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ABSTRACT

This paper provides an explicit cofibrant resolution of the operad encoding Batalin-
Vilkovisky algebras. Thus it defines the notion of homotopy Batalin- Vilkovisky algebras
with the required homotopy properties.

To define this resolution we extend the theory of Koszul duality to operads and prop-
erads that are defined by quadratic and linear relations. The operad encoding Batalin—
Vilkovisky algebras is shown to be Koszul in this sense. This allows us to prove a Poincaré-
Birkhoff-Witt Theorem for such an operad and to give an explicit small quasi-free reso-
lution for it.

This particular resolution enables us to describe the deformation theory and homotopy
theory of BV-algebras and of homotopy BV-algebras. We show that any topological con-
formal field theory carries a homotopy BV-algebra structure which lifts the BV-algebra
structure on homology. The same result is proved for the singular chain complex of the
double loop space of a topological space endowed with an action of the circle. We also
prove the cyclic Deligne conjecture with this cofibrant resolution of the operad BY. We
develop the general obstruction theory for algebras over the Koszul resolution of a prop-
erad and apply it to extend a conjecture of Lian—Zuckerman, showing that certain vertex
algebras have an explicit homotopy BV-algebra structure.

Introduction

The main goal of this paper is to develop the homotopy theory of Batalin-Vilkovisky algebras, BV-
algebras for short, and to apply it to algebra, topology, geometry and mathematical physics.

The “disadvantage with monoids is that they do not live in homotopy theory” said Saunders
MacLane in 1967. Given two homotopy equivalent topological spaces or chain complexes, such
that one of them is endowed with a monoid or an associative algebra structure, we may transfer the
binary product to the other in an obvious way. But this transferred product will not be associative
in general; it carries higher homotopies and the resulting structure is a homotopy associative, or
simply A, space or algebra [Sta63]. The category of A.-algebras includes the category of associa-
tive algebras and is stable under homotopy constructions. To this end, homotopy and algebra meet.

To control the combinatorics of these higher homotopies, MacLane introduced the notion of prop
[ML65] of which operads are a particular example [May72]. Operads and props are used to encode
algebraically the operations acting in certain categories. Props model multilinear operations with
many inputs and many outputs, whereas operads model multilinear operations with many inputs
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but only one output. One can do homological algebra and homotopy theory on the level of operads
themselves, and in this context there is a notion of cofibrant operad that is to operads what projec-
tive modules are to modules. It is proved that categories of algebras over cofibrant operads enjoy
good homotopy properties [BV73, BM03]. For example, the operad which encodes A.-algebras is
cofibrant.

The notion of Batalin-Vilkovisky algebra plays an important role in geometry, topology and math-
ematical physics. Unfortunately, as with associative algebras, the operad which governs them is not
cofibrant. Therefore the first question answered by this paper is that of providing an explicit cofi-
brant resolution of this operad, algebras over which are naturally called homotopy Batalin- Vilkovisky
algebras. This conceptual definition ensures that these algebras share nice homotopy properties.

To define this resolution we extend to operads the inhomogeneous Koszul duality theory for alge-
bras, after [Pri70, GK94, GJ94], and apply it to the operad BY which encodes BV-algebras. The
resulting explicit cofibrant resolution allows us to give four equivalent definitions of a homotopy
BV-algebra, each of which we make explicit for the different applications in the text. Our approach
via Koszul duality theory gives as a corollary an algebraic theorem: the Poincaré-Birkhoff-Witt
theorem for the operad BV itself.

Another natural question is that of lifting to the chain complex level an algebraic structure (such as
a BV-algebra) that is given on the homology. The above arguments show that one could hope for a
homotopy BV-algebra structure on the chain complex in general. Since we define the notion of ho-
motopy BV-algebra by a cofibrant operad, we can prove the following lifting results in mathematical
physics and in algebraic topology: any topological conformal field theory and any double loop space
of a topological space endowed with an action of the circle carry a homotopy BV-algebra structure
which lifts the BV-algebra structure of [Get94a] on homology. We also show that the cyclic Deligne
Conjecture is true with the homotopy BY operad provided here. These proofs rely on the formality
of the framed little disc operad [Sev09, GS09] and the fact that the homotopy BV operad is cofibrant.

Since the resolution we provide here for the operad BY comes from an extended Koszul duality the-
ory, we can make the deformation theory of homotopy BV-algebras explicit. We describe a dg Lie
algebra whose Maurer-Cartan elements are in one-to-one correspondence with homotopy BV-algebra
structures. Given such an element, the associated twisted dg Lie algebra defines the cohomology of
the homotopy BV-algebra. This also allows us to study the obstruction theory for homotopy BV-
algebras. In the relative case, we make explicit the obstructions to lift a homotopy Gerstenhaber
algebra structure to a homotopy BV-algebra structure. We apply the general obstruction theory to
prove an extended version of Lian-Zuckerman conjecture: any topological vertex algebra, with N-
graded conformal weight, admits a homotopy BV-algebra structure which extends Lian-Zuckerman
operations and which lifts the BV-algebra structure on homology. This homotopy BV-algebra struc-
ture is explicit, unlike in the previous applications, since the method used is different.

Using the Koszul dual cooperad of the operad encoding BV-algebras, we can develop several im-
portant constructions in homotopy theory for BV-algebras and homotopy BV-algebras: bar and
cobar constructions, co-morphisms, transfer of homotopy BV-algebras structures under chain ho-
motopy equivalences and Massey products. This allows to formulate the formality conjecture for
the Hochschild cochain in the BV case, extending Kontsevich’s result [Kon03]. Other applications
of homotopy BV-algebras are expected in String Topology [CS99], Frobenius manifolds [Man99],
Chiral algebras [BD04] and in the Geometric Langlands Program [FBZ04].
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In [Val07], we introduced the notion of properad which lies between the notions of operad and prop.
Properads faithfully encode categories of bialgebras with products and coproducts, as do props,
but they are simpler. Hence it was possible to develop a Koszul duality theory on that level, which
cannot be done for props since they lack, for the moment, the required homological constructions,
such as the bar construction.

The second part of this paper is composed of three appendices which introduce the general theories
for properads that we have applied to the operad BV in the first part. The first appendix describes
the Koszul duality theory for inhomogeneous quadratic properads, and thus operads; as a direct
corollary we prove the Poincaré-Birkhoff-Witt Theorem for Koszul properads. In the second, we
develop the homotopy theory for algebras over such a Koszul operad (bar and cobar constructions,
homotopy algebras, oco-morphisms, transfer of structure and Massey products). The third appendix
describes the deformation and obstruction theory of algebras over a Koszul properad.
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Operadic homological algebra

In this section, we recall the basic notions of homological algebra for operads such as twisting
morphisms and bar and cobar constructions. We give the four equivalent definitions of homotopy
algebras over a Koszul operad that we will use throughout the paper, one for each section.

We refer the reader to the papers [GK94, GJ94, Fre04] and to the books [MSS02, LV09] for further
details.

0.1 Conventions

Throughout the text, we work over the underlying category of differential graded modules, or chain
complexes, over a field K of characteristic 0. Because of the relationship with algebraic topology, we
use the homological degree convention: the differential maps lower the degree by 1. Hence, we work
with dg operads, dg cooperads, dg algebras and dg coalgebras, which will often be called operads,
cooperads, algebras and coalgebras. The degree of an element or map is denoted by |z|. We adopt
the usual opposite grading for the linear dual of a chain complex, (V*), := (V_,)*. Let sK denote
a copy of the field concentrated in degree 1 and let s : V — sV denote the suspension operator,
where (sV), = sK®V,_1 and s(v) =1®v.

0.2 Twisting morphisms

Let C be a dg cooperad and let Q be a dg operad. Recall from [BMO03] that the collection Hom(C, Q) :=
{Homg, (C(n), Q(n))}nen forms an operad called the convolution operad. This structure induces a
dg preLie algebra structure and hence a dg Lie algebra structure on the direct product of the
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S-equivariant maps

Homg(C, Q) = ( H Homg, (C(n), Q(n)),0, [, ])7
neN
see [KMO1].
In this convolution dg Lie algebra, we consider the Maurer-Cartan equation J(«) + %[a,a] = 0,
whose degree —1 solutions are called twisting morphisms by analogy with algebraic topology. The

set of twisting morphisms is denoted Tw(C, Q).

A cooperad C is called coaugmented when the counit map splits by a morphism of cooperads I — C
called the coaugmentation map, with cokernel denoted by C. When C is coaugmented, we require
that twisting morphisms factor through C — Q.

0.3 Bar and cobar constructions

The twisting morphisms functor, Tw : coaugm. dg coop. X dg op. — sets, is represented by the
following functors:

Q : {coaugmented dg cooperads} = {dg operads} : B

called the bar construction B and the cobar construction Q.

The cobar construction QC of a coaugmented dg cooperad (C,d¢) is defined by the free operad
F(s71C) on the homological desuspension of C. It is endowed with the derivation d = dy + d; given
by the unique derivation do which extends the partial decomposition map of the cooperad C plus
the unique derivation d; which extends the differential de of C. The bar construction BQ is defined
dually by the cofree cooperad F¢(sQ) , see [GJ94, Section 2] and [LV09, Chapter 5.

A conilpotent cooperad (C,A) is a coaugmented cooperad such that the iterated powers of the
decomposition map A minus its primitive part applied to any element eventually vanish. The bar
and cobar constructions form an adjunction between dg operads and conilpotent dg cooperads,
which is explicitly given by the set of twisting morphisms [GJ94, Theorem 2.17]

Homdg op. (Qca Q) = TW(Ca Q) = Homdg coaugm. coop. (Ca BQ) .

0.4 Homotopy algebras

When an operad P is Koszul, the cobar construction of its Koszul dual cooperad P! provides a
quasi-free resolution of P, see Appendix A.

Poo 1= QP15 P

We define homotopy P-algebras to be the algebras over the cofibrant operad Po; thus they share
nice homotopy properties [BV73, BM03]. A homotopy P-algebra structure on a dg module 4 is a
morphism of dg operads QP — End 4.

By the preceding subsection applied to C = Pi and Q = End 4, a homotopy P-algebra structure on A
is equivalently given by a twisting morphism in Tw(Pi, End 4). Recall that the free Pi-coalgebra on a
dg module A is Pi(A) := @, oy P(n)®s, A®™. Using the adjunction Homg,, (Pi(n), Hom(A®", A)) =
Hom(Pi(n) ®s, A®" A), one proves that

Homg(P!, End4) = Hom(Pi(A), A) = Coder(Pi(A)),

the space of coderivations on Pi(A). Under this isomorphism, the set of twisting morphisms Tw(Pi, Endy4)
is in one-to-one correspondence with square zero coderivations, or codifferentials, Codiff(Pi(A)) on
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Pi(A).

THEOREM 1 (Rosetta Stone [GK94, GJ94, VAL02, MV09a]). For any Koszul operad P in the sense
of Appendix A, the set of homotopy P-algebra structures on a dg module A is equal to

Homgg op. (P, End) = Tw(P!, End4) = Homgg coaugm. coop. (P, BEnd 4) = Codiff (P1(A)).

The operad BY encoding Batalin—Vilkovisky algebras is Koszul in the sense of the Appendix A. In
each section of the present paper, we make the notion of homotopy BV-algebra explicit using one
of the above equivalent definitions each time. In Section 1, we make the quasi-free resolution QBVi
explicit. In Section 2, we use the definition in terms of codifferentials on BVi(A). In Section 3, we
develop the deformation theory of homotopy BV-algebras using the Lie theoretic description with
twisting morphisms. And in Section 4, we use the last two definitions to study the homotopy theory
for homotopy BV-algebras. For instance, the third definition will be shown to provide an explicit
formula for Massey products on the homology groups of any BV-algebra or homotopy BV-algebra.

1. Resolution of the operad BY

We make a quasi-free resolution BV, of the operad BV encoding Batalin—Vilkovisky algebras ex-
plicit. An algebra over this resolution is a homotopy BV-algebra. The results of this section are an
important example of (but can be read independently from) the inhomogeneous quadratic Koszul
theory developed in Appendix A. This allows us to prove a Poincaré-Birkhoff-Witt theorem for
the operad BV itself. At the end of the section, it is shown that the genus 0 operadic part of a
topological conformal field theory, TCFT for short, is encoded in this algebraic notion of homotopy
BV-algebra.

1.1 Batalin—Vilkovisky algebras

The Koszul-Quillen sign rule says that the image under f ® g of x ® y is equal to (f ® g)(z ®
y) = (=)l f(2) @ g(y). Throughout the paper, we adopt the economical convention of denoting
multilinear operations on A as elements in the endomorphism operad End 4, that is, without making
them act on the elements of A explicitly. For instance, a binary product e is (graded) symmetric if
the permutation (12) acts trivially on it: (- ®-).(12) = - e -. This relation, applied to homogeneous
elements, gives z e y = (—1)|‘L’Hy|y .

A skew-symmetric bracket [ , | of degree 0 on the suspension sA of a space A is equivalent to a
symmetric bracket ( , ) of degree +1 on A under the formula (-,-) = s~![s(-), s(-)] because

(,).(12)=(s71,]os®s).(12) = —s ([, ].(12)os@s =51, ]os®@s = (, ),
which, applied to homogeneous elements, says
(y,x) = (_1)|y|3—1[8y7 sx] = (_1)|y\+1+(\w|+1)(\y|+1)8—1[sx’ sy] = (_1)Ix|\y|<x7y>.

DEFINITION (Batalin—Vilkovisky algebras). A Batalin- Vilkovisky algebra, or BV-algebra for short,
is a differential graded vector space (4, d4) endowed with

> a symmetric binary product e of degree 0,

> a symmetric bracket ( , ) of degree +1,

> a unary operator A of degree +1,
such that d 4 is a derivation with respect to each of them and such that

> the product e is associative,

> the bracket satisfies the Jacobi identity
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(G + (G )-(123) + ((),)-(321) = 0,

> the product e and the bracket (, ) satisfy the Leibniz relation

(-0-) = ((--) o) + (- (--)).(12),
> the operator satisfies A% = 0,

> the bracket is the obstruction to A being a derivation with respect to the product e
(+-) = Ao(e) = (AL e-) — (e A()),
> the operator A is a graded derivation with respect to the bracket
A((=-)) + (AG),-) + (5 A() = 0.
REMARKS.

o In the literature ([Get94a, TTO00] for instance), one usually defines a BV-algebra with a degree
1 bracket [, | such that [z, y] = —(—=1)(#FDU¥+D ]y 2] and satisfying a Jacobi relation with
different signs. This definition is equivalent to the one above under [z, y] = (—1)I*l(z, ).

o The relations are homogeneous with respect to the degree.

o The Leibniz relation is equivalent to the fact that the operators ad,(-) := (x,-) are derivations,
of degree |z| + 1, with respect to the product e.

o A vector space endowed just with a symmetric product e and a symmetric bracket (, ) which
satisfy the first three relations is called a Gerstenhaber algebra after [Ger63].

o The last relation is a direct consequence of the other axioms but we keep it in the definition.

The operad encoding BV-algebras is the operad defined by generators and relations
BY .= F(V)/(R),
where F (V') denotes the free operad on the S-module
Vi=eKo® (, ) Ko ® AK,

with Ky the trivial representation of the symmetric group Se. The space of relations R is the sub-
S-module of F(V') generated by the relations ‘>’ given above. The basis elements o, (), A are of
degree 0, 1, 1. Since the relations are homogeneous, the operad BV is graded by this degree, termed
the homological degree.

We denote by Com the operad generated by the symmetric product e and the associativity relation.
We denote by Lie; the operad generated by the symmetric bracket ( , ) and the Jacobi relation; it
is the operad encoding Lie algebra structures on the suspension of a space. The operad G governing
Gerstenhaber algebras is defined similarly.

