; =0. (3.3)

i+j=n
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Remark 3.1. This is the kind of structure that induces spectral sequences; see for example
[27,10.3.16]. We are using the term ‘“chain multicomplex” somewhat loosely: usually chain
multicomplexes are assumed to possess additional bi-gradings which are compatible with
the degrees of the operators D;, while our chain multicomplexes look like bigraded chain
multicomplexes with respect to the grading deg(V, ,) =g — p.

We are now ready to formulate the main result of this section.

Theorem 1. Let V be a graded vector space. The Givental action of the element

D=>" D" € End(V)[[z]]
=1

preserves a given V -valued TFT in genus 0 if and only if each linear operator Dy, is a differential
operator of order at most k on the commutative algebra V.

Corollary 1. Let V be a chain multicomplex with the structure maps D;, | > 1. The Givental
action of the element D = Zl>1 D771 € End(V)[[z]] preserves a given V-valued TFT
in genus 0 if and only if the commutative algebra V equipped with the operators D; is a
commutative BV «-algebra.

—

Proof. First of all, let us note that because of the choice (3.1), the images D;z/~!.a, of the classes
o, under the action of the individual components of D are in different cohomological degrees, so
the Givental action of D preserves a TFT if and only if its components preserve it, that is

—

Diz~la, =0, forl>1. (3.4)

Note that for n < [ 4 1 these conditions are satisfied trivially for cohomological degree reasons,
since dimg ﬂo,nﬂ =n-2.

Second, we shall express our conditions via correlators: taking a sequence of nonnegative
inte&rs\do, di,...,d,withl—1+4+dyp+dy+---+d, =n—2, we can compute the intersection

of D;z/=!.a, with anzo wr‘fl"’, thus obtaining the condition on an element of Endy (n) instead.
To take care of signs in subsequent computations, we introduce the n-ary operations

di d» - d — 1
Fy (_1 S _”;do) = (-1 / Dzl - [ v (3.5)
Mo g1 m=0
Substituting elements f, ..., f, € V in such an operation, we get the system of identities
d d» --- d,
F ;do ) =0, soes Jn€V. 3.6
l(fl o f 0) A fr (3.6)
In fact, Formula (1.23) implies that
d d - d,
F : d = (T AT T D ..
l(fl froe £ 0) (Tdog+1-1Ta, *** Ta, ) oDi(f1f2 -~ fn)
n
+ (=D (tapTay  Tdti—1 a0 f1 o Di(fm) < S
m=1
+ > (=D T olTayTiTa Yo Di(f1) £ (3.7)
IuJ=n,|1>2,

itj=1-2
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Showing, for every fixed [, that the system of identities (3.6) means precisely that D; is a
differential operator of order at most / goes in several steps. First of all, we check that the identity

Fl(]?1 ]92 o ng; 0) = 0 is precisely the definition of a differential operator of order at most
[ forn = [ + 1. Second, we check that for each n > [ 4+ 1 the “most symmetric” identity
1’71(]91 ]92 o ]21. n — [ — 1) = 0 coincides with Identity (2.10). To complete the proof, we use

the genus 0 topological recursion relations to prove the remaining identities by induction.

Let us use Formula (1.16) to make the formula (3.7) more explicitinthe case d; = --- =d, =
0 (which is the case for the first two steps outlined above). Since (7,7,-2— pfg_z)o = (" ;2),
we see that

Fl(]?1 ](c)z ](cl;do):Dl(fle”‘fn)
-2 n
+(—1>’<’Z_1>Zfl--~Dz<fm>---fn
m=1

, J =1
+ D <—1)f+1(' ']. )Dz(fz)ff, (3.8)

1uJ=n,|1]22,
i=|I]-2,
Jjtdo=1J]-1

which, after putting dy) = n — [ — 1 and eliminating J from the notation, becomes

—1—17
Dififsfr= 3 (=i (” | ')Dzm)fn\z, (3.9)

Icn,|I|<l [ =11

which is Identity (2.10). Therefore the identity

0 0 - 0 .)_
F,<f1 5o fn’0>_0 (3.10)

coincides with Formula (2.7) that defines a differential operator of order at most /, and the
identities

0 o ... 0 g _
F,(f1 b gl 1)_0 (3.11)

follow from it; see Proposition 5.
It remains to complete the last step of the proof: the remaining identities follow from the
identities Fi(;, ) " J;n—1—1)=0.This will be deduced from the following lemma.