1.2 The quadratic analogue of BY

The free operad F (V') may also be given a weight grading, where each generator e, ( , ), A has
weight one. Equivalently, the weight is the number of internal vertices in the tree representing an
element. The homogeneous component of weight n is denoted F(V)(™). The ideal of relations (R)
is generated by the inhomogeneous quadratic subspace

R c FV)Warv)® =verwv)®
So the operad BV is not weight graded. There are two ways to define a graded operad from BV.
6
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Let q : F(V) — F(V)® be the projection of the free operad onto its quadratic part and let qR
denote the image of R under q. We consider the following quadratic operad

qBY = F(V)/(qR).

The quadratic relations of BY are not modified under q. The only relation which is not quadratic is
the penultimate, which measures the obstruction for the operator A to be a derivation with respect
to the product e. It becomes
NSNS NS N N NN
q | o . () = | . o
A | | \ A | |

)

The operad qBYV is bigraded, by the homological degree and the weight grading.
The weight grading of F (V') induces a filtration of BV,
EBY = {n(F(V)™)},
k<n

where 7 stands for the natural projection F(V) — B)V. As usual the associated graded operad,
denoted by grBV, is isomorphic to BY as an S-module. Since the space of quadratic relations qR is
also zero in grBV, there is a natural epimorphism of bigraded operads

qBV — grBV.
THEOREM 2. The operad qBYV is Koszul.

Proof. We apply the distributive law method of Section 8 of [Val07]. The operad qBV is obtained
from the operad G of Gerstenhaber algebras and D := K[A]/(A?) the algebra of dual numbers
(operad concentrated in arity 1) by means of the following distributive laws

A A
NSNS N\

—
A \ \

A A
htd — >/ - \< Y

) )

which defines an injective map DoG — GoD = qBV. Therefore we can apply [Val07, Proposition 8.4]
which proves that the operad qBV is Koszul. Observe that the assumption that the operad D (or
B in loc. cit.) is concentrated in degree 0 in is unnecessary. In the core of the proof, we have
E;q = (Di(p) 0 D)p+q- Since d! is equal to the differential of the Koszul complex Dio D of D, qu
is equal to K in p = ¢ = 0 and vanishes everywhere else. ]

REMARK. The distributive law theorem for operads due to Markl in [Mar96] cannot be used here
because it does not apply to operads with unary operations. The general methods of [Val07] are the
same, but the results include unary operations since the proofs are based on different filtrations.

As a direct corollary of the distributive law methods, we get the following explicit description of
the S-modules underlying g5V and its Koszul dual qBVi, with their homological grading.

ProproSITION 3. There are isomorphisms of degree graded S-modules

aBY = G o D = Com o Liey o K[A]/(A?)
BV = Dio Gt 2 K[6] o Liel o Coml,

where K[d] = T(9) is the cofree coalgebra on a degree 2 generator ¢.

7
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Proof. Tt follows from [Val07, Lemma 8.1 and Proposition 8.2]. O

When the number of the generators of a binary operad P is finite, it is convenient to work with the
Koszul dual operad P', defined by F(V)/(R)' := F(V* ®p sgng,)/(R*). In this case, the Koszul
dual cooperad P! is isomorphic to

PSP == (P)* @p EndS 1y,

where (P')* stands for the component-wise linear dual of the Koszul dual operad and where S¢ :=
End{ .y is the suspension cooperad of endomorphisms of the one dimensional vector space sTIK
concentrated in degree —1 (see Section 2.4 of [GJ94] and Section 2 of [Val08]). The Hadamard
product ®p is the arity-wise tensor product of S-modules. Hence the Hadamard product of two
cooperads has a cooperad structure. We can also consider the desuspension of operads by taking
the Hadamard product S™'P := S~! @y P with the operad S~! := Endgk.

COROLLARY 4. The underlying S-module of the cooperad qBV' is isomorphic to
aBV! 2 K[4] o S°Com§ o S°LieC,

where Lie¢ = Lie* is the cooperad encoding Lie coalgebras and where Com{ = Com?*, is the
cooperad encoding cocommutative coalgebra structures on the suspension of a space. The degree of
the elements in

K.0% @ S°ComS (t) ® S°Lie(p1) @ ... ® S°Lie(p;) C qBV!
isn+t+2d—2, forn=p; + -+ pt.

Proof. From [GK94, GJ94], we have Com' = Lie and Lie,' = Com_. O

Since qBYV is a Koszul operad, its quadratic model is given by the cobar construction of its Koszul
dual cooperad

QqBV! = (F(s 'qBV'), dy) = qBY — grBY = BY.

The S-module s_quVi seems to be a good candidate for the space of generators a quasi-free
resolution of the operad BV itself. In the next section, we perturb the quadratic differential ds by
a linear term dy in order to obtain a quasi-isomorphism with the operad BYV.

1.3 The Koszul dual of BY
We consider the map ¢ : qR — V defined by
A A
\./ B \./ _\./ . \<’>/
A \ \ \
and 0 otherwise, so that the graph of ¢ is equal to the space of relations R (see Appendix A.1 for
the general theory).
We use the notation ® for the ‘commutative’ tensor product, that is, the quotient of the tensor
product under the permutation of terms. In particular, we denote by ¢ ® L1 ® --- ® L; a generic
element of K[d] o S¢Com§ o S¢Lie® with L; € SLiec, for i = 1,...,t; the elements of S°Com{ being
implicit.
LEMMA 5. There is a unique square-zero coderivation d, on the cooperad qBV' which extends .
It is explicitly given by
¢
d¢(5d®L1®~-®Lt):Z(—l)szﬂd*l®L1®~-®L;®L§/®~-®Lt,
i=1

8
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where L, ® L! is Sweedler-type notation for the image of L; under the binary part

SeLie — SLiec(2) ® (S°Lie ® S°Liec)
of the decomposition map of the cooperad S°Liec. The sign is given by €; = (|Li| 4+ -+ + |Li—1])-
The image of d,, is equal to 0 when d = 0 or when L; € S°Lie(1) = IK for all i.
Proof. The first claim follows from Lemma 37. It is straightforward to verify that (R®@V +V ®
R)NF(V)® c RnF(V)? here.
To make d,, explicit, we dualize everything and we consider the unique derivation *d,, on (qBV)*
extending ‘. The transpose map ‘¢ is equal to ‘p(c) = §* @ I ® I € K[6*] o S~1Com_1 o S~ Lie,
where ¢ stands for the generator of S~'Com_1(2) and where [ stands for the generator of S~!Lie(2).
Therefore, td<p is equal to

(@)Y e Lo oL)= Y (-DUE) el L)oo 0Le-0Lo oL
1<i<j<t

where [L}, L3] is the image y(I; L}, L}) under the composition map S~" Lie(2)®(S~" Lie® S~ Lie) —

S~1Lie of the operad S~!Lie with the generating element [ in S~1Lie(2). The sign ¢;; is automat-

ically given by Koszul-Quillen sign rule, that is here

eij = (L7 |+ [L30-(1L3] + - + [Lia]) + LG (L [ 4 + LG )
Finally, we dualize once again to get d. O

Since S™1Lie(A) = sLie(s1A), this last formula shows that the differential ‘d, on (gBV)* is equal,
up to the powers of §*, to the Chevalley—Eilenberg boundary map defining the homology of the free
Lie algebra.

We can now define the Koszul dual of the inhomogeneous quadratic Batalin—Vilkovisky operad.

DEFINITION. The Koszul dual cooperad of the operad BV is the differential graded cooperad
BV := (qBVi,dy,).

1.4 The Koszul resolution of the operad BY

Since the definition of the cobar construction extends to dg cooperads, we can consider the cobar
construction QBVI of the Koszul dual dg cooperad of BV .

DEFINITION (Operad BV,). We denote by BV the quasi-free operad given by the cobar construc-
tion on BVi:

BVs := OBV = (F(s'qBV), d = di + d3).

The space of generators of this quasi-free operad is isomorphic to K[d] o S°Com§ o S°Lie®, up to
coaugmentation. The differential d; is the unique derivation which extends the internal differential
d, and the differential do is the unique derivation which extends the partial coproduct of the
cooperad BVi. Therefore, the total derivation d = di + da squares to zero and it faithfully encodes
the full data of dg cooperad on BVi.

THEOREM 6. The operad BV, is a resolution of the operad BY
BV, = QBVi = (f(s—quv‘), d=dy + d2) =, BY.
Proof. 1t is an application of Theorem 38. O

As a direct corollary of the proof of this theorem, we get the following seemingly unrelated result.

9
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THEOREM 7 (Poincaré-Birkhoff-Witt Theorem for the operad BV). The natural epimorphism
qBY — grBYV is an isomorphism of bigraded operads. Thus there are isomorphisms of S-modules

BY = grBY = qBY
which preserve the homological degree.
Proof. 1t is an application of Theorem 39. O
This algebraic result allows us to make the free Batalin—Vilkovisky algebra explicit.

PROPOSITION 8 [Get94a]. The underlying module of the free Batalin—Vilkovisky algebra on a mod-
ule X is isomorphic to

BY(X)=aBV(X)=GoD(X)=Como Liey(X & A(X)).
The result is also a corollary of Proposition 4.8 of [Get94a], but the method is different.

REMARK. Our construction of BV and BV, is based on a particular presentation of BY in terms
of generators and relations. This method cannot be applied to the other quadratic operad qB)’,
associated to the presentation of BV in which the final ‘redundant’ derivation relation between
A and the bracket (, ) is omitted. The two presentations of BY are equivalent, but the induced
quadratic operads qBBY and qB)’ are not isomorphic. In fact the derivation relation between A and
(', ) holds in grBV’ but not in qBY’, so in weight two g8V’ is strictly bigger than grB)’ and there
is no PBW theorem. To apply this method one must always consider the mazimal space of relations
R, see Proposition 40 in Appendix A for further details.

1.5 Homotopy BV-algebra

A homotopy BV-algebra, or BV -algebra, or BV-algebra up to homotopy, is an algebra over the
operad BV,. Such a structure on a dg module A is given by a morphism of dg operads

BV, — Endy.

Any BV-algebra is a special case of a homotopy BV-algebra; this is the case when the structure
map BV, — End4 factors as the quasi-isomorphism followed by the BY structure map,

BV = BY — Endg.
We will return to the explicit definition of homotopy BV-algebras in Section 2.

1.6 Relations with the framed little disc operad and double loop spaces

We recall from Section 4 of [Get94a] (see also [SW03]) the definition of the framed little disc operad
fD. Let D denote the unit disc in the plane. The space fD(n) is the space of maps from the disjoint
union of n copies of D to D, whose restriction to each disc is the composite of a translation and
multiplication by an element of C*. The interior of the images of the discs are supposed to be
disjoint. It can be thought of as the space of configurations of n discs, with one marked point on
each boundary, inside the unit disc D. Since we work over a field of characteristic 0, the singular
chains Co(fD) is a dg operad and its homology groups He(fD) form a graded operad.

PROPOSITION 9 [Get94a]. The homology of the framed little disc operad is isomorphic to the BY
operad,

H.(fD) = BV.

Therefore, the framed little disc operad gives a topological model for the notion of homotopy BV-
algebras. We make this relation precise with the following key result.

10
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PROPOSITION 10 [Sev09, GS09]. The framed little disc operad is formal, i.e. the dg operads Ce(fD)
and He(fD) are linked by a zig-zag of quasi-isomorphisms.

Co(fD) = X1 «— Xg — -+ «— Xo, — Xy, 11 = Ho(fD) = BV
THEOREM 11. There is a quasi-isomorphism of dg operads between the operads BV, and Co(fD),
the chains of the framed little disc operad, which lifts the resolution BV, — BY.

Proof. Let X = Co(fD) be a cofibrant replacement of Cy(fD) in the model category of dg operads
(see [Hin97, BM03]). We consider the following zig-zag coming from Proposition 10
X S C(fD)=X1 — Xy — -+ «— Xop — Xpp1 =BV

in the homotopy category of dg operads Ho(X, BV). In this model category every dg operad is fibrant,
so is BY. Since X is cofibrant and BV fibrant, there is a morphism of dg operads £ : X — BV
which factors

Co(fD)=X1<——Xg—> < X9, ——> Xo, 11 =BV
X = BY

(see Proposition 5.11 of [DS95]). Since all the maps are quasi-isomorphisms, then £ is a quasi-
isomorphism. And since the dg operad BY has trivial differential, £ is an epimorphism. Finally, the
morphism of dg operads £ is a fibration. The operad BV, is quasi-free and non-negatively graded,
so it is a cofibrant replacement of BY. In conclusion, there is a quasi-isomorphism of dg operads
which lifts

BYVoo

i BEN

~ ~

BY X Co(fD)

O

This quasi-isomorphism exists by an abstract model category argument and the formality theorem.
So it would be desirable to have a better understanding of it, for instance in terms of a morphism to
the cellular chains on a cellular decomposition of the framed little disc operad (see [Kau08]). This
would lead to a better understanding of the Grothendieck-Teichmiiller group, see [Tam02, Tam07].
We leave this interesting question for future study or to the reader.

The main motivation for the introduction of the framed little disc operad by Getzler [Get94a] was
to extend the recognition principle of Boardman-Vogt [BV73] and May [May72]: the framed little
disc operad acts on the double loop space of any topological space endowed with an action of
the circle and the operad action characterises this type of spaces [SWO03|. Hence the homology of
the double loop space of any topological space endowed with an action of the circle carries a BV-
algebra structure by Proposition 9, where the product is the Pontryagin product and the bracket is
the Browder bracket.

COROLLARY 12. Let X be a topological space endowed with an action of the circle. The singular
chain complex C4(22X) of the double loop space of X carries a homotopy BV-algebra structure
which lifts the BV-algebra structure on homology.

1.7 Relations with the Riemann sphere operad and topological conformal field theory

Recall from Segal [Seg04] that the properad of Riemann surfaces R is defined by the moduli space
of isomorphism classes of connected Riemann surfaces of arbitrary genus with biholomorphic maps

11
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from the disjoint union of n + m discs. Again, the images of the discs are supposed to have disjoint
interiors. The images of the first n discs form the inputs and the images of the last m discs form the
outputs. The composite map of the properad is given by sewing along the boundaries of the discs.
(In the literature, one usually considers the prop freely associated to this properad but this yields
no more information.) A space which is an algebra over R is called a Conformal Field Theory, or
CFT for short. The singular chains Ce(R) of this topological properad is a dg properad, and a dg
module which is an algebra over Co(R) is called a Topological Conformal Field Theory, or TCFT
for short.

If we consider only Riemann spheres (surfaces of genus 0) with one output disc, this collection forms
a topological operad denoted R of which the framed little disc operad fD is a deformation retract.
The retraction is obtained by shrinking the complement of the output disc to a unit disc, leaving
a configuration of n discs in the unit disc with one marked point on each boundary. This result,
with the help of Proposition 9, allowed Getzler [Get94a] to prove that the homology groups of any
TCFT carry a BV-algebra structure.

THEOREM 13. There is a quasi-isomorphism of dg operads BVs, — C,(R) such that the following
diagram of quasi-isomorphisms commutes

Ce(R) Ce(fD)
=
BVs BY =~ H,(fD).

COROLLARY 14. Any TCFT carries a homotopy BV-algebra structure which lifts the BV-algebra
structure on homology.

Thus an important part of a TCFT structure is encoded in the algebraic notion of homotopy BV-
algebra structure. For the same kind of result at the level of vertex algebras, we refer the reader to
Section 3.3.

2. Homotopy BV-algebra

We translate the results on resolutions of operads from the first section to give the explicit definitions
of homotopy BV-algebras in terms of operations and relations. The operations carried by these
homotopy algebras correspond to the generators of the quasi-free resolutions we have described. It
remains to give explicit descriptions of the axioms the operations must satisfy. They are given by
the relation (d; + da)? = 0.

Throughout this section we will consider, as examples of these structures, the Hochschild cochain
complex of associative algebras.

2.1 Homotopy Gerstenhaber algebra

It was proved in Getzler-Jones [GJ94] that the operad G encoding Gerstenhaber algebras is Koszul,
thereby defining the notion of homotopy Gerstenhaber algebras. To give a homotopy Gerstenhaber
algebra structure on a graded vector space A is to give a morphism of dg operads

OGi = (}'(S_lgi% d2) — (Enda,dgna,)

where Gi is the Koszul dual cooperad. Recall from [GK94, Proposition 4.2.14] that this is equivalent
to giving a map

m:G(A) — A
12
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which extends to a square zero coderivation (see Tamarkin-Tsygan [TT00, Section 1] for the form
of these operations). Here Gi(A) is the cofree Gerstenhaber coalgebra, up to (de)suspension,

Gi(A) = s71G%sA) = s 2Com®(sLie(sA)),

where G€ is the component-wise linear dual to G. The square zero condition gives a family of
quadratic relations on the components of the map m. We will make these relations completely
explicit, using the laws for extending m to a coderivation with respect to the Gerstenhaber coalgebra
structure of Gi(A) (compare with [Gin04, Lemma 3.4 & Theorem 3.6], where the formula for 7i7)
has to be slightly modified).

Given elements ay € sA, intervals [i, j] = {i,i+ 1,...,j}, i < j, and permutations o € S,,, we will
use the notation:

a[m] =a;®0a1 Q- Q a;
aﬁj] = Ug-1(3) @ Ap=1(;41) @ -+ @ Ag-1(4)
in (sA)®U—i+1),
The cofree Lie coalgebra Lie(sA) on the graded space sA is given by
Lie(sA) = @ (sA)®rp.

p=1

Here (sA)®P is the quotient of the (sA)®P by the images of the shuffle maps

ship—i: (sA)® @ (sA)2P~) — (s4)®P, (1<i<p—1),
Shi,p—z'(a[l,i] ® a[z‘+1,p]) = Z (—1)€af1,p}-
O'Eshi’p,i

The sum is over the set Sh;,_; of all (i,p — ¢)-shuffles, and (—1)° is the Koszul sign associated to
the reordering of the tensor factors ar € sA. This result is due to Ree [Ree58]|. We refer to [LV09,
Chapter 1] for more details and the following operadic interpretation: the morphism of operads
Ass — Com, equivalent to the forgetful functor from commutative and associative algebras to
associative algebras, induces a morphism on the level of the Koszul dual cooperads Assi — Comi.
After desuspension, it gives a morphism of cooperads Ass¢ — Lie®, whose kernel is equal to the
image of the shuffle maps.

We now write W = Lie®(sA) and turn to the construction of Com¢(sW). It is well known that the
free cocommutative coalgebra Com¢(sW') on a graded space sW is given by

Com (sW) = @(8W)®t = @ st /\tW
=1 t>1

Here (sW)®" is the space of symmetric tensors in (sW)®" which we identify with the exterior power
/\t W, up to sign and a change of grading as discussed in Section 1.1. Furthermore any family of
maps m}, : A\' W — W of degrees t — 2 extends to a coderivation m on Com¢(sW) by
Awi A Awg) = Y (=) S (g A Awg ) Awgy A A
IUJ={1,...t}
Here (—1)¢ is the shifted Koszul sign, and ” = |I| - |J|. The shifted Koszul sign associated to a

permutation o of tensor factors is the usual Koszul sign multiplied by the sign of ¢ itself. Partitions
I'U J can equivalently be regarded as (un)shuffles of {1,...,¢}.

Through out the text, we will simply denote any tuple (q1,...,q:) by q.
13
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DEFINITION (Straight shuffles). Consider integers ¢ > 1 and fp,rp > 0, qx > 1, pr = lk + qx + Tk
for each k =1,...,t, and let

P, = E Di Lk:E 4+ E qi-
1<i<k—1 1<i<t 1<i<k—1

Then a straight (1,q,r, p)-shuffle is a p-shuffle (i.e. a (p1,...,p)-shuffle) o satisfying the following
extra property for each k =1,...,¢:

0[Py + 0+ 1, Py + lp + qr] = [Li + 1, L]
By a straight (q,p)-shuffle we mean a straight (I, q,r, p)-shuffle for some values of ¢, r; > 0 with
by + 1% = Pr — Q-

Less formally, a straight shuffle may be thought of as a permutation ¢ of a concatenation X of ¢
strings of lengths pg, each of which contains a non-empty distinguished interval of length ¢, with
[ elements on the left and r; elements on the right. For example,

X = 1234|5678|91011]1213.
For the permutation to be a straight shuffle it must satisfy following conditions:

o the orders of the elements within the ¢ strings are preserved by o (shuffle),

o the distinguished intervals appear unchanged and contiguously in the image (straight).
For example, one possible straight shuffle of X is
91 25610111213 73 84.
More precisely, it is a straight ((1,0,1,0),(1,2,2,2),(2,2,0,0), (4,4, 3,2))-shuffle.

DEFINITION (Straight shuffle extension). For any map

Mg =My, g (SABD Ao A (sA)BH — sA, (e = 1),
and integers pi > q we define the straight shuffle extension

mf = mpt e (s A A AT — (AT, with g =14 Yok~ ),

AL, p] N AN Q[P P] F

_1\e+€ Lo 0 A...A 0 o
Z( DT a0 1) @ Marae (1) A AT n ) ® T, py) -
g

Here o runs over all straight (q, p)-shuffles and the integers Py, L are as above. The sign (—1)¢ is

the Koszul sign associated to the reordering of the a; € sA, and ¢’ = ¢ - ]af’l L] |.

From the straight shuffle of X above, for example, we see that one of the terms in the expression

44,32 RV
My’ (@A) A G s AT 1) Aafizis) € (sA)®T

is

+ a9 ® a1 @ m1222(a2 AN a6 Adio11] A Gpiz,13]) @ a7 ® az @ ag @ ay.
REMARKS.

o The straight shuffle extension m§ is a multilinear map of the same homological degree as mq,

and inherits the same (skew-)symmetry properties.

14
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o If we allowed p; > 0 but g; = 0 for some 1 < j < ¢ then the straight shuffle extension would

vanish, since elements in the image lie in that of the shuffle map shy, ;..

o The straight shuffle extension is well defined on the quotients (sA)®Px. That is, if 1 <7 < p;—1
then the image of the composite mg, 4/ (1 A ship,—i A1) in (sA)®P is zero. An element in the
image is a sum of terms, indexed by all straight (¢, gk, 7%, pr)%_; shuffles o and all (i, p; — )-
shuffles 7. For each (o, 7), let  and y be the lengths of the subintervals of [1,] and [i + 1, p;]
given by the intersections with 771[¢; + 1,¢; + ¢;]. Now the terms for given x,y > 1 may be
grouped together into terms containing a factor mg, . 4, (1 A shyy A1), and hence these vanish.
Collecting the terms for which x or y is zero gives elements in the image of the straight shuffle

extensions m{;l,,,.,xf’gj,...,qt Pt which by the previous remark also vanish.

EXAMPLES.
o For t =1 we observe that m' = > 0<p m} reduces to the usual formula for the extension of a
degree —1 map > m, : Lie®(sA) — sA as a coderivation on the cofree Lie coalgebra Lie®(sA).

o For t = 2 a result of Fresse [Fre06, Lemma 1.3.5] says that a Lie bracket mj; : sANsA — sA
extends to a shuffle bracket Lie®(sA) N Lie®(sA) — Lie°(sA). The straight shuffle extension
> mi " coincides with this shuffle bracket.

Now the cofree Gi-coalgebra on a graded space A is given by
gl(A) = S_QCOmC(Sﬁiec(sA)) o~ @ St_Q((SA)(@pl Ao A (SA)®Pt)’
P11 <Pt

so that a degree —1 map m : Gi(A) — A is equivalent to a family of maps

Mg = Mgy,...q - (sA)®Q1 ARERRA (SA)®qt — 84, t, qp =1,

of degrees t — 2.

LEMMA 15. Let m: Gi(A) — A be a degree —1 map and let mq: (sA)®% A--- A (sA)®% — sA be
the associated equivalent family of maps.
The map

m' =>"mP : Gi(A) — Lie°(sA)
defined by the straight shuffle extensions is the unique coderivation with respect to the Lie coalgebra
structures which extends m. Moreover the map m : Gi(A) — Gi(A) defined by

m(wy A« Awy) = Z (—1)5+€/+€H sl (wi, A A wy ) Awjy A Awg
TUJ={1,...,t}
is the unique extension of m’ as a coderivation of cocommutative coalgebras.
Finally m : GI(A) — Gi(A) is the unique extension of m to a degree —1 coderivation of Gi-coalgebras.

Proof. Let us introduce the following non-commutative version of the operad G: the operad G is the
operad encoding algebras defined by a degree 0 associative product x and by a degree 1 Lie bracket
(, ) satisfying the Leibniz relation

<_7_*_> = (<_7_>*_) + (_*<_7'>)‘(12)7
This operad was already introduced in [Mer04] where it was shown that it does not satisfy the

distributive law assumption. Hence it is actually isomorphic to a non-trivial quotient of Ass o Lie;.

Recall that the morphism of operads Ass — Com induces the morphism between the Koszul dual
cooperads 7 : Assi — Coml, equivalent to the morphism of cooperads Ass® — Lie® after desuspen-
sion. These morphisms extend to a morphism of operads G — G and to a morphism of cooperads

15
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IT : Gi — G as follows. The Koszul dual operad of G is G itself [GJ94] and the Koszul dual operad
G' of G is the operad generated by an associative product * of degree 1 and by a commutative and
associative product e of degree 0, which satisfy the left and right Leibniz relations:

CoCo)=(Coe) + (o Cen)i2)
((-o-) *—) = ((—*—)o—).(23) + (-0(-*-))'

A G'-algebra induces a G' = G-algebra by anti-symmetrizing the associative product to define a Lie
bracket. This functor is in one-to-one correspondence with a morphism of operads G' — G', which
induces the morphism of cooperads II : G — Gi by linear duality and suspension. Once again, the
operad G' does not satisfy the distributive law assumption, but Gi is a (non-trivial) sub-S-module
of S°Com{ o S¢Ass® and the morphism of cooperads II : G — Gi is equal to the composite

G — S°Com{ o S°Ass® — S°Com{ o S°Lie® = Gl.
The unique Lie coderivation which extends m: Gi(A) — A is equal to the composite:

Gi(A) =2 S°Liec o (A;GI(A)) SLiefo(Aim)

S°Lie(A),
where ﬁg; 2 Gi — S§°Lieco (I;G1) is the part of the decomposition map G — GioGi of the cooperad
G composed only by elements of S¢Lie® on the left hand side of the composite product o and by
identities I and only one element from Gi on the right hand side. The morphisms of cooperads
7w Asst — Liel and IT : GI — G induce the following commutative diagram

) Agi -
Gi S¢AssC o (I; GY)

in - iwo([,l’[)
) Agi . .
Gi ———— SLief o (I; G1).

Therefore, it is enough to understand the formula on the level of Gi and then pass to the quotient
by the image of the shuffle maps. To understand how m(II(A4)) : Gi(A) — Gi(A) — A extends to a
coderivation of coassociative coalgebras Gi(A) — S°Ass(A), we make the linear dual of the map
Agi(A) explicit, up to signs and (de)suspensions, as follows.
Let P be the non-commutative analogue of the operad governing Poisson algebras; it is defined in
the same way as the operad G but with a degree 0 Lie bracket. Its Koszul dual operad P' of P is the
operad modelling algebras endowed with an associative product % and a commutative and associative
product e, both of degree 0, which satisfy the left and right Leibniz relations aforementioned.
The underlying S-module of the operad P' is a (non-trivial) quotient of the composite product
Com o Ass. Therefore the free P*-algebra on A is a quotient of the free commutative algebra on
the free associative algebra on A and any of its elements can be written A' ® --- ® Af, with
Al Lo A € T(A) == 3,5, A®™, the tensor module on A. For any element a € A, the Leibniz
relations imply -

¢

ax(Alo-0A)=> Ao 024 o- 04" and
k=1
¢

(AIQ...@At)*a:ZAlg---Q(Ak®a)®--~®At.
k=1

Hence, the #-product Ass o (A,P'(A)) — P'(A) of elements of A with one of P'(A) is given by the
16
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following formula, by the associativity of the product .
#(a1®@  ®ae Ao 0A) 8 ®d)=) (i,@A ®d;) 00 (d,® A’ ®dy),

where the sum runs over the partitions I U... U [; = [1,7] and J; U...U J; = [1, s], with possibly
empty sets, and where aj is equal to aj, ® - ® aj, with [, = {i; < ... <4} and similarly for the
a”. Finally, this map is the exact linear dual to the one given by the straight shuffles.

From this it follows that the extension m is also a coderivation with respect to the cobracket, and

with respect to the coproduct by definition. Uniqueness holds since Gi(A) is cofree. 0

The formula for m given by the straight shuffle extensions m§ enables us to expand the condition
mom = 0 for m to define a codifferential on Gi(A). Hence we can give an explicit presentation of
the axioms for homotopy Gerstenhaber algebras:

PROPOSITION 16. A homotopy Gerstenhaber algebra is a dg module (A, d ) with a family of maps

Mpy,.pe s (SA)EPLA - A (sA)®Pr — sA, pr<---<pi, =1,

of degree t — 2, with my = d4 and which satisfy the following conditions for wy € (sA)®Px, k =
1,...,t:

/ 11 . s .

Z(_1)6+€ e mp’,pjp.--,pjt_r(z mgﬁf..,éfzr (wiy Ao ANwi, ) Nwjy A-- - A wjt—r) = 0.
uJ={1,...,t} a1,--5ar>1

I={i1<<ip } #£0

J={j1<<jt—r}

Here p =14 Y (ps, — qr), €” = r(t — r) and (—1)5+¢' is the shifted Koszul sign associated to the
reordering of the wy.

Homotopy Gerstenhaber algebra structure on the Hochschild cochain complex (Deligne
conjecture)

Let (A, ) be an associative algebra. Its deformation complex is given by the Hochschild cochain
complex CH®(A) := Hom(A®, A) = End4. To fit in with our homological degree convention the
degree of an element of Hom(A®" A) is equal to —n. This space forms a non-symmetric operad,
therefore the direct sum of its components is endowed with a Lie bracket [f, g] and non-symmetric
brace operations { f}{g1, ..., gr}. More precisely, if we denote by f o; g the composite of the map f
with the map ¢ at the i*"-input, the first brace operation is defined by

(Mo = S Doy — 3 (1D
=1 i=1

for f € Hom(A®", A) and g € Hom(A®™, A). Since it is a pre-Lie operation, it induces a Lie bracket
by anti-symmetrization. With our degree convention, this Lie bracket is an operation of degree +1.
We refer the reader to [Ger63] for details on this classical topic.

The boundary map of the Hochschild cochain complex is given by 0,(f) := [u, f], using p €
Hom(A®2, A). One can also define the cup product using the second brace operation:

17
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fUg={uH{f g} =po(fog) =

The cup product is associative and has degree 0. In [GV95], Gerstenhaber and Voronov introduced
an operad generated by a binary (cup) product and general (1+ k)-ary (brace) operations satisfying
the same relations as the cup product and the brace operations on CH®(A), see also [GJ94]. They
call any algebra over this operad, a “homotopy Gerstenhaber” algebra. However this operad is
neither equal nor equivalent to the quasi-free Koszul resolution G, of the operad G of Gerstenhaber
algebras, which gives the notion of Gerstenhaber algebra up to homotopy. Therefore, we choose to
denote it GV after Gerstenhaber-Voronov and call the associated algebras, Gerstenhaber-Voronov
algebras. Hence, the previous constructions yield a morphism of operads GV — Endcre(4)-

Thanks to the brace operations, Gerstenhaber proved in [Ger63] that the commutativity of the cup
product and the Leibniz relation between the cup product and the Lie bracket hold, but only up to
homotopy. Therefore, the cohomology HH*®(A) carries a Gerstenhaber algebra structure. This led
Deligne to ask if it was possible to lift this structure to a homotopy Gerstenhaber algebra structure
on CH*(A). This problem was solved by Tamarkin, among others, who proved the following theorem.