Lemma 1. We have

di+1 do --- d, dy dy --- dy
F ;do ) + F ;do+ 1
’( i B fa O) l(fl Ho )
0O d. --- d;
= (t0Ta;)oF1 ( /1 5 do)
2 twmofi (g
d,-1+---+d,f=|1|—z
di - d:
+ (TayToTa; o f1F ( /1 I 0) : (3.12)
2 st (g

dOerl'l +eetd =1]-1
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Proof. To prove this lemma, we shall examine the sum

di+1 dy --- dy dy d --- dy
F ido ) + F ido+ 1), 3.13
l( A o S °> ’<f1 froo f 0 ) -13)

having in mind the symmetrised version of the genus O topological recursion relation (1.18).
Let us split that sum into several parts, according to Formula (3.7) and to the position on the
label 1 in the summands of that formula:

((Tdo-+1=1Tdy+1 * * * Ta )0 + (Tdo1Tay =+~ Td,)0) DiCf1f2 -+ fu), (3.14)

(1) (TdoTdy+1 -+ * Tdy =+~ Ty )0 + (Tdp+1 Tdy+1—1 " Tdyy =+~ Tdy)0) Di(f1) f2 -+ [, (3.15)
n

!
(=1 Z ((Tdy Ty +1 * * Tpy+i—1 -+~ Ty )0
m=2

A+ (Tdg+1Tdy *** Tdpti—1*** Tdy)0) J1 -+ Di(fm) +++ fs (3.16)

1
> ED (it ta)olTayTiTa Yo
(LyuIui=n,|T|21,

i+j=1-2
+ (T Tay Tay )0 (Tdo+1Tj Td; )0) Di(f1f1) [ (3.17)
and
Z (=1 (i, Yo{Tay TjTay +17a, Do
(DuIuT=n, 1122,
i+j=1-2
+ (i Ta, )0 (Tap+17 T Tay )0) Di(f1) f1 7. (3.18)
Our goal now is to rewrite these sums so as to obtain directly the contributions from
0 di --- d;
(toTa;)o ki ( /1 s do) (3.19)
]E’ZCVL, ! fI f]l e f]s
d ooty =11-2
and from
di -+ d;
> (tayT0Tar)o f1F1 ( /! s O) : (3.20)
fio o T

1¢icn,
do-+dj -+, =I11-1
There are several cases where we can apply the topological recursion relation (1.18) directly.
Applying it to (3.14), (3.15), (3.16) and (3.18), we recognise the respective summands from
(3.19) and (3.20). The only part of our sum where (1.18) cannot be applied directly is (3.17),
where dyp and d; appear in different correlators. In the remaining part of the proof, we shall
concentrate on analysing that part.
Let us rewrite (3.17) using the topological recursion relation (1.18) in the forms

(TiTay 11740 = — (T 1T T o+ Y (TiT0Ta, )o{T0Td, Tay )o (3.21)
KUL=I
and
(Tdp+17jTa, )0 = —(Tao Tjr1Ta) o+ D, (TayToTa, Jo{T0T; Tay )o- (3.22)

KuL=J
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The sums on the right hand sides of (3.21) and (3.22) give most of the missing summands in
(3.19) and (3.20) respectively. The terms —(z; 4174, T4, )0 and —(74,Tj+174, )0, on the other hand,
give rise to the terms

(=) (Tiy17a, Ta, )0 (Tdy T Ta, Yo D1 (f1 1) f1 (3.23)

and

(=) (i Ta, T4, Y0 (Tay Tj+17a, Yo Di (1 £1) £ (3.24)

almost all of which can be grouped into pairs appearing with opposite signs and cancelling one
another. The two terms that remain are the first and the last one,

(=D (t0Ta, Ta; Yo (Tap T1—17a, Yo Di(f1 £1) fr (3.25)

and

(Ti—17a,Td;)0(Tdy T0Ta, Yo D (f1 1) f1 (3.26)
which are precisely the missing terms from (3.19) and (3.20) respectively. [