THEOREM 17 [Tam98|. There is a homotopy Gerstenhaber algebra structure on Hochschild complex
CH®(A) which lifts the Gerstenhaber algebra structure on its cohomology. Moreover, this structure
factors through the operad GV:

goo — QV — EndCH.(A).

Notice that this G.-structure is not completely explicit since it relies on Etingof-Kazhdan quanti-
sation of Lie bialgebra or equivalently on Drinfeld’s associators (see [TT00]).

2.2 Homotopy quadratic BV-algebra

Since qBYV is a Koszul operad in the classical sense, the notion of homotopy quadratic BV-algebra
may be defined by a slight modification of Proposition 16. For a dg module A,

qBVi(4) = K[é] ® G'(4)
~ é B 22 (AR A A A,
d=0 p1<<pt

where the 2d-fold suspension arises from the power §¢.

PROPOSITION 18. A homotopy quadratic BV-algebra is then a dg module (A,d4) together with a
family of maps

mgl’m’pt: (sA)®PL A - A (sA)BPt — s A, d=z0,t>1,p < <py,
of degrees 2d +t — 2, with mj = da. The quadratic relations that these operations must satisty are
expressed by saying that for each d > 0 and t, p1,...,ps = 1, the following expression is zero:
¢
W Piy seesDip3d’
Z Z(_l)erE i mplvpjlr--apjtfr(z Mgy lge (Wig Ases Awi ) Ay A A wjtfr)'
r=1 d'+d"=d q1,-s gr>1
TuJ={1,..t} U SPi

18
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Here I = {Zl < -0 < ’L'T‘}a J = {]1 < e < jth‘}a p/ =1 +Z(plk - qk); W € (SA)®pk7 and
mgi,’fff,’gf;d is the straight shuffle extension of mf;li,...,qr to (sA)®P1 A --- A (sA)®Pr. The sign (—1)t¢

is the shifted Koszul sign associated to the reordering of the wy, and e” = r(t —r).

Homotopy qBV-algebra structure on Hochschild cochain complex

Let us pursue the example of the Hochschild complex of an associative algebra A. We suppose now
that A has a unit 1. This extra data allows us to define the following unary operator

1
n n

A(f) = {fH1} = D () Vfoi1 = D (-nth

i=1 =1

The operator A defines a map from Hom (A", A) to Hom(A®" "1, A), that is A has degree +1 with
our degree convention. It easy to check that the cup product and the brace operations commute
with A, so we have the following proposition.

PROPOSITION 19. The operations | , |, U and A induce a qBV-algebra structure on Hochschild
cohomology HH*®(A) of a unital associative algebra A.

This structure lifts to a homotopy gBV-algebra structure on Hochschild complex CH®(A) which
factors through the Gerstenhaber-Voronov operad.

Proof. Consider the homotopy Gerstenhaber algebra structure provided by Theorem 17. The only
other non-trivial higher operation is m} = A; the other m’;hm’pt are null for £ > 1. To prove that
these operations satisfy the relations of a homotopy qBV-algebra, one has just to check that the
My, ... p. cOmmute with A. Since the homotopy Gerstenhaber algebra factors through GV and since

A commute with the operations coming from GV, this concludes the proof. O

Notice that a lot of higher operations vanish in this qBBV..-algebra structure (and indeed in the
homotopy Gerstenhaber algebra structure of Theorem 17).

REMARK. The space ({Hom(A®", A)},,d, + A) forms a dg module defining a cohomology theory
for unital associative algebras since the boundary map uses the product and the unit of the algebra.

2.3 Homotopy BV-algebras

A homotopy BV-algebra is given by the same operations as a homotopy quadratic BV-algebra, but
with a linear perturbation of the relations they have to satisfy.

THEOREM 20. A homotopy BV-algebra is dg module (A, d,) together with a family of maps

mgh”.7pt: (sA)®PLA - A (sA)®Pt — 5A, t>1,d>0,p1 < <py,

of degrees 2d +t — 2, with m{ = d4. The relations Rgl,m,pt that these operations must satisfy are

expressed by saying that for each d > 0, t, p1,...,ps = 1 and w, = aﬁ v € (sA)®pr | the following
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expressi on is zero:

£+E el d' ( Pilrn:pir;d“( N e AWy ) Nwsi, N+ Nw; )
M pjy seesPiy Mgy,....qr Wiy Wi,. ) N\ Wy Wis—p
r=1 d/+d// d q1yeees qr=>1

uJ={1,..., } Wk SPiy,
+ d1 ’ oo (UJl/\/\ /\CL /\wt)
Z Z e P L DD Prt 1 eesPE )] [Pr+1,pr]
r=1pl.+pi=pr

. rid
Here I = {iy < --- <}, J={j < - <gir}, P =1+>(pi, — ), and mgllj 2BrY s the
straight shuffle extension of mqh_ﬂqr (sA)®P1 A -+ A (sA)®Pr. The sign (—1)°t¢" is the shifted
Koszul sign associated to the reordering of the a, 5” =r(t—r) and " =|wi| + - + Jwy_1].

If d =0, or if each pi = 1, the linear terms are not present in the relations. In particular:

0
P15

¢ the operations m(l)’.__’1 give sA the structure of a (strong) homotopy Lie algebra,

0
p

That is, there are inclusions of the operads G, (Lie1)o and Cs into BVs, which are split by
corresponding projections.

¢ the operations m ;. give A the structure of a homotopy Gerstenhaber algebra,

¢ the operations m, give A the structure of a homotopy commutative algebra.

REMARK. One more naturally regards the structure of a homotopy BV-algebra A in terms of maps
on A itself rather than on the suspension sA, and we may consider a homotopy BV-algebra as given
by multilinear maps

Zh o A®P1 ..®A®pt_)A’ t>1,d>0,pp>1

of degrees 2d +n + t — 3, where n = 22:1 pr. These must be symmetric under permutation of

the blocks A®Pk, vanish on the images of the shuffle maps on each block, and satisfy the above
o . d . . .

conditions R~ with the appropriate changes of sign.

Homotopy BV-algebra structure on Hochschild cochain complex (cyclic Deligne con-

jecture)

If we consider a Frobenius algebra [Tra08, Men09], then one can transfer Connes’ boundary map

from Hochschild homology to define an operator A on cohomology. In this case, HH®(A) carries

a BV-algebra structure. The so-called Cyclic Deligne Conjecture amounts to proving that this

structure can be lifted to a homotopy BV-algebra structure on CH*(A).

THEOREM 21 (Cyclic Deligne conjecture). Let A be a Frobenius algebra. There is a homotopy
BV-algebra structure on its Hochschild cochain complex which lifts the BV-algebra structure on
Hochschild cohomology and such that

BVOO = C.(fD) - EI’ldCH-(A)

Proof. Costello proved in [Cos07] that the Riemann sphere operad acts on CH®(A) and Kaufmann
proved in [Kau08] that Co(fD) acts on CH*(A). Finally, we conclude with Theorem 13. O

This conjecture was proved with various topological models in [Kau08, TZ06, Cos07, KS09]. To the
best of our knowledge, the operads involved in these proofs are not cofibrant, whereas the dg operad
BV is. So this provides a canonical model for the cyclic Deligne conjecture.

Now we would like to conjecture, as in [TT00], that this homotopy BV-algebra structure on the
Hochschild cochain complex is formal under some assumptions on the algebra A, like A = C*°(M)
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the algebra of smooth functions on a manifold. To phrase this conjecture, we need the notion of
oo-morphism for homotopy BV-algebras, which comes in Section 4.

2.4 Related definitions of homotopy BV-algebras in the literature

Getzler showed in [Get94a, Proposition 1.2] that a BV-algebra may be equivalently defined as an
associative and commutative dg algebra (A, dy, ) equipped with a degree 1 square-zero chain map
A of order < 2. That is, the bracket defined by

(a,b) = Aaeb)—(Aa)eb—(—1)g e (Ab)
satisfies the Leibniz relation
0 = (a,b,c)3 = (a,bec)—(a,b)ec— (=D)Plal+Dp o (4, ¢) .
More generally a notion of order may be defined as follows.

DEFINITION. Let A be a linear map on a commutative associative algebra A. Define a sequence of
higher brackets (...), : A°™ — A of degree |A| by (a); := A(a) and, recursively,
(a1, s an—1,an,ap,), o =
<a1, e Oy, Oy ® a;L>n —{a1,...,an), ®a, — (—1)°a, e <a1, . ,an_l,a;>n
where € = |a,|(|A| + |a1| + - -+ + |an—1]). Then A has order < n if (...), ; is identically zero.
Several definitions of the order of a differential operator appear in the literature [Akm97, Gro67,
Kos85], and the sequence of brackets is termed the Koszul hierarchy. When needed, we will denote

the higher brackets induced by an operator A by (... )ﬁ In the context of commutative associative
algebras the various definitions coincide (see for example [AIO8]) and may be restated as

(at,...,an), = Z (1) " Aa;, ®---0a; )eaj, e --eaj; .
IuJ={1,...,n}
|I|=r>1

Here ¢ is the Koszul sign associated to the reordering of the ag. It is now clear the brackets are
graded symmetric, and the brackets and order are well-defined even for non-homogeneous A.

PROPOSITION 22 [BDA96, AI08, CS08, Kra00, Vor05]. If A is a square-zero operator of homogeneous

degree k on a commutative associative algebra A, then the hierarchy of higher brackets {(. .. >zﬁk71A}

associated to s T* ' A defines a Loo-algebra structure on (s~ A, s7*~1A), the desuspension of A with
s " 1A for differential.

Under this correspondence, a homogeneous square-zero operator A has order < n if and only if
the induced Loo-algebra structure on s~'A is an L,-algebra, that is, the structure operations {l}}
vanish for k > n.

In case the operator A is not homogeneous we may consider the following definition, see [Kra00]:

DEFINITION. A commutative BV -algebra consists of a dg commutative algebra (A,d4,e) and a
square-zero operator A whose homogeneous components Ay, : A, — A, satisfy:

o Ay =da,

o Ap=0if kiseven or k < —2,

o Ay has order < (k + 3)/2.

This generalises the notion of BV-algebra, for which the operator is just A = d4 + Ay, with Ay of
order < 2, though it conserves the strict associativity of the product. For any n > 0, the operator
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$72"Ag,_1 of order < n induces an L, algebra on s~'A with differential s72"Ag,_1. The exact
relation between the two definitions is the following.

PROPOSITION 23. Specifying a commutative BY . -algebra is equivalent to specifying a homotopy
BV-algebra in which all structure maps are zero except possibly mg and the operations m‘l’ly”.J.

The operad for commutative BY-algebras is a quotient of BV, given by identifying generators
s ® L1 ®---® L to zero unless each L; has arity 1, or unless d = 0, t = 1 and L has arity 2.

Proof. Let A be a homotopy BV-algebra in which all structure maps are identically zero except m9
and the maps m‘liw’l. In this case the only relations Rgl,-~~7pt in which not all terms vanish are R,
RY, the R‘i_“’l and the R‘lj’.__’m. First the relations RY and R are equivalent to saying that e := m}
is a chain map, which defines an associative and commutative product of degree 0. Let us denote
Agg_1 = m¢ the operator of degree 2d — 1 for d > 0, with A_; = d4. The relations Rtlj,...,lﬂ are

equivalent to
mlli,...,l =(... >ﬁ2d+2"*3 for d>=0,n>1.

Therefore the operations mil,...g are completely characterised by the Aggy2,-3. Now the relation
Ril,...,lz for d = 0 says that m(l]w’1 is a derivation with respect to e, which is equivalent, by the
above equality, to Ag,_3 having order < n. We can consider the sum A := A_1 + A + Az + -+,
which is well defined by the definition of a homotopy BV-algebra. The relations R‘li are equivalent
for A to square to zero. So A is a commutative BV,-algebra.

In the other direction, given a commutative BV -algebra A, we define

0

. d._ d _ Aogion—
m2 = e, ml = AQd—l’ mL_”’l - < . > 2d+2 3

n

and the other mghm’pt to be 0. By the previous analysis, all the relations of a homotopy BV-algebra
are satisfied, except for the Rcllw_’l, which is satisfied by the definition of the mﬁlrn?l in terms of
higher brackets and because A% = 0. O

Therefore in a commutative BV -algebra, there is a family of L,-algebras, one for each n, given up
to suspension by

Ao o . _
{Agp—1, (o) (e )ﬁQ 'l or equivalently by {mf, myy, .. ,m(l)y_.,l}.

Tamarkin and Tsygan [TT00] gave a more general definition of BV-algebra structure. This is also
expressed in terms of higher order operators, not on A itself but on the free Gerstenhaber algebra
G(s71A*) on the desuspension of the linear dual of A. Using a dual formulation of Theorem 1, a
homotopy Gerstenhaber algebra structure is specified by a differential A_; of degree —1 on the free
Gerstenhaber algebra G(s~'A*) when A is finite dimensional. They define a homotopy BV-algebra
structure extending this G, structure as an odd square zero operator A on G(s~'A*) which can be
written as a sum of homogeneous components

A = A1+ ALie+ A1 +A3+A5+---,

where Agy_1 has degree 2d — 1 and order < d + 1 with respect to the commutative product of
G(s71A*), for d > 1. The operator A is the unique order < 2 operator on G(s™1A*) 2 Com o
Liey (s~1 A*), with respect to the commutative product, which extends the bracketing of two elements
of Liei(s71A*), the free Liej-algebra on s~'A*. So it has degree 1. They also require that each
operator Aj_g respects the decreasing filtration given by the length of Lie-words in G(s~1A*).
The following Proposition was observed in [TT00, Remark 2.8], though Koszul duality for inhomo-
geneous quadratic operads was not yet known.
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PROPOSITION 24. Specifying a BVoo-algebra structure A in the sense of [TT00] for which each
Aog 1 has order < 1 and is a derivation with respect to the Liej-algebra structure of G(s~1A*) is
equivalent to specifying a homotopy BV-algebra structure in the sense of this paper.

Proof. Let (A, A) be a BV-algebra in the sense of [TT00] such that each Ay has order < 1 and is
a derivation with respect to the Liej-algebra structure of G(s~1A*). This is equivalent to requiring
that each Agg 1 is a derivation with respect the Gerstenhaber algebra structure on G(s~!1A*).
Considering the linear dual, each Ayy_; induces a degree 2d — 1 coderivation ‘Agy_1 on the cofree
Gerstenhaber coalgebra G¢(sA). Hence the sum d := ‘A _14+6 ' @'A1+0 2R A3+ 3@ A5+ - - is
a generic degree —1 coderivation on qBVi(A) = K[§]®(s~1G¢(sA)). The above definition of Ap;. and
Lemma 5 show that the induced map ' ®*Ar;. on gBVi(A) is equal to the degree —1 coderivation
d, o A. Finally, the degree —1 coderivation d + d, o A squares to zero, which is equivalent to a
homotopy BV-algebra structure by Theorem 1. O

To conclude, the definition of homotopy BV-algebra given here lies between the definition of [Kra00],
which is given by an operad that is not a cofibrant replacement of the operad BY, and the definition
of [TT00], which is actually an algebra over a properad (or a prop).

The Koszul resolution Py, — P of an operad P defines the notion of homotopy P-algebra. Recall
that, in Koszul duality theory, the symmetry of the defining operations of P remains strict in the
homotopy version; only the relations between these operations being relaxed up to homotopy.

In [SWO03], Salvatore and Wahl began to extend the Koszul duality theory to operads in the category
of H-modules, where H is a cocommutative Hopf algebra. The Hopf algebra is meant to encode other
group actions than the permutations of elements and it often comes from the homology algebra
of a topological group. In the case of the circle S', we work with the algebra of dual numbers
D = H,(S') with the obvious coproduct. So the category of dg D-modules is the category of mixed
chain complexes. With a proper action of D on G, a G-algebra in dg D-modules is a BV-algebra.

In this context, they defined the Koszul dual of a D-equivariant quadratic operad. One can con-
tinue much further and define the cobar construction of D-equivariant cooperads. Applying this
construction to the Koszul dual of G, one would get a notion of “homotopy BV-algebra” where
the A operator will still strictly square to zero, this relation not being relaxed up to homotopy.
This notion would be equivalent to a homotopy BV-algebra, as defined here, where only m} and
the mgl,m’pt would not be trivial. The only non-trivial relations would be R217.”7pt, which are the
Goo-algebra relations, and Rllj which would say that the default for mi to be a derivation with

respect to mgl e 18

1y-+5Pt?

¢
0
Z Z + TUp oo Pr 1 PP Py oDt
r=1pi.+p;=pr
Notice that this structure differs from that of Proposition 19 exactly by this last term.

3. Deformation theory of homotopy BV-algebras

We apply the methods of [MV09a, MV09b] to the resolution of Section 1 in order to give a Lie
theoretic description of homotopy BV-algebras. This allows us to define the deformation theory,
that is the cohomology theory, for BV-algebras and homotopy BV-algebras. We apply the general
obstruction theory of algebras over a Koszul properad of Section C.2 to this case. This method allows
us to prove an extended version of Lian-Zuckerman conjecture: there exists a homotopy BV-algebra
structure on vertex operator algebras which extends the operations defined by Lian-Zuckerman that
induce a BV-algebra structure on homology. Finally, we show that the obstructions to lift a G-
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algebra structure to a homotopy BV-algebra structure live in the negative 2-periodic cohomology
groups of the G .-algebra.

3.1 Convolution Lie algebra

Recall from 0.2 that for any dg operad Q, the space of equivariant maps g := Homg(BVi, Q) car-
ries a dg Lie algebra structure, called the convolution Lie algebra, such that any morphism of dg
operads v : BVsx — Q, is equivalent to a twisting morphism BVI — Q, still denoted ~. Hence if
Q = End4 for a dg module A, twisting morphisms encode homotopy BV -algebra structures on A.
After Section 1 and Section 2, this gives a third equivalent definition of homotopy BV-algebras:
homotopy BV-algebra structures are in one-to-one correspondence with Maurer-Cartan elements in
the convolution Lie algebra g, see Theorem 1.

Since the Koszul dual cooperad BV! is weight graded, the convolution algebra g is also weight-
graded, g = [],,>0 g™ where g = HomS(BV‘(n), Q), from Proposition 51. The differential on Q
induces a weight 0 differential 9y on g and the internal differential d, on BV' induces a weight +1
differential 01 on g. This result is used in Section 3.3 to endow vertex algebras with a homotopy
BV-algebra structure.

By Proposition 55, we know that the Koszul dual cooperad BV admits a relative grading Byilnl
such that BV = Gi and Proposition 3 shows that BVi = K[6]oGi. In this case, the relative grading
is equal to the power of §. So BV is an extension of the Koszul dual cooperad Gi of the Gerstenhaber
operad. This proves that the convolution Lie algebra governing homotopy BV-algebra structures
is a formal extension of the convolution Lie algebra governing homotopy Gerstenhaber algebras,
twisted by an extra differential.

PROPOSITION 25. The convolution dg Lie algebra g := Homg(BV!, Q) is isomorphic to g9[[h]] :=
99 @ K[[h]], where g9 is the convolution dg Lie algebra Homg(Gi, Q) associated to the Gerstenhaber
operad G. The formal parameter h has degree —2. The differential @ on g¥[[h]] is the sum of two
terms O = Oy + 01, where Oy is the derivation freely extended from the one of g% and where 0; raises
the power of h by 1.

Proof. By Proposition 3, we have
Homg(BV!, Q) = Homs(K[3] o G, Q) = Homg(¢, Q) @ K[[A],

with A = §*. By the cooperad structure on BVi, this is an isomorphism of Lie algebras. The result
about the differentials is then straightforward. O

3.2 Deformation complex

Section 2 of [MV09b], applied here, defines the deformation complex of morphisms from the operad
BVs. In this section, we present only the case @ = End, for simplicity, but the general case
is similar. Consider the convolution Lie algebra g = Homg(BV!, End4) whose twisting morphisms
correspond to homotopy BV-algebra structures. Once given such a twisting morphism =, we consider
the twisted differential on g defined by

O(f) == 0(f) + [, f] = dpna, o f — (DY fody + [, £1.

DEFINITION (Deformation complex). The chain complex g7 := ((Homg(BV!,Endy),d") is called
the deformation compler of the homotopy BV-algebra structure v on A.

This defines the “cohomology of A with coefficients in itself”, also called the tangent homology, for
any BV-algebra or homotopy BV-algebra. As usual, these (co)homology groups are the obstruc-
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tions to formal deformations of the BV-algebra or homotopy BV-algebra structure v as in [Ger64].
To study the formal deformations, we use the following Lie algebra structure on the deformation
complex.

PROPOSITION 26. The Lie bracket [ , ] induces a twisted dg Lie algebra structure on g7. This dg
Lie algebra is isomorphic to

97 = (gg[[h]],ao +81 + [73 _]’ [ ’ ])

Proof. The differential of any dg Lie algebra twisted by a Maurer-Cartan element always induces a
twisted dg Lie algebra structure. The final isomorphism comes from Proposition 25. O

Hence the underlying space defining the cohomology of homotopy BV-algebras is the formal exten-
sion of the one defining the cohomology of homotopy Gerstenhaber algebras. We apply that result
in Section 3.4.

3.3 Obstruction theory applied to vertex operator algebras

Huang [Hua97] proved that a vertex operator algebra is a partial algebra over the Riemann sphere
operad R. In parallel to Theorem 13, we prove that a large class of vertex operator algebras carry
a homotopy BV-algebra structure. To do so, we describe an obstruction theory for homotopy BV-
algebras. More precisely, we prove the following generalisation of Lian-Zuckerman conjecture: there
exists an explicit homotopy BV-algebra structure on vertex operator algebras which extends the
operations defined by Lian and Zuckerman in [LZ93] and which induces the BV-algebra structure
on (co)homology.

The weight filtration on BY! induces a decomposition of the convolution Lie algebra
g= H g™, g™ = Homg(BVI™ Endy)
n=0

and homotopy BV-algebra structures on a dg module (A, d4) are in one-to-one correspondence with
degree —1 elements

Y=+ + - : BV — Endg, Yo s BVIT s Endy,
satisfying the sequence of Maurer—Cartan equations

1
aO(’Vn) + al(’}/n—l) + 5 Z [7k77l] = 07 (Mcn)
k+l=n

for n > 1. See Section C.2 for details in the general case of quadratic-linear operads.

THEOREM 27. Let (A,d4) be a dg module and suppose we are given a commutative product of
degree 0, a skew-symmetric bracket of degree 1 and a unary operator of degree 1 such that the
differential d 4 is a derivation with respect to them, that is, a map

Y1 ot BVi(l) - EndA

of degree —1 satisfying 04(v1) := dgnd, 71 = 0. IfH_(Homg(BVI™ Endy),84) = 0 for all n > 2,
then this structure extends to a homotopy BV-algebra structure on A.

Proof. By Theorem 53. O

We can define a homotopy BV-algebra structure on a topological vertex algebra (TVA for short)

closely following the Go, case described in detail in [GGTO08]. Consider (4,-¢;)-, @, L, G, J) a TVA,
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bigraded as usual by the conformal weight and the fermionic grading

A @a - @ 4
SEZ r,SEL
see [KVZ97, Definition 2.4] or [Kac98, section 5.9] for the full definition. We will assume here the

conformal weight is always non-negative, that is, s € N. The TVA axioms include the supercommu-
tator relation

GuQuz + QuGuyz =svif v € A
For s > 0 the complex (A%, d4) is therefore contractible, with contracting homotopy %G(l),

Lian and Zuckerman [LZ93] considered on A the algebraic structure given by

T4y =1T(_1)Y, {z,y} = (—1)‘$|(G(o)ff)(o)y, Az = Gz,

and showed these operations induce a BV-algebra structure on the homology H.A with respect
to the differential operator d4 := Q)—. They gave explicit chain homotopies to make up for the
failure of the BV axioms to hold on A itself, and conjectured the existence of a family of higher
homotopies. Note that all the operations are of conformal weight zero and it is the fermionic grading
that gives us the homological degree.

When the above operations are restricted to conformal weight s = 0 they give A° the structure of
a BV-algebra (compare [GGTO08, Lemma 5.3]. In particular the product and bracket of Lian and
Zuckerman are already appropriately (skew) symmetric here.

THEOREM 28. A topological vertex algebra A, with conformal weights in N, carries an explicit
homotopy BV-algebra structure homogeneous with respect to the conformal weight, which extends
the above operations in conformal weight zero and which induces the Lian—-Zuckerman BV-algebra
structure on H,A.

Proof. We first construct a chain map 1 : BV — Endy of degree —1 by taking the product and
bracket defined by the graded (skew-)symmetrizations of ¢ and {, }, and the operator A defined in
conformal weight s = 0 by G(1) and by the zero operator elsewhere. Thus we have an extension of
the Lian—Zuckerman operations to structure maps

" o BV — Endy, ~v : BVI — End 4o .

Next we use the obstruction theory of Theorem 52 to extend « beyond A°. Since we are looking
for a homotopy BV-algebra structure which respects the conformal weight, we already know the
image onto A" of all the operations. Let us denote by A := s>1 A°. We work by induction on the
weight grading n > 1 of the twisting morphism 71 + - -+ + 7, + - - -, to define its image onto A. The
induction is initiated by the definition of ~;. Using the following isomorphisms,

Homg(BV', End 1) = Homg (BVi(A), A) = Homg (BVi(A), A°) ® Homg (BVi(A), A)

we see that the component of v,,41 on the first direct summand is null, for n > 1. Since %G(l) isa
contracting homotopy on the chain complex (A%, d4) for each s > 0, the second direct summand is
acyclic with the explicit contracting homotopy %G(l)* on (Homg (BVi(A), A%),04). We can conclude
by Theorem 27. Using the more general Theorem 52, we know that the obstruction to the existence
of Yny1 € Homg (BVI™F(A4), A) is the homology class of

~ 1
Yo+t := O1(m) + 5 > ),
k+l=n+1
k,l>1

which vanishes here thanks to the contracting homotopy G(). Therefore the explicit image of ;41

26



HomMoTOPY BATALIN—VILKOVISKY ALGEBRAS

into A® is given by
1 1
TAs © Yntl = EG(l) (01 () + B Z (k> 1]) -

k+l=n+1
ki>1

O

Following V. Gorbounov, we conjecture that this homotopy BV-algebra structure faithfully recap-
tures the whole structure of TVA.

In a parallel to [GGTO08, Section 5] for homotopy Gerstenhaber algebras, we also conjecture that
we may associate to any smooth Calabi-Yau n-manifold M a sheaf of homotopy BV-algebras. One
first recalls from [GMS04, GMS03] that two particular TVAs, termed the chiral de Rham complex
and the complex of chiral vector fields, may be constructed from the algebra of functions on C". By
the result above we then have corresponding homotopy BV-algebra structures for C". Now using
[MSV99, Theorem 4.2] one checks, if the first Chern class ¢; (M) vanishes, these local structures on
C™ may be glued to produce a sheaf on M.

More generally, this result should be applicable to Chiral algebras as in Beilinson-Drinfeld [BD04].

3.4 Relative obstruction theory

In this section, we show that the obstructions to lift a G-algebra structure to a homotopy BV-
algebra structure already live in particular cohomology groups of the Go-algebra.

Proposition 25 proved that the convolution Lie algebra which governs homotopy BV-algebras is
a formal extension of that of homotopy Gerstenhaber algebras: g = g9[[A]]. Given a homotopy
Gerstenhaber algebra structure 79 on A, the obstructions to lift it to a homotopy BV-algebra
structure are given by the following proposition.

PROPOSITION 29. Let v =~y +91 + -+ + 7 € [[1_o g9 ® W*K be an element which satisfies the
(MC),,-equations up to k = n in (g,0). We consider

N 1
Tn+1 := 01(m) + 5 > bl

k+l=n-+1
ki1

i) In g% @ I"T'K, we have 9° (Y1) = 0, that is Y1 is a cycle of degree —2.

ii) There exists an element v,11 € g9 ® R"1K such that 4o + 71 + - - - + Y41 satisfies the (MC), -
equations up to k = n + 1 in (g,0) if and only if the class of ¥,,1 in H_o(g9 @ 'K, 07)
vanishes.

Proof. 1t is the application of Theorem 52 to the convolution Lie algebra of Proposition 25. O
Concretely, Proposition 29 applies as follows.

THEOREM 30. Let 79 be a G-algebra structure on a dg module A. If the negative 2-periodic
cohomology groups of the G-algebra A vanishes, that is H_o,((Homg(G!, End4),0%)) = 0 for
n > 2, then this structure can be extended to a homotopy BV-algebra structure.

Proof. For n > 1, the chain complex (g% ® h"*1K, 97°) is isomorphic to (g9, 97) @ (h"*1K, 0), with
h of degree —2. O

In other words, the negative 2-periodic cohomology groups of a G.-algebra measure the obstructions
to lift it to a homotopy BV-algebra structure. This result comes from the fact that the operator A in
the definition of a BV -algebra is induced by the topological action of the circle, see [Get94a, Get94b].
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The same theorem holds for general morphisms of dg operads G, — Q. It provides obstructions to
lift them to morphisms BY,, — O.

4. Homotopy theory of homotopy BV-algebras

The previous resolution of the operad BY in terms of a small explicit dg cooperad BVi, allows us
to define the homotopy theory for BV-algebras and homotopy BV-algebras. Following the general
methods of [GJ94], refined in the Appendix B to apply to inhomogeneous quadratic Koszul operads,
we introduce the bar and cobar constructions between BV-algebras and BVi-coalgebras. We extend
this bar construction to homotopy BV-algebra which allows us to define the notion of co-morphisms.
Finally we show how homotopy BV-algebra structures transfer through homotopy equivalences.
Applied to the homology of a homotopy BV-algebra A, this result defines the Massey product of
H(A), which contains the homotopy data of A.

4.1 Bar and cobar constructions

The morphism of dg operads Q(BVi) — BV is equivalent to a twisting morphism x : BVi — BV by
Theorem 2.17 of [GJ94], see also Theorem 1. This twisting morphism is equal to the composite

K BV = sV S5V s BY.

Proposition 2.18 of [GJ94] applied to this twisting morphism proves the existence of a bar-cobar
adjunction between dg BV-algebras and dg BVi-coalgebras:

B, : dg BV-algebras = dg BVi-coalgebras : ..
Explicitly, the bar construction of a dg BV-algebra A is equal to
B, A = BVi(A)

and the differential is given by the isomorphism of chain complexes BVi(A) = (BVio, BY) ogy A,
(see Appendix B for more details). Dually, the cobar construction of a BVi-coalgebra C' is equal to
QC :=BV(C).

Since the operad BV is Koszul in the quadratic-linear sense given in Appendix A, this adjunction
shares the following properties.

ProposiTION 31. For any dg BV-algebra A, the counit of the bar-cobar adjunction is a quasi-
isomorphism of dg BV-algebras: Q,,B,A ~— A.

Proof. 1t is an application of Proposition 45. O

Since we work over a field of characteristic 0, every S-module is exact [GJ94], E-split [Hin97] or X-
cofibrant [BMO03]. Therefore the category of dg BV-algebras admits a model category structure such
that weak equivalences are quasi-isomorphisms. In this language, the previous proposition shows
that the bar-cobar construction provides a cofibrant replacement functor for dg BV-algebras.