Using this lemma, we complete the proof by induction. Indeed, (3.12) allows us to make one
of the d;, for i > 0, smaller at the cost of either increasing d (keeping the sum do+d; +- - -+d,
fixed) or decreasing n. Since we know, for a fixed /, that the identities hold for small » and for
di =d» = --- =d, = 0 for all n, this is enough to complete the third (and the last) step of the
proof by induction. [

4. Stabilisers in genera 0 and 1

In this section, we shall explore the property of an operator to preserve a CohFT a bit further,
examining the conditions imposed by considering a TFT in genera 0 and 1. As we remarked
earlier, this corresponds to dealing with wheeled operads. Thus, we assume we are given the
classes

@y = agnr1 € H (Mo 11, C) ® Endy (n), 4.1
Bn = a1, € H* (M, C) ® Endy (n). (4.2)

Let us define a wheeled version of commutative BV 4-algebras; the reasoning behind this
definition can be recovered from homotopical calculations in Appendix A. We want to emphasise
that our definition of wheeled BV-algebras includes the Getzler relation (also known as “1/12-
axiom” for cyclic dg BV-algebras); Getzler was probably the first to have understood the
significance of that relation equation in the wheeled version of the operad BV.

Definition 14 (Wheeled Commutative BV o-Algebra). A graded commutative algebra V with
a trace 1s said to be a wheeled commutative BV -algebra if it is equipped with a collection of
operators Dy, [ > 1, making it a commutative BV y-algebra, for which, in addition, the Getzler
relation

1
Etr(Dz(fl) (=) = u(Da(f1 - () (4.3)
holds, and the operators Dy for k > 3 are strongly compatible with the trace.

We are now ready to formulate the main result of this section.
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Theorem 2. Let V be a graded vector space. The Givental action of the element

D= Z Dz~ € End(V)[[z]]
>1

preserves a given V-valued TFT in genera 0 and 1 if and only if each linear operator Dy is a
differential operator of order at most k strongly compatible with the trace on the commutative
algebra V.

Corollary 2. Let V be a chain multicomplex with structure maps D;, | > 1. The Givental
action of the element D = Zl>1 D771 e End(V)[[z]] preserves a given V-valued TFT in
genera 0 and 1 if and only if the commutative algebra 'V with a trace equipped with the operators
D; is a wheeled commutative BV x-algebra.

Proof. Let us first outline the main new feature of this proof, in comparison to the genus 0
case. Following the same strategy as for the genus O result, we shall be able to prove that the
wheeled commutative BV o -algebra constraints are satisfied if and only if the Givental action of
the element D = Zz>1 D771 e End(V)[[z]] preserves the correlators of the corresponding V -

valued TFT in genera 0 and 1. In the genus O case, the whole cohomology ring of ﬂ(), »n coincides
with the tautological ring, so preserving a TFT in genus O is equivalent to preserving all its
correlators. For the genus 1, this is not the case, and extra arguments are needed to conclude that
preserving the correlators of a TFT is sufficient for a Givental Lie algebra element to preserve that
TFT. First of all, a standard argument (see e.g. [11]) shows that the intersection of the deformed
classes defining the TFT with any tautological class is equal to zero. It remains to note that
Formula (1.20) for the Givental Lie algebra action implies that the deformations are given by
tautological classes, and the Gorenstein conjecture for the moduli spaces M],n’ n > 1120,36],
proved recently in [38], ensures that the tautological rings in genus 1 have perfect pairings, that
is, if the intersection of a given tautological class & with any other tautological class is equal to
zero, then & = 0. Therefore, it is sufficient to mimic the genus 0 approach, and to work with
correlators only.

Because the TFT data consists of degree O classes, we conclude, as in the genus 0 case, that
the Givental action of D preserves a given TFT if and only if its components preserve it, so we
examine the vanishing conditions

'), B ()} = D, {e, B} =0, forl=>1. (4.4)

Because of Theorem 1, we already know that the genus 0 conditions mean that we obtain
a commutative BV 4 -algebra structure. The genus one part of the proof begins similarly to the
proof of Theorem 1, but in fact follows largely from what we already know in genus zero. By
Proposition 7, the genus zero conditions guarantee that “in the presence of the trace, D; is of
order at most/ — 1”.

Similarly to the genus zero case, the vanishing conditions for the classes g, (/) are satisfied
trivially for n < [ — 1 for cohomological degree reasons, since dimc ﬂl,n =n.Forn>1[1-1,
we shall express our conditions via correlators. For every sequence of nonnegative integers
di,....d, withl — 1+ d; + --- +d, = n, we compute the intersection of B, (I) with
]_[21:1 t/f,f{”, thus obtaining the condition on an element of Endy (n) instead. To take care of
signs in subsequent computations, we introduce the operations with n inputs and no outputs

G, (‘ﬁ oo d") = (—1 /M Ly - T v, @.5)
Ln m=1
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Substituting elements f7, ..., f, € V in such an operation, we get the system of identities
d d - d,
G =0. 4.6
: (f 1 2o fn> (4.6

Moreover, Formula (1.25) implies that

d dy - d,
Gl(fl fr - fn>

= (=" (tay  Tapri1 - Ta, W Di(fn) - fa e (5))
m=1

+ ) DN olia ) e (DiCf) fr - (2)
TuJ=n|11=2,
i+j=1-2
1 .
+5 2 D mT oD fu e (2))). (4.7)
i+j=1-2

Examining the sum

1 .
5 2 DN oD fu - (D), (4.8)

i+j=1-2

we see that the formula in the case [ = 2 is substantially different from the case / > 2 (which
accounts for the difference between the Getzler relation and the compatibility with the trace): in
the former case, this sum is just one summand

1
—5<r§rd1 g ot (Di(fi - fu - (5))), (4.9)

while in the latter case it is an alternating sum of binomial coefficients (1.16) and therefore
vanishes. Hence we shall consider these cases separately.

Let us first consider the case [ = 2. We first examine this identity inthe case d; = --- =d, =
0 (this forcesn =1 — 1):

1
G> <](31> = (i e(D2(f1) - (—) — E(Tg)otr(Dz(fl (=)

1 1
= tr(D2(f1) - (=) — 3 tr(D2(f1 - (—))), (4.10)

so we recover the Getzler 1/12-relation.
Now we proceed with arbitrary dy, ..., d,. Formula (4.7) in this case becomes

G2<3{1 f‘z ?Z):Z<fd1"'Tdm+1"'fdn>1tr(f1---Dz(ﬁn)---fn'(—))

m=1
— > {rotaolTota, ) te(Da(f1) f1 - (=)

IuJ=n,|1|=2

1

— 5<r§rd1 g o tr(D2(fi - fu - (5)). (4.11)
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Let us rewrite the mth summand in the first sum using the genus one topological recursion
relation (1.19) at the point m, obtaining

1
(Tay Tyl - Ty )1 = 24(T§Td1 o+ Y (4T, 0)0(T0Ta )1 |- (4.12)
IuJu{m}=n

If we apply the Getzler 1/12-relation (which we already obtained examining (4.10)) to the last
term of (4.11), and group the result with the sum of the first terms of (4.12), the result cancels
because of Identities (2.15) and (2.19) (applied to the operator D; of order 2, those equations
imply that it becomes an operator of order 1 in the presence of the trace). Grouping together the
remaining terms with the same J, we see that each of the groups vanishes because of Identities
(2.15) and (2.19).

Let us now consider the case ! > 2. Ford| =dy = --- = d,, = 0 (this forcesn =1 — 1), we
have

G’(z(‘)l 192 - fl0—1>:(_l)lZl<rl_lt(l)_2>ltr(fl"'Dz(fm)--'fz—l-(—))

+ Z ( DY (- 2T(|)|) <T|J|+1TO n(Di(f) fr- (=)

IuJ=
(_ )l (_ )|J|+2
= Z WD () fiztyom - (D4 Y (DI fr - ()
M
LU P, @4.13)
= —1tr - .
>4 1 I-1);
and we obtain, up to a factor 1/24, Identity (2.18).
Let us show that all other identities Gl(’}} ‘2 o ‘;Z) = 0 follow from Identities (2.18)
and (2.20). For that, we shall prove the following lemma.
Lemma 2. We have
d dy --- d,
G
’(ﬂ fo fn>
= — (toTd;, - 1tr( 1EI- 1( v ]“;0) ~(—))
P e (g
di +-+d; —|1\+1
1 d: di. --- d:
+ (T3 T >otr( 1E1_2< Tk J";0> -(—))- (4.14)
24 1; 0 / fiv T S
dp ;=1

1
Here E;_ and E;_> denote the expressions analogous to F;_1 and F;_; respectively (as defined
by Formula (3.7)), but based on the operator D, not D;_1 and Dj;_».