4.2 Bar construction for homotopy BV-algebras and co-morphisms

We saw in Theorem 1 that a homotopy BV-algebra structure is equivalently defined by a square zero
coderivation of the cofree BVi-coalgebra BVi(A). This last construction is called the bar construction
of the homotopy BV-algebra A and denoted B, A := BVi(A).

Any dg BV-algebra A is particular example of a homotopy BV-algebra on which both bar construc-
tions coincide: B, A = B, A.
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Let A and B be two homotopy BV-algebras and let BVi(A) and BVi(B) be their bar constructions.
An oco-morphism between A and B is a morphism of dg BVi-coalgebras BVi(A) — BVi(B). It is
equivalent to a map BVi(A) — B satisfying a certain relation. An co-morphism is called a quasi-
isomorphism if the first component I(A) 2 A — B is a quasi-isomorphism. Since oo-morphisms
can be composed, the homotopy BV-algebras with co-morphisms form a category, which is denoted
BV -alg.

The aforementioned functors form the following commutative diagram.

Q
dg BV-alg ——— dg BVi-coalg

B,
BYo-alg

PROPOSITION 32 (Rectification). For any homotopy BV-algebra A, there is an co-quasi-isomorphism
of homotopy BV-algebras

A Q.BA,
where the right hand side is a dg BV-algebra.

Proof. 1t is direct application of the general Proposition 46 to the Koszul operad BYV. O

4.3 Transfer of structure and Massey products for homotopy BV-algebras

In this section, we apply the general results of Sections B.3 and B.4 to the case of homotopy
BV-algebras.

Let (V,dy) and (W, dy ) be two homotopy equivalent chain complexes:

w(C (Vidy) ;9 (W, dw) )n
Idy —pi = dyh' + Wdy, Idw —ip = dwh+ hdy.

THEOREM 33 (Transfer Theorem for homotopy BV-algebras). Let i : (V,dy) — (W,dw) be a
homotopy equivalence of chain complexes. Any homotopy BV-algebra structure on W induces a
homotopy BV-algebra structure on V such that i extends to an co-quasi-isomorphism.

THEOREM 34 (Massey products for homotopy BV-algebras). Let A be a homotopy BV-algebra.
There is a homotopy BV-algebra structure on the homology H(A) of the underlying chain complex
of A, which extends its BV-algebra structure and such that the embedding i : H(A) — A extends
to an oo-quasi-isomorphism of homotopy BV-algebras.

ProposiTION 35. For any homotopy BV-algebra A, one can reconstruct the homotopy type of A
from the homotopy BV-algebra structure of H(A).

Applied to TCFT, these homotopical results show the following theorem.

THEOREM 36. The homology groups H(X ) of any TCFT X carry a homotopy BV-algebra structure,
which extends the BV -structure of [Get94a] and which allows to reconstruct the homotopy type of
C(X).

After the results of Section 1.7, this theorem gives another way of lifting the BV-algebra structures
of [Get94al.
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4.4 Homology and cohomology of BV-algebras and homotopy BV-algebras

After [GJ94, Section 4.3], we know that the André-Quillen homology of an algebra over an operad
with trivial coefficients is given by the left derived functor of the functor of indecomposable elements.
Here we can use the functorial cofibrant resolutions Q.B.A — A and Q,B,A = A to compute
André-Quillen homology of BV-algebras and homotopy BV-algebras respectively:

HBY(A) = H,_1(BLA) = Hy_1(BV'(A), d,.).
HBV>(A) = He_1(B,A) = Ho_1(BV'(A),d,).

More generally, one can define the André-Quillen homology and cohomology of BV-algebras and
homotopy BV-algebras with coefficients following [GHO00] and [Mil08]. The functorial cofibrant res-
olutions Q,B.A = A and Q,B,A = A provide explicit chain complexes which compute these
homology and cohomology theories, as explained in [Mil08].

Appendix A. Koszul duality theory

The original Koszul duality theory was proved by Priddy in [Pri70] for filtered associative algebras
with relations containing only quadratic and linear terms. The main examples are the Steenrod al-
gebra and the universal enveloping algebra of a Lie algebra. This allowed him to provide quasi-free
hence projective resolutions for modules over these algebras. Positselski later extended this the-
ory to filtered associative algebras whose relations are written with quadratic, linear and constant
terms in [Pos93], see also Polishchuk-Positselski [PP05]. As a corollary, he gets also quasi-free hence
cofibrant resolutions for the algebra itself. Theorem 10.2 of [Bro59] shows that these two kinds of
resolutions, projective modules and cofibrant algebras, are obtained at once. Koszul duality the-
ory for graded quadratic associative algebras was later extended to graded quadratic operads by
Ginzburg-Kapranov [GK94] and Getzler-Jones [GJ94].

Recall that an operad is a monoid in the monoidal category (S-Mod, o, ) of S-modules with the
composition product o. An operad is an algebraic object which encodes operations with several
inputs but one output. To model operations with several outputs, we introduced in [Val07] the
notion of properad which is a monoid in the monoidal category (S-biMod, K, I') of S-bimodules. The
monoidal product, denoted X here, is based on graphs which represent the composition scheme of
operations with several inputs and several outputs. Since the monoidal category of S-modules is a
sub-monoidal category of the one of S-bimodules, an operad is a particular example of properad,
where all the operations have exactly one output. Koszul duality theory was extended from graded
quadratic operads to graded quadratic properads in [Val07]. From now on, we assume the reader
familiar with this theory.

In this section, we further extend Koszul duality theory to properads, hence to operads, when the
relations contain quadratic and linear terms. Moreover, it applies to properads which are not nec-
essarily concentrated in homological degree 0 and which may contain unary operations. As a direct
corollary, we obtain a Poincaré-Birkhoff-Witt Theorem for Koszul properads, analogous to that for
associative algebras in [PP05, BG96]. From this theory, we explain how to make the two types of
resolutions explicit: on the level of operads and on the level of algebras over an operad.

A.1 Filtered properads with quadratic and linear relations

Let P be a properad which admits a presentation of the form P = F(V)/(R), where (R) is the
ideal generated by R ¢ F(V)W @ F(V)?® =V @ F(V)?. The superscript (n) indicates the weight
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of the elements. In the free properad F(V'), the weight of an element is defined by the number of
generating elements from V used to write it. Equivalently, it is equal to the number of vertices of
the underlying graph representing an element. This means that P has a space of generators V' and
quadratic and linear relations R. The space of relations is supposed to be homogeneous with respect
to the homological degree.

Let q : F(V) — F(V)® be the projection onto the quadratic part of the free properad. We denote
by qR the image under q of R, so qR C F (V)(Q) is the quadratic part of the relations of P. We
consider the quadratic properad

qP := F(V)/(aR).
We further assume that RNV = {0}. If it is not the case, one has just to reduce the space of
generators V. Under this assumption, there exists a morphism of S-bimodules ¢ : qR — V such
that R is the graph of ¢

R={X —¢(X), X € qR}.

The natural grading of the free properad F (V') by the number of generators induces the following
filtration on P

k<n
where 7 stands for the natural projection F(V') — P. We denoted the associated graded operad by
gr’P. The relations qR hold in grP. Therefore, there exists an epimorphism of graded properads

p: qP — grP.

It is always an isomorphism in weight 0 and 1. In weight 2, p is an isomorphism if and only if
qR = q((V & F(V)P) N (R)). Therefore p is not an isomorphism in general. At the end of this
appendix, we will prove that p is an isomorphism when the properad P is Koszul.

A.2 Koszul dual dg coproperad
Recall that the Koszul dual coproperad Pt of qP is the cofree coproperad generated by sV with
relators in s2qR (see Section 2 of [Val08))

qP':=C(sV, s*qR),
where s stands for the homological degree shift by +1. It is a sub-coproperad of the cofree coproperad
Fe(sV) on sV.
We associate to ¢ the following composite map

. -1

qP! — s2qR =5 sV.
By Lemma 15 of [MV09al, there exists a unique coderivation cflip : qPi — F¢(sV) which extends
this map. The following lemma gives the conditions for d, to induce a square zero coderivation on

the Koszul dual coproperad qP!.

By abuse of notation, we will denote by R® V the space of linear combinations of connected graphs
with 2 vertices, the first one labelled by an element of R and the one above labelled by an element
of V. (This is equal to R X 1y V, with the notation of [MV09a].)

LEMMA 37.

— The coderivation El; : qPT — F¢(sV) restricts to a coderivation d, on the sub-coproperad
qPi C Fe(sV) if (R V +V @ R)NnF(V)? C qR.
— The coderivation d, satisfies dsp2 =0if(RIV+VRR)NFV)® c RNF(V)?,
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Proof. By the universal property which defines C = C(sV, s2qR) (see Appendix B of [Val08]), it is
enough to check that J¢(C(3)) c €@ = s2qR. The space s2qR ® sV is the sub-space of FC(sV)(3)
consisting of graphs with 3 vertices indexed by sV whose lower part with 2 vertices lives in s?qR.
Dually, we consider sV ® s?qR. With these notations, we have CB) = $2qR ® sV N sV @ s2qR.
Hence any element Y € C®) be can written Y = Y s?X @ sv = ) sv' ® s>°X’, with X, X’ € qR and
v,v" € V. The explicit description of d, given by Lemma 22 of [MV09a] gives

CZP(Y) = Z sp(X) ® sv — Z sv' @ sp(X')
= Z(sgo(X) —5°X) @ sv + st’ @ (X' — sp(X")).

We identify F (V) with (V') and we consider the natural suspension map F¢(V) — F¢(sV). So
d,(Y) lives in the image of (R@V +V @R)NF (V)@ in F¢(sV). Hence the coderivation d,, restricts
toCif ( ROV +V@R)NF(V)? C qR.

Since d,, is a coderivation, to show that d¢2 = 0, it is enough to prove that the projection of d§02
onto the generators sV of C vanishes. Once again, by the universal property of C, we only have to
check here that df(C (3)) = 0. By the previous argument, this condition is equivalent to

(ROV+V @R NFV)? co1(0)=RNF(V)?,

Notice that the second condition implies the first one.

DEFINITION (Koszul dual dg coproperad). Under the conditions of Lemma 37, the Koszul dual dg
coproperad of P is the dg coproperad

Pli= (C(sV, 5%qR), dy).

A.3 Koszul duality theory
We extend the Koszul duality theory to the quadratic-linear case as follows.

DEFINITION. The properad P is called a Koszul properad if it admits a quadratic-linear presentation
P = F(V)/(R) such that

i) RNV = {0},
i) (ROV+VORNFV)D cRONFV)®,
iii) its associated quadratic properad qP := F(V)/(qR) is Koszul in the classical sense.

Condition (1) deals with the minimality of the space of generators. It implies that the space of
relations can be written as the graph of a map ¢ : qR — V. Condition (2) corresponds to the
maximality of the space of relations. It states that R should contain all the quadratic relations
obtained by composing relations in R with one element above or below. It implies the existence of
a square-zero coderivation d, on the Koszul dual coproperad qPi.

In the example of the operad BV given in Section 1, the presentation satisfies these three conditions.
But the presentation without the derivation relation between the operator A and the Lie bracket
(-,-) does not satisfy condition (2) since this relation is obtained by composing the inhomogeneous
relation between (-,-) and e-A by A above and below.

The bar-cobar constructions of associative algebras and coalgebras was extended to properads in
Section 4 of [Val07] (see also Section 3 of [MV09a]). The cobar construction is a functor which
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produces a quasi-free properad from a dg coproperad. Recall that a quadratic properad P is Koszul
if and only if the cobar construction of its Koszul dual coproperad is a resolution of P, Q qPi = qP.
In the quadratic-linear case, we consider the cobar construction of the Koszul dual dg coproperad
Pi. which we denote by P, := QPi. More precisely, the underlying S-bimodule of the cobar con-
struction QP1 of a dg coproperad (P71, d,,) is the free properad F (s‘lﬁi) on the desuspension of the
augmentation coideal of Pi. Its differential d is the sum of two terms d; and ds, where d; is the
unique derivation which extends d, and where d3 is the unique derivation which extends the partial
coproduct of the coproperad Pi. Since d,, is a square zero coderivation of the coproperad Pi, we get
d? = 0 by Proposition 4.4 of [Val07].

In the Koszul case, the next theorem shows that algebras over P, give the explicit notion of
homotopy P-algebras.

THEOREM 38. Let P be a Koszul properad. The cobar construction of its Koszul dual dg coproperad
Pi is a resolution of P

QP = P.
Proof. Let C := 5*1(;[773i be the desuspension of the augmentation coideal of the coproperad qP!. So,
the underlying S-bimodule of QP! is F(C).
Let us consider the new “homological” degree induced by the weight of elements of P! minus 1. We
call this grading, the syzygy degree since it corresponds to the syzygies of the quasi-free resolution of
qP and then P. Hence, the syzygy degree of an element of F(C) is equal to the sum of the weight of
the elements which label its vertices minus the number of vertices. Since the weight of C is greater
than 1, the syzygy degree on F(C) is non-negative.
The internal differential d; of F(C) induced by d, and the differential dy induced by the partial
coproduct of the coproperad C lower the syzygy degree by 1. So we have a well-defined non-negatively
graded chain complex.
We consider the filtration F, of QP! = F(C) based on the total weight, which is defined for any
graph labelled by elements of C by the sum of the grading of the operations indexing its vertices.
We denote this grading by (7). The two components of the differential map d = d; + do satisfy

do : F, — F, and di : F, — F,_1.

The filtration F, is therefore stable under the differential map d. Since it is bounded below and
exhaustive, the associated spectral sequence E, converges to the homology of Q2P by the classical
convergence theorem of spectral sequences (see Theorem 5.5.1 of [Wei94]). Hence, F, induces a
filtration F,. on the homology of QP! such that
Ev(‘);) = Fr(HrJrS(QPi))/Frfl(HT+S(Q7)i)) = gr(r)(HrJrs(QPi))'

The first term of this spectral sequence is equal to EY, = F (C)gs, which is made of the elements of
syzygy degree equal to r + s and grading equal to (r). The differential map d° is given by da. Since
the properad qP is Koszul, the spectral sequence collapses at rank 1 and it is equal to E}, = qP ™.
Therefore, E}, is concentrated in the line 7 + s = 0: EL, = qP"), for r + s = 0 and E}, = 0, for
r+s#0.

In conclusion, the convergence theorem gives

E}_, 2= qP") = B 2 ) (Hy(QPY)),

El =0~ EX =g (H, (QP)), for r+s#0.

With the syzygy degree, we have Ho(QP1) = P. And the quotient gr(") (Ho(QP)) is equal to gr")P.
Therefore, the morphism QPi = P is a quasi-isomorphism. O
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This spectral sequence proof gives the following Poincaré-Birkhoff-Witt result directly.

THEOREM 39 (Poincaré-Birkhoff-Witt Theorem for the properad P). When P is a Koszul properad,
the natural epimorphism qP — grP is an isomorphism of bigraded properads, with respect to the
weight grading and the homological degree. Therefore, the following S-bimodules, graded by the
homological degree, are isomorphic

P=grP=dqP.
Proof. 1t is a direct corollary of the previous proof. O
This theorem allows us to give the following equivalent definition of the notion of a Koszul properad.

ProproSITION 40. The properad P is Koszul if and only if it admits a quadratic-linear presentation
P = F(V)/(R) satisfying the following conditions

(1) RNV ={0},
(2) R=((VeF(V)®)n(R),
(3) its associated quadratic properad qP := F(V')/(qR) is Koszul in the classical sense.

Proof. When a properad P is Koszul, the Poincaré-Birkhoff-Witt isomorphism in weight 2 implies
aR = q((Vae F(V)P)N(R)), which is equivalent to R = ((V ® F(V)?)N(R)) under condition (1),
RNV ={0}. In the other direction, condition (2') always implies condition (2). O

In this equivalent definition, condition (2’) states that the space of relations R should be maximal
among the generating spaces for the ideal of P. Such a condition can be hard to check in practice.
But this proposition shows that if one finds a quadratic and linear presentation of a properad, which
satisfies (1), (2) and (3), then the space of relations R is maximal.