Proof. Let us split (4.7) into separate parts, which we shall then treat individually. In the first
sum, we apply to the mth summand the genus one topological recursion relation (1.19) at point m,
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obtaining
1 2
(Ta) *+* Tdyti—1"" " Td, )1 = ﬂ(fdl “ Ty =2 Td, T))0
+ Y (TayTayri-270)0(T0Tag)1 | - (4.15)
AUBU{m}=n

We shall leave the sum unchanged, and only transform the first term, where we apply the
topological recursion relation (1.17) at the points m, n + 1, n + 2 to get

1 s 1 5
5 T =2 T, T0)0 = 5 > (Tag Ta,+1-370)0(T Ta, o (4.16)
KuLu{m}=n

The second sum in (4.7) has the terms with j = 0 and j > 1; we consider them separately.
The terms with j = 0 have the coefficient

- Y (momolwtahi=— Y (u-aTay)olTTash, (4.17)

IuJ=n,|11=2 AuUB=n,|A|=2

which we shall keep intact, having only renamed the summation variables, while the terms with
J = 1 are being rewritten using the genus one topological recursion relation (1.19) at the point
with label j, producing the coefficient

~ 1
(=) N witg)0 (ﬂ(fj—lfdjf(%)o + Z (TdATj—ITO>O(TOTdB>1> . (4.18)
AUB=J

In the latter formula, we do not transform the sum, but rewrite the first term (for every j > 2),
where we apply the topological recursion relation (1.17) at the first point and the last two points,
replacing it by

(—D7H! ;
g {mtado | D (T tiato)o(mTado | - (4.19)
KuL=J
For j = 1, this rewriting cannot be performed, and we keep the corresponding term, just

renaming the summation variables:

1 3 1 3
7 (T1-37a;)0({Ty Td, )0 = 7 (T1-3Tag )0 (T Tdy )o- (4.20)
Now, examining the formulae above, we observe that they can be joined into two groups, one

consisting of the terms having the common numeric coefficient i(tg 74, )0, and the other one

having the common numeric coefficient (774, )1. Examining these groups, we obtain precisely
Formula (4.14). [

Using this lemma, we complete the proof of our theorem, observing that since we already
know that in the presence of the wheel the order of differential operators drops by two, the genus
zero result guarantees that all further identities are satisfied. [J
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Appendix A. Differential operator conditions and (wheeled) homotopy BV-algebras

In this appendix, we shall explain why it is natural to expect the differential operator
conditions in the homotopy BV context.

The definition of [26] is beautiful but somewhat ad hoc; there, the story starts from an
assumption that the operator ) _, D;z!~! (defining the structure of a chain multicomplex on V/, or,
more informally, “a resolution of the relation A?> = 0”) has homogeneous components that are
differential operators of finite orders, which generally does not have to be true. The paper [13],
where a free resolution of the operad BV is obtained, gives a conceptual explanation: it is shown
there that a homotopy BV-algebra in which all higher homotopical operations except for the
unary ones vanish is a commutative BV 4 -algebra in the sense of [26].

In the wheeled case, a free resolution for BV is not readily available, so one has to
approach this problem from a different angle. The explanation below is along the lines of the
Koszul-Tate approach to minimal models [25,41]: to construct a minimal model, we resolve
cycles step by step, adding higher and higher homotopies killing the appearing new cycles.
It turns out that if we assume that all higher homotopies of arity two and more vanish,
the differential operator conditions for operators D; acting on homotopy BV-algebras appear
naturally. This informal statement is formulated precisely and proved in the remaining part of this
section.

Recall that the operad BV is made up of the algebra of dual numbers

D = T(4)/(4A%),

considered as an operad concentrated in arity 1, and the operad Com for commutative algebras as
follows. The operad BV is equal to the quotient of the coproduct (the free product) of the operad
D and the operad Com by the relation saying that A is an order 2 operator:

D v Com

BV= — .
(A order 2)

(A.1)

The cobar construction £2Di — D on the Koszul dual coalgebra Di of D is a resolution of D.
Its underlying algebra is the free algebra on a sequence of elements, also denoted {D;};>2 by a
slight abuse of notation. Its differential is given by Formula (3.3).

Theorem 3. The differential of {2 D/ induces a well defined differential on the quotient operad

2D/ v Com
(D; order 1, forl >2)

(A.2)
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If a quotient dg operad
2D/ v Com
(R)

is quasi-isomorphic to the operad BV, then the space of relations R contains the order [ relations
for the operators Dj.

(A.3)

Proof. We begin with the second part of the statement. From the definition of BV-algebras,
D, corresponds to A and therefore, it must be a second order differential operator in any the
resolutions of BV. Let us prove that D; must be a differential operator of order at most / by
induction, using [ = 2 as the basis. Let us make the inductive step; by the inductive hypothesis,

we may assume that/ > 2 and D; fori = 2, ..., [ is a differential operator of order i. Note that
because of the homological degrees Eq. (3.3) can be written in the form
> [Di.Dj]=0, (A.4)
i+j=n
SO
1 l
(D1, D] = =3 ;[Di, Dij2-i]. (A5)

Let us consider, as in Section 3, the composite of operations Fj (2 8 8; 0) but viewed

in the resolution % = BV of BV this time. It vanishes exactly when Djyp is a

differential operator of order / + 1. We compute its differential in the resolution and we
denote the result by R;4;. That amounts to replacing D;y; everywhere in that composite by
—% ZgZZ[D,-, Dj47_i]. In the absence of homotopies of arity 2 and higher up, all the differential
operators in that sum are of order at most / 4 1 because of Property (2.14), so R;+1 = 0, and the
condition for D;41 to be a differential operator of order / 4+ 1 is a cocycle. (This proves the first
statement.) Hence it has to be resolved using a homotopy of arity at least 2, and that homotopy
vanishes in the resolution by the assumption. [

In the genera O and 1 case, we work with the wheeled analogues of the aforementioned
operads. Let BV® denote the wheeled operad which encodes BV-algebras equipped with a
trace satisfying the Getzler 1/12-relation. The wheeled operads Com® and 2°Di are the
wheelification of the corresponding operads, that is wheeled versions without any more relations.

Theorem 4. The differential of {2 D/ induces a well defined differential on the quotient wheeled
operad
2° D/ v Com®
(Getzler 1/12 — relation; Dy order | & strongly compatible with the trace, forl > 2)’

(A.6)
If a quotient wheeled dg operad
N°D/IvC
L ron (A7)
(R)

is quasi-isomorphic to the wheeled operad BVO, then the space of relations R contains the
Getzler 1/12-relation, the order | relations for the operators D; and the strong compatibility
with the trace.
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Proof. For wheeled operads, the same strategy works, but instead of Property (2.14), we shall
use the notion of compatibility with the trace. Proposition 9 shows that to mimic the proof in
the operadic case, we need to deal with the basis of the induction carefully (since in wheeled
commutative BV 4 -algebras the operator D> is not strongly compatible with the trace), and deal
with the case [D;, D;] which is the only term not covered by the induction assumption. These
terms are handled by the following lemma.

Lemma 3. Let D; be a differential operator of odd degree and of order at most 2 satisfying the
Getzler 1/12-relation, and let D; be a differential operator of odd degree and of order at most |,
which is strongly compatible with the trace. Then both the operators [ Dy, D] and [ D>, D;] are
strongly compatible with the trace, as operators of order at most 3 and at most [ + 1 respectively.

Proof. We shall prove these statements simultaneously, mimicking the proof of Proposition 9.

Namely, we rewrite tr(f(f1, ..., fk),EDz’D’] -(—)) as
S (F W S B fi D )
U=,
|=r>1
+r (f((fil,...,ﬁr>?2,fjl,...,fjk_,>f+’]_r : (—)). (A.8)

The first of the summands in each of the terms of this sum vanishes for/ + 1 — » > 2 (that is for
[ — 1 > r) by Proposition 7 because D> is of order at most 2. The second one is equal to the first
one for / = 2, and for [ > 2 vanishes for r > 3 by Proposition 7 because D, is of order at most
2and for/ 4+ 1 —r > 1 — 1 (that is for 2 > r) because D; is of order at most / and is strongly
compatible with the trace. Therefore the only term that does not vanish a priori is

e (F(Ufrn POT (). (A9)