REMARK. This presentation of Koszul duality for properads with quadratic and linear relations
includes and extends the classical case of quadratic properads. If P has a quadratic presentation,
then the map ¢ is equal to 0. Hence the Koszul dual dg coproperad has a trivial differential. It
is therefore equal to the classical Koszul dual coproperad. Since qP = P, the two definitions of a
Koszul properad coincide.

Recall that a representation of the form Endy4 over a properad P is called a P-gebra' structure on
A after [Ser93].

DEFINITION (Homotopy P-gebra). When P is a Koszul properad, we define a homotopy P-gebra
as a gebra over the quasi-free resolution P, := QPI.

The notion of homotopy P-gebra can be defined as a gebra over a cofibrant resolution of P. When
P is Koszul, there is a canonical choice for such a cofibrant replacement, namely QPi.

A.4 Resolutions of modules

Another application of Koszul duality theory for associative algebras is to provide quasi-free, thus
projective, resolutions for modules over a Koszul algebra. There are two main applications: in alge-
braic topology to compute the derived functors Tor and Ext, see [Pri70], and in algebraic geometry
to study syzygies, see [Eis05]. We extend these resolutions to the properadic case.

!There is no harm dropping the “al” from the Arabic word “al-jabr” since it means “the” and “gebra” means
“restoration”. The purpose of this terminology is to avoid confusion between the various notions of algebras, coalgebras,
bialgebras, etc ...
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For three S-bimodules M, N and O, let us denote by (M; N)X O the part of (M & N)K O linear in
N. It is given by two-levelled graphs with vertices of the first level labelled by elements of M, except
for one labelled by an element of N, and with the vertices of the second level labelled by elements
of O. Dually, we define M X (N;O) as the part of M X (N @ O) linear in O. Let f : M — M’ and
g : N — O be two morphisms of S-bimodules. We denote by fX' g : MK N — M'X (N;0) the
morphism of S-bimodules where we apply f to every element of M and g to every element of N but
only one each time.

Any twisting morphism a € Tw(C, Q) between a (coaugmented) dg coproperad C and a dg operad
Q induces a unique square zero derivation d, on the free left Q-module Q@ X C on C which extends
the following composite

(Id7;0)Kldc
———

A _
¢S (0)RC (I;Q)KC — QKC,

where (1)A is the component of the decomposition map A : C — CKXC on (I;C)XC.

DEFINITION (Twisted composite product). The chain complex Q X, C := (QX C,d, = doge + da)
is called the left twisted composite product of Q and C. Similarly, one can define a right twisted
composite product C X, Q and a two-sided composite product Q K, C K, Q.

We refer the reader to Sections 3.4 and 7.3 of [Val07] for more details and complete formulas.

The morphism Q(P1) — P is equivalent to a twisting morphism k£ : P — P according Proposi-
tion 17 of [MV09a], which induces the twisted composite product P X, Pi X, P, called the Koszul
complex.

THEOREM 41. For any Koszul properad P, the twisted composite product is quasi-isomorphic to P
as P-bimodule.

PR, PR, PP

Proof. Once again, we consider another “homological degree”, the total weight of the elements of
Pi this time. The two parts d, and d of the differential map lower this degree by 1. The natural
filtration on P and the weight grading on Pi induce an exhaustive and bounded below filtration
F,. on P X, PiX, P. The differential maps satisfy d,. : F, — F, and d, : F, — F,_1. Therefore,
E° is equal to grP My Pi Kz grP where £ : Pi — grP is the associated twisting morphism and
where d® = dz. By Corollary 39, EY is the twisted composite product qP M qPi Kz qP of the
Koszul quadratic properad qP, with k : qPi — qP the Koszul twisting morphism. Therefore, it
is quasi-isomorphic to qP as an S-bimodule. So, the convergence theorem for spectral sequences
implies
E:—r = qp(’/‘) = ESO—T = gr(T)P7
E!. =02 EX forr+ s # 0.

Finally, P X, Pi K, P is quasi-isomorphic to grP, which is equal to P as an S-bimodule by the
PBW theorem of Corollary 39. O

DEFINITION (Relative composite product). We define the relative composite product M Xp N of a
right dg P-module M, p : M X P — M, and a left dg P-module N, A : PX N — N, by the
following coequalizer:

Id ;R\

MXPKXN MX N

M Xp N.

pXId
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COROLLARY 42. Let P be a Koszul properad. For any right P-module M and any left P-module
N, we have

Mxﬁplgnj\[:Mﬁp(’Pﬁ,{P‘&,@P)ﬁpNﬁMﬁpN

Proof. Once again, we use the total weight of the elements of Pi for the “homological degree”. Let
us first prove the result with N = P, that is M X, PI K, P := M Kp (P K, PI K, P) — M. Since
M Rp (P X, PiX, P) is given by the following short exact sequence

0> MRPR(PKE,PK,P) > MR (PHKE, P K, P) - MHKp (P, P K, P)— 0,

it induces a long exact sequence in homology. By Proposition 3.5 of [Val07], the homology groups
of the two first chain complexes vanish in degree greater than 1. Therefore we have H,(M Xp
(PR, P X, P)) =0 for n > 1. In degree 0, the long exact sequence is equal to M P X [ —
MXI — MXp I, so Hy(MXp (PX, P X, P)) =MXpI. We apply the same method again to
MK, P K, N=(MXp (PX, P X, P)) Rp N to conclude the proof.

O

For instance, with M = P and N = I (resp. with M = I and N = P), this corollary proves that
the Koszul complex P K, Pi (resp. Pi X, P) is quasi-isomorphic to I. For M = P and any N, this
construction provides a quasi-free left P-module which is a resolution of N.

When P = R is concentrated in arity (1,1), it is a Koszul algebra R, for instance the universal
enveloping algebra of a Lie algebra, the Steenrod algebra and the free symmetric algebra [Pri70]. In
this case, the above construction provides us with a functorial projective resolution of R-modules
M: R®, Ri®, M = M. Notice that in algebraic geometry, people are looking for minimal (quasi)-
free resolution of a module over an algebra, see [Eis05]. Condition (1) is the minimality condition
and the resolution provided here is (quasi)-free.

Finally, when A is a P-gebra, the construction

PR, P(A):=(PX,P X, P)Kp A= A

is a resolution of A as a quasi-free left P-module. So, if P is an operad, it gives a quasi-free P-algebra
equivalent to A, which we analyse in the next appendix.

Appendix B. Homotopy theory for algebras over a Koszul operad

In this appendix, we suppose that P is an operad. (For a general properad P, as opposed to an
operad, the notion of free P-gebra does not exist and there is no model category structure on the
category of P-gebras; this category does not admit coproducts).

In this context, we define the bar and cobar constructions for algebras over an inhomogeneous
Koszul operad using the general theory of twisting morphism for (co)algebras over a (co)operad of
[GJ94], see also [Mil08] for a Lie theoretical approach. This allows us to define a bar construction
for homotopy P-algebras and a weaker notion of morphism, called co-morphism. We show that any
Poo-algebra is oo-quasi-isomorphic to a P-algebra. We prove that Ps-algebra structures transfer
through homotopy equivalences with explicit formulae. Applied to the homology of a P.-algebra,
this result defines the Massey products for Py-algebras.

B.1 Bar and cobar constructions

Let a : C — Q be a twisting morphism between a coaugmented dg cooperad C and a dg operad Q.
To any dg C-coalgebra (C, A¢) and any dg Q-algebra (A, y4), we associate the following operator
on Hom(C, A):

xalp) : O 2% CoC 2% QoA 24
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A twisting morphism with respect to v is a map ¢ : C — A of degree 0 which is a solution of the
Maurer-Cartan equation:

() +*alp) = 0.

We denote the space of twisting morphisms with respect to a by Twas(C, A). This bifunctor
Tw, : dg C-coalgebras x dg Q-algebras — Sets is represented by the following functors.

To any dg Q-algebra (A,~4), we define its bar construction B, A on the underlying module C(A).
Since it is a cofree C-coalgebra, there is a unique coderivation do which extends

C(A)=CoA M4 96424,

The coderivation ds is equal to the composite

Ids

CoA Agyo ((Idgo(Idr;a))old o

IdCO(IdAaWA) C o A
- - T
Y

(Co(I1;C))0 A (Co(1;Q)0 A= Co (4 Qo A)

where A(qy is the component of the decomposition map A : C — CoC on Co ([ :C). Hence ds squares
to 0. Finally, we endow C(A) with the total square zero coderivation d := d¢olIdg +1d¢ o’ da +ds to
define B, A := (C(A), d). The bar construction B, is a functor from dg Q-algebras to dg C-coalgebras
such that

BoA = (C(A),d) 2 ((Coq Q) 0g A, dy).

The cobar construction Q,C of a dg C-coalgebra (C,A¢) is defined dually. There is a unique
derivation da on Q(C') which extends

C Ac CoC aolde QOC

This derivation is equal to the composite

Idgo’'Ac

QO C QO (C,C o C) Idgo(Id¢;aclde)

’}/(1) OIdC
) ——

Qo (C;Q00C) = (Qon) Q)(C QoC,

so it squares to 0. We consider the total square zero derivation d := dg o Id¢ 4+ 1dg o d¢ + da, which
defines the cobar construction of C, Q,C := (Q(C), d). The cobar construction €2, is a functor from
dg C-coalgebras to dg Q-algebras such that

Q,C = (Q(C),d) 2 ((QonC) oc C,dy).
THEOREM 43 [GJ94, Theorem 2.18]. Let « : C — Q be a twisting morphism from a conilpotent dg
cooperad C to an operad Q. The bar and cobar constructions form a pair of adjoint functors
B, : dg Q-algebras = dg C-coalgebras : g,
whose natural bijection satisfies
Homgg 0-alg. (2a(C), A) = Two(C, A) = Homgg ¢-coalg. (C, Ba(A)),
for any dg Q-algebra A and any dg C-coalgebra C.
Let @ = P be an inhomogeneous quadratic operad and let C = Pi be its Koszul dual dg cooperad.

These results applied to the twisting morphism « : P! — P defines the following pair of adjoint
functors

B, : dg P-algebras = dg Pi-coalgebras : .
REMARK. When P is a finitely generated binary quadratic operad, there is Lie theoretical interpre-
tation of the aforementioned results. For any dg Pi-coalgebra C and any dg P-algebra A, the space
of maps Hom(C, A) can be endowed with a Lie bracket [, ] of degree —1, such that 4 () = %[¢, ¢]

[Mil08, Theorem 2.1.1]. In this case, the equation 9(¢) + *4(¢) = 0 is the Maurer-Cartan equation
in this dg Lie algebra. These properties still hold in the inhomogeneous quadratic case.
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LEMMA 44. When the twisted composite product Q o, C is acyclic, then the counit of adjunction
is a quasi-isomorphism €, : QoBaA — A for every dg Q-algebra A.

Dually, when the twisted composite product C o, Q is acyclic then the unit of adjunction is a
quasi-isomorphism vo : C = B,Q,C for every dg C-coalgebra C.

Proof. Since, Q,ByA = (Q o, C)(A) and B,Q,C = (C o, Q)(C), we use standard filtrations and
Kiinneth formula to conclude. O

The following proposition is the extension of Theorem 2.25 of [GJ94] to the inhomogeneous case.

ProprosiTION 45. When P is a Koszul operad, the counit of the bar-cobar adjunction is a quasi-
isomorphism of dg P-algebras,

0.B.A = A
and the unit of adjunction is a quasi-isomorphism of dg Pi-coalgebras
C = B.Q.C.
Proof. 1t is direct Corollary of Lemma 44 and Corollary 42. 0

Since we work over a field of characteristic 0, every S-module is exact [GJ94], X-split [Hin97] or
Y-cofibrant [BMO03]. Therefore the category of P-algebras admits a model category structure such
that weak equivalences are quasi-isomorphisms and fibrations are epimorphisms. In this homotopi-
cal language, the weight of P! induces a suitable filtration on Pi(A), which makes the bar-cobar
construction into a cofibrant replacement functor for P-algebras.

B.2 Bar construction for P.,-algebras and co-morphisms

In this section, we apply Theorem 43 to another twisting morphism than « to define a bar construc-
tion for homotopy P-algebras and the notion of co-morphisms.

Recall from Proposition 18 of [MV09a] that any twisting morphism factors through two universal
twisting morphisms. Applied to x, it gives

Qpi

N
L N
N
Q

where g, : QP! — P is a morphism of dg operads and f, : Pi — BP is a morphism of dg
cooperads. Theorem 43 applied to the twisting morphism ¢ : Pi — QPi = P, gives the following
a pair of adjoint functors

B, : Ps-algebras = dg Pi-coalgebras : ,.
The bar construction B, is called the bar construction of a homotopy P-algebra A. 1t is equal to
BLA = (Pl(A)7d) = ((Pl O’Y EndA) OEnd 4 A7d’7)7

if v : Pl — End4 denotes the twisting morphism defining the Py.-algebra structure on A. This
construction corresponds to the fourth equivalent definition in Theorem 1 of a homotopy P-algebra
structure on a dg module A in terms a square zero coderivation on the quasi-free dg Pi-coalgebra

Pi(A).
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A homotopy P-algebra is a “strict” P-algebra if and only if the twisting morphism ~ : Pi — Endg
factors through k, v = Pi = P — End . In this case, both bar constructions agree since

B,A = (Pi oy Endy) opna, A = ((Pio, P)opEnda) opna, A= (Pio, P)op A= B,A.

The various bar and cobar functors form the following commutative diagram.

K

dg P-alg. dg Pi-coalg.

Bk
B,
P-alg.

A morphism between algebras over an operad is a map f : A — B which strictly commutes with
the operad action. When P is a Koszul operad, we can define a weaker notion of morphisms as
follows. Let A and A’ be two Py-algebras. An co-morphism between A and A’ is a morphism of dg
Pi-coalgebras between the associated bar constructions B,A = Pi(A) — B,A’ = Pi(A’). It is equiv-
alent to a map Pi(A) — B satisfying a certain relation, see Chapter 8 of [LV09] for an exhaustive
study. An oo-morphism is called an co-quasi-isomorphism if the first component I(A) = A = B
is a quasi-isomorphism. By definition, co-morphisms can be composed. They share nice homotopy
properties, see for instance Section B.3. From now on, we will only consider the category of Puo-
algebras with their co-morphisms.

The following theorem was proved in [DTTO07, Proposition 3] for homogeneous Koszul operads.

PROPOSITION 46 (Rectification). Let P be a Koszul operad. For any homotopy P-algebra A, there
is an oo-quasi-isomorphism of homotopy P-algebras

A= Q.BA,
where the right hand side is a dg P-algebra.

Proof. Proposition 45 applied to the dg Pi-coalgebra B, A provides a quasi-isomorphism of dg Pi-
coalgebras B,A = B,.0.B,A = B,Q.B,A. O

B.3 Transfer of homotopy structures
Let (V,dy) and (W, dw ) be two homotopy equivalent chain complexes:

w(C (Vidy) — (Wedw) Dn
p
Idv — pi = dvh/ + h/dv, IdW - ip = dwh + hdw.

THEOREM 47 (Transfer Theorem). Let P be a Koszul operad and let i : (V,dy) — (W,dw) be a
homotopy equivalence of chain complexes. Any Ps-algebra structure on W induces a Ps-algebra
structure on V such that i extends to an oo-quasi-isomorphism.

One can start with a P-algebra structure on W, but the transferred structure on V will be a Pyo-
algebra structure in general. This theorem provides a homotopy control of the transferred structure:
the starting Poo-algebra and the transferred one are related by an explicit co-quasi-isomorphism.
This result follows from the general principle that algebra structures over cofibrant operads transfer
through quasi-isomorphisms, see [BV73, BM03]. We do not use model category arguments to prove
this result here. Instead, we give explicit formulas. The proof relies on the following lemma and on
the equivalent definitions of Ps.-algebra structures given in Theorem 1.

39



IMMA GALVEZ-CARRILLO, ANDY TONKS AND BRUNO VALLETTE

LEMMA 48 [VdL03, Theorem 5.2]. Let V be a chain complex homotopy equivalent to a chain
complex W. There is a morphism of coaugmented dg cooperads ¥ : BEndy — BEndy, which
extends

p € Endyy (n) — ppi®® € Endy (n).

Since V¥ is a morphism of cooperads to a cofree cooperads, it is completely characterised by its
projection onto the cogenerators F¢(sEndy) — sEndy, which is defined as follows. A basis of
F¢(sEndyy) is given by trees labelled by elements of sEndy . Let 7 := T (suq,...,sui) be such a
tree. The image of 7 under V¥ is defined by the suspension of the following composite: we label
every leaf of the tree 7 (1, ..., ux) with i : V' — W, every internal edge by h and the root by p.

eSS
NP4 \ \/3’“/ Kj) Kﬂj/‘*
N

Sp2 SH3 ]

~

SH1 251
| lp
This composite scheme defines a map in sEndy . Since the degree of h is +1, the degree of ¥ is 0.
Notice that this result is independent of the operad P.

Proof of Transfer Theorem. Let v € Tw(P!,Endy) be a Py-algebra structure on W. By Theo-
rem 1, this twisting morphism is equivalent to a morphism of augmented dg cooperads f, : P —
BEndy,. We compose it with the morphism of augmented dg cooperads ¥ : BEndy — BEndy.
The resulting composite ¥ f,, is a morphism of augmented dg cooperads which endows V' with a
Poo-algebra structure.

The formula for the extension of i to a co-quasi-isomorphism between the transferred structure on
V' and the P.o-algebra structure on W is given by the same formula, except that we now label the
root of the tree by the homotopy h and not by p. The proof that this gives an co-morphism is
straightforward. For more details, we refer the reader to Chapter 8 of [LV09]. O

B.4 Massey products

Since the homology of the operad P is equal to the operad P, the homology H(A) of a Pso-algebra
A carries a natural P-algebra structure. By doing this, we lose a large amount of data, namely the
homotopy type of A. We apply the preceding section to endow H(A) with a Ps-algebra structure
which extends this P-algebra structure. Moreover we show how to recover the homotopy type of A
from this data.

Let (A, d) be a chain complex. As usual, we denote by B, :=Im(d : A,+1 — A,) the image of the
boundary map d. Since we work over a field K, each A, is isomorphic to B, ® H, & B,_1, after a
choice of section. Under this isomorphism, the differential d sends the direct summand B,, & H,, to
0 and its restriction to B,_ is an isomorphism. This splitting shows that the homology H(A) is a
deformation retract of A:

-~

(H(4),0 = (4,0) .,
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where the homotopy h : A, — A,41is 0 on H, ® B,_1 and is the inverse of d on B,,.

THEOREM 49 (Massey products). Let P be a Koszul operad and let A be a Ps-algebra. There
is a Poo-algebra structure on the homology H(A) of the underlying chain complex of A, which
extends its P-algebra structure and such that the embedding i : H(A) — A extends to an oo-
quasi-isomorphism of P.,-algebras.

Proof. The first two points follow directly from Theorem 47. Because the morphism of coaugmented
dg cooperads ¥ extends p € Enda(n) — pui®" € Endg(4)(n), the image of Pit) in Endp4), given
by the transferred structure, corresponds to the P-algebra structure on A. O

One can also prove that the Py-algebra structure on the homology H(A) is independent of the
choice of section for the homology of A: any two such transferred structures are related by an oco-
isomorphism whose first map is the identity on H(A). We refer to Chapter 8 of [LV09] for a proof
of this fact.

When A = Cs’ing(X ) is the singular cochain complex of a topological space, it is endowed with an
associative cup product. This associative algebra structure transfers to an A..-algebra structure on
the singular cohomology Hs'ing(X ). These operations were originally defined by Massey in [Mas58],
so they are called the Massey products. In general, we call the P,,-operations on the homology of a

P~o-algebra the Massey products.

Whereas the differential on H(A) is equal to 0, the Py -algebra structure on H(A) is not trivial. In
this case, the relations satisfied by the Py-algebra operations on H(A) do not involve any differen-
tial. Hence the operations of weight 1 satisfy the relations of a P-algebra. But the higher operations
exist and contain the homotopy data of A. This result is well known in algebraic topology, where
one uses the Massey product with three inputs to detect the non-trivial linking of the Borromean
rings [Mas69].

PRroOPOSITION 50. For any Koszul operad P and any Ps.-algebra A, one can reconstruct the homo-
topy type of A from the Py-algebra structure of H(A).

Proof. Let us denote by 7 : H(A) — A the extension of i to an co-quasi-isomorphism. By defini-
tion of co-quasi-isomorphism and since €2, preserves quasi-isomorphisms between quasi-cofree Pi-
coalgebras (use the filtration based on the weight of P7) | it induces the following quasi-isomorphism
of dg P-algebras

O.BH(A) 2854 0, B, A.

The latter dg P-algebra is co-quasi-isomorphic to A by rectification (Theorem 46). O

B.5 Homology and cohomology of P-algebras and P..-algebras
After [GJ94, Section 4.3], we know that the André-Quillen homology of an algebra over an operad
with trivial coefficients is given by the left derived functor of the functor of indecomposable elements.
Here we can use the functorial cofibrant resolutions Q.B.A — A and Q,B,A = A to compute
André-Quillen homology of P-algebras and Ps.-algebras respectively:

HY (A) = He—1(BrA) = He_1(P'(A), dy).

HP>~(A) =H, 1(B,A) = H,_1(P'(A),d,).
More generally, one can define the André-Quillen homology and cohomology of P-algebras and
Poo-algebras with coefficients following [GHO0] and [Mil08]. The functorial cofibrant resolutions
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02.B.A = A and Q,B,A = A provide explicit chain complexes which compute these homology
and cohomology theories as explained in [Mil08§].

Appendix C. Deformation and obstruction theory

In this third appendix, we develop the deformation theory and the obstruction theory for gebras
over a Koszul properad.

C.1 Deformation Theory

In this section, we give a Lie theoretic description of homotopy P-gebra structures when P is a
Koszul properad: we make precise the dg Lie algebra governing homotopy P-gebra structures.

Let P be a Koszul properad. Recall that for any dg properad O, the derivative on the space of
S-equivariant maps Homg(P1, Q) is defined by 9(f) := dgo f — (—1)fl fod,,. Tt is shown in [MV09a]
that (Homg(P1, Q),0) is endowed with a dg Lie algebra structure. We call it the convolution dg
Lie algebra, or simply the convolution algebra, and we denote it by g := (Homg(P1, Q), 0, [, ]). Its
Maurer-Cartan equation is

0(1) + 511.7] = .

The solutions of the Maurer-Cartan equation in this convolution algebra, which vanish on the
coaugmentation map of the cooperad Pi, are called twisting morphisms and the associated set is
denoted by Tw(Pi, Q). They are in one-to-one correspondence with morphisms of dg properads
from Ps to Q (Proposition 17 of [MV09al):

Tw(P!, Q) = Homgg properads(Poo; Q)-

Applied to the endomorphism properad, @ = End 4, of a dg module A, it shows that structures of ho-
motopy P-gebras on A are in one-to-one correspondence with twisting morphisms of Tw(Pi, End4),
cf. Theorem 1 in the operad case.

Since P is Koszul, the underlying coproperad qPi of its Koszul dual dg coproperad P! = (qPi,d.,)
is graded by an extra weight induced by the one of the cofree coproperad. We denote this weight
grading by Pi. With this convention, Pi satisfies Pi®) = 1, Pi) = sV and PI® = s2gR.
Therefore, the convolution Lie algebra g is also graded by this weight, g(®) := Homg(Pi(”), Q). The
differential on the Koszul dual dg coproperad lowers this grading by one, d, : piln) _, piln=1),
These properties of Pi transfer to the convolution algebra as follows.

PROPOSITION 51. For any Koszul properad P and any dg properad O, the underlying Lie algebra
structure of the convolution dg Lie algebra g := (Homg(Pi, Q), 0, [, ]) has an extra grading such that
g= Hn>0 g™ Its differential is the sum of two anti-commuting square-zero derivations & = 8y + 01
such that the first one preserves this grading 8y : g — g™ and the second one raises it by one,
O : g("_l) — g(”).

Proof. We define g™ by g := HomS(P‘("), Q) for n > 0. The differential Jy is given by the
differentials dg of Q and the differential 0, is given by the differential d, on Pi. Since dg is a
square-zero derivation on the properad Q, Jy is a square-zero derivation on g which preserves the
weight. Since d,, is a square-zero coderivation on the coproperad Pi, d; is a square-zero derivation
on g which raises the weight by one, 9; : g»=1 — g™, O

When P is a quadratic Koszul properad the differential 0y vanishes.
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C.2 Obstruction Theory

We prove a general theorem about Maurer-Cartan elements in graded dg Lie algebras. We apply it
to the convolution Lie algebras associated to Koszul properads. This defines an obstruction theory
and a relative obstruction theory for homotopy P-gebras.

Let (g, 0) be a dg Lie algebra whose underlying Lie algebra structure is isomorphic to g = [],,~ g™,
We further assume that the differential 9 is the sum of two square-zero derivations 9 = dy + 91 such
that 9y : g™ — g™ and ) : g~V — g,
Any element of g can be written as a series v =y +71 + -+ +¥n + -+ -. Under this decomposition,
the Maurer-Cartan equation is equivalent to

(MCy) = 9o(vn) + O (yn-1) + ;k-%; Yk, ] =0

in g™ for any n > 1 and to the equation (MCy): do(70) + $[70,70] = 0, this last being the Maurer-
Cartan equation in the dg Lie algebra (g(o), ).

Notice that g is an extension of the Lie algebra g(® by EBn>1 g™ . Given a Maurer-Cartan element
70 in (g, dp), we associate the twisted differential 97 := 9y + [y, —] on g. It defines a square-zero
derivation on g, which preserves the weight g(™.

THEOREM 52. Let (g = [, g™, 9 = 9y + 81) be a dg Lie algebra satisfying 0y : g™ — g™
and 97 : g ) — g Lety =v4+m+ -+ € [T o g®) be an element which satisfies the
(MC)g-equations up to k =n in (g,0). We consider

_ 1
Tn+1 2= O1(m) + 5 > el

k+l=n+1
ki>1

i) In g"*Y, we have 8 (Y1) = 0, that is 3,,1 is a cycle of degree —2 in the dg Lie algebra
(9,07).
ii) There exists an element 7,41 € g™t such that 1 + - - - + Yn+1 satisfies the (MCy,)-equations
up to k =n+1 in (g,0) if and only if the class of F,41 in H_5(g"*Y,9%) vanishes.
Proof. By the definition of 7,41, we have
~ 1
07 (Ynt1) = 0 (01 () + 5 > ()

ktl=n+1
ki1

Since Jy and 01 anticommute, we get 9y(01 (7)) = —01(0o(7Vn)). Since 9° is a degree —1 derivation,
we get

I ([vks ) = 107 () il = [k, 07 ()] = [07° (i), ] + [07° (), vkl
And since 0; is a degree —1 derivation, we have

A1([v0, 7)) = 101(70), 1] = 170, O1(7n)]-
Finally, we get

0 (An41) = =010 (v)) + [01(70)s Wl + D (107 (v), )

k+l=n-+1
ki1

For any n, the equation (MC,,) is

O™ () = ~O1 (1) — 3 3 bl =
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So the induction hypothesis gives

1
97 (Yn+1) Z O[] + [01(70), 1) = D [O1(ve-1), ) — 5 D AR ARAL
k+l=n k+l=n+1 a+b+c=n+1
ky>1 k=1 abe>1

Once again, since 0; is a degree —1 derivation, we get

WGns) = =3 3 [ whre)

a+b+c=n+1
a,b,c21
which vanishes by Jacobi identity.
Since the equation (MCj,41) is 07 (Yp4+1) = —Yn+1, it proves the second assertion. O

Therefore, the homology groups H_g(g("), 07), for n > 1, are the obstructions to the existence of
Maurer-Cartan elements. Concretely, Theorem 52 applies as follows.

THEOREM 53. Let P = F(V)/(R) be a Koszul properad and let (A,d4) be a dg module. Suppose
we are given a set of operations on A, y; : V — End 4 such that d4 is a derivation with respect to
them, 04(v1) = dgna, ©y1 = 0. If H,Q(HomS(Pi("),EndA), 04) =0 for n > 2, then 7, extends to a
homotopy P-gebra structure on A.

Proof. By Proposition 51, the convolution Lie algebra g := (Homg(P!,Endy4) is graded and any
twisting morphism satisfy 79 = 0. It remains to apply Theorem 52 to this particular case where
Yo = 0. ]

This general method applies to the classical quadratic case as well. It was used in the particular
case of homotopy Lie algebras in [BFLS98] and in the case of homotopy Frobenius bialgebra struc-
tures on differential forms of a closed oriented manifold in [Wil07]. We apply this extended version
to prove the existence of a homotopy BV-algebras algebra structure of vertex algebras in Section 3.3.

C.3 Relative Obstruction Theory

We study now a relative version of the previous method. Let P = F(V)/(R) be a Koszul properad
composed of two properads in the following way. Suppose that the space of generators V splits
into two, V' = Vj @ Vi, such that the space of relations splits into three R = Ry @ R1 @ Rg1 with
Ro C F(Vp)®, Ry c Vi@ F(V1)?), Roy € Vo@ F(Vo@ V1)@, (The subscripts 0 and 1 should not be
confused with the homological degree). We further assume that qRp; is generated by elements given
by a sum of 2-vertex graphs with exactly one vertex indexed by Vj and the other one indexed by
Vi. We denote by Py := F(Vj)/(Rp) the associated quadratic properad and by Py := F(V1)/(R1)
the associated quadratic-linear properad. Therefore the properad P is a quotient of the coproduct,
or free product, Py V P; by the ideal generated by Rp;.

Po VvV P1
(Ro1)

In this case, the Koszul dual coproperad 736 is a sub-coproperad of Pi. Moreover, the following
diagram of graded coproperads commutes

P

Py s i

f |

Fe(sVy) & Fe(sVp @ sVq)

44



HomMoTOPY BATALIN—VILKOVISKY ALGEBRAS

The assumption on Ry; proves that Pi is a coproperad graded by the number of sVj.

LEMMA 54. Under the previous assumptions on the presentation of the properad P, the underlying

coproperad of Pl has an extra grading Pilnl called the relative grading, which satisfies pilll = P}
Its differential d,, lowers this relative grading by 1, d, : pill _, piln=1],

Proof. Under the assumptions on the presentation of P, any map ¢ associated to it satisfies s~ ¢ :

Fe(sV1)@® — sVi and sl : F(sVp @ sV1)?) — sVi. Hence, it always lowers the number of
elements of sV; by 1, so does the differential d,,. O

We get the following direct corollary.

PROPOSITION 55. For any Koszul properad P satisfying the above assumptions and for any dg prop-
erad Q, the underlying Lie algebra structure of the convolution dg Lie algebra g := (Homg(P1, Q), 0, [, ])
has an extra grading, g = Hn>0 g TIts differential is the sum of two anti-commuting square zero
derivations & = 8y + 0 such that the first one preserves this grading dy : g™ — g™ and the second
one raises it by one, 9; : gl — gl

Moreover, the sub dg Lie algebra (g%, dy) is equal to the convolution dg Lie algebra Homg(Poi, Q).

Proof. The proof is similar to that of Proposition 51 with the relative grading this time. 0

Once again, any element of g is a series: v = v+ 71 + -+ + Yo + ---. And the Maurer-Cartan
equation decomposes with respect to the weight as aforementioned.

THEOREM 56. Let P be a Koszul properad with a presentation satisfying the above assumptions
and let (A,da) be