Let us prove that this term vanishes. Both the operator D, and the operator D; are of order at
most /, SO we write

> DD fing =0 (A.10)
G#ICl+1
and
> Oy fieng = 0. (A.11)
G#ICI+1

Let us apply D- to Identity (A.10), apply (—1)! D; to Identity (A.11), add the results, and compute
the traces with respect to the input f;1. Using the fact that traces vanish on commutators, it is
possible to cancel all the terms tr(Da2(D;(f7 - (—)) f7)) with the terms tr(D; (D2 (f7 - (—)) f1)).
It follows that

tr | Do Z =D"MDy () fog - (-)

D#ICL

+=Da (D[ YD DD fna - () | | =0 (A.12)

o+ICl
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The latter identity can be rewritten as
(s 7 ENP) + D (W 2 0) =0, (A13)

For [ > 2, the second term vanishes since already (f1, ..., fl)lD2 vanishes; for [ = 2, the two
terms are the same. In either case, applying the Getzler 1/12-relation, we deduce that (A.9)
vanishes. [

Now everything is ready to finish the proof of Theorem 4. From the definition of wheeled
BV-algebras, D, corresponds to A and, hence, it should be a second order differential operator
satisfying the Getzler 1/12-relation in any resolution of BV® in the absence of higher homotopies
of arity >2. From the operadic proof, we already know that each operator Dj is a differential
operator of order at most /. Let us prove that, for / > 3, these operators are strongly

compatible with the trace. We consider the composite of the operations Gl(g 9 o 9) and

G;(° ° o ') in the resolution of the wheeled operad BV®. They vanish precisely when
D; is strongly compatible with the trace. We compute their differentials in the resolution
and we denote the results by S; and 7; respectively. Computing the differential amounts to
replacing D; everywhere in that composite of operations by —% Zgzz[D,-, Djy1-i]. In the
absence of homotopies of arity 2 and higher, all the differential operators in that sum are strongly
compatible with the trace by Lemma 3, induction and Proposition 9 (and for the basis of induction
[ = 3—Dby the first part of Lemma 3), so S; = 7; = 0. (This proves the first statement.) Therefore
the condition for D; to be strongly ‘compatible with the trace is a cocycle; so it has to be
resolved using a homotopy of arity at least 2. Finally that homotopy vanishes by assumption.

This completes the proof. [J
Appendix B. Generalised BCOV theory

In this appendix, we explain a possible application of Corollaries 1 and 2.
B.1. Motivation: classical BCOV theory

BCOV theory is a way to construct cohomological field theories from a differential graded
BV-algebra, when the differential and the BV-operator satisfy the Hodge condition.
A dg BV-algebra is made up of a mixed chain complex

(A,d, ), d*=A*=dA+ Ad =0,
equipped with a compatible commutative product. Let us describe various types of Hodge
conditions that occur for this setup.
Definition 15 (Hodge Conditions).
¢ The compatibility relation
Kerd NKer AN (Imd +1Im A) =ImdA (B.1)

is called the d A-condition [7].
¢ The mixed chain complex is called semi-classical [37] if every homology class with respect
to the differential d has a representative in the kernel of A.
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& A Hodge-to-de Rham degeneration datum consists of a deformation retract

p
n( (A d) === (H(A),0), (B2)
l
such that
p(AR)"YAi =0, form > 1. (B.3)

It is easy to see that the following implications hold

(d A-condition) — (semi-classical) =—> (Hodge-to-de Rham degeneration datum) .

Theorem 5 (/9]). The underlying homology groups of a dg BV-algebra equipped with a Hodge-
to-de Rham degeneration datum is endowed with a genus 0 cohomological field theory structure
extending the induced commutative product.

This theorem was first proved under the d A-condition in [3,31]. Explicit formulae were given
in [28]. It was shown under the semi-classical hypothesis in [37]. It was finally proved, in this
most general form, in [9], using the Homotopy Transfer Theorem (HTT) for the minimal model
of the operad BV: the homology groups of a dg BV-algebra can be endowed with a skeletal
homotopy BV-algebra structure extending the induced commutative product. Moreover, in the
presence of Hodge-to-de Rham degeneration datum, the transferred operator A and its higher
homotopies vanish and one gets a homotopy genus 0 CohFT with trivial differential. Therefore,
its first stratum is a genus 0 CohFT.

The latter arguments can be applied to a commutative BV y,-algebra. The HTT says that the
transferred operators on homology are equal to

> (="' pDyhDLh .. kD (B.4)

I+ +-+l —k=n,
Il =2

Proposition 10. Let A be a commutative BV ,-algebra such that its operators {D;};>1 satisfy
the following condition with the underlying deformation retract on the homology groups:

> (="' pDyhDLh .. hDyi =0 (B.5)
I+ +-+l —k=n,
Iyl =2
In this case, the underlying homology groups are endowed with a genus O cohomological field
theory structure extending the induced commutative product.

It works like that only if we want to construct a CohFT on the operadic level; in the wheeled
operad case, we have to start with a finite dimensional wheeled BV-algebra with the Hodge
condition as an input (that is, we have to start with a finite-dimensional BV-algebra that satisfies
the Getzler relation), and in the modular operad case, we need again a finite dimensional BV-
algebra with the Hodge condition, satisfying the Getzler relation, and equipped with a scalar
product that is compatible with all the structure. The required algebraic formalism was developed
in [5,3,31,28,29,39].

The main problem of this approach in genera higher than 0 is the requirement for the input to
be finite dimensional, since the basic examples of BV-algebras with the Hodge condition [5,33]
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are infinite-dimensional. In fact, we do not know of any natural finite-dimensional example of a
wheeled BV-algebra satisfying the Hodge property.

There are different ways to resolve these kinds of problems. One of the possible approaches
is discussed in the recent preprint [6], where a renormalisation procedure is proposed. The price
for renormalisation is actually the loss of the algebraic elegancy of the BCOV theory. In the
vein of [9], one could use the HTT for the associated wheeled operad or, even better, wheeled
properad, as in [34].

Another possible strategy is to look for natural examples of a structure weaker than wheeled
BCOV theory, where the same simple algebraic formalism would give explicit formulae for the
induced CohFT. Here we explain the explicit formulae for the induced CohFT at the wheeled
operad level for the input recollected from Theorems 2 and 3. To this aim, we need an analogue
of the Hodge condition (B.3) or (B.5) but this time for wheeled commutative BV ;-algebras.

Of course, in genus 0, the formulae that we obtain must be specialisations of the HTT formulae
in [9], but, using our results one can present them in a very simple way.

B.2. The construction

We consider a wheeled commutative BV -algebra on a vector space V.
Its structure, according to Theorems 1 and 2, can be described by a V -valued TFT that consist
of classes

ap € H'(Mo.ny1, C) @ Hom(V®", V), n >3, (B.6)
and
B, € H*(Mi ,,C) ® Hom(V®",C), n>1, (B.7)
and the operators D; of order at most /, for each [ > 1, such that the series
00
D(z) = Z D71 (B.8)
I=1

satisfies D(z)% = 0, and D(z).{a, B} = 0.

Definition 16 (Gauge Hodge Condition). A wheeled commutative BV 4,-algebra V is said to
satisfy the gauge Hodge condition if there exists a series A(z) = Z?il Az in End(V)[[z]] such
that

exp(—A(z)) D1 exp(A(2)) = D(2). (B.9)
This definition relaxes the semi-classical Hodge condition: if we restrict ourselves to the
particular case D(z) = D1 + D>z, A(z) = A1z, and add the requirement A% = 0, what we

obtain is precisely the semi-classical Hodge condition (see for example [39, Remark 5.4]). It
turns out that the conditions (B.5) and (B.9) are equivalent; see [8].

Theorem 6. The following formula gives the structure of a wheeled operadic CohFT on the
cohomology H(V, D1):

exp(A@) 2. Bl (B.10)
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Proof. The proof is almost obvious. Indeed, general Givental theory implies that exp(A/(E)).
{a, B} 1s a wheeled operadic CohFT on V. Eq. (B.9) implies, after quantisation, that

Dy exp(A(z)) = exp(A(2))D. (B.11)

Therefore, exp(A/G)).{oz, B} consists of Di-closed cohomology classes, and therefore, it can
be restricted to the Dj-cohomology preserving the property of being a wheeled operadic
CohFT. 0O
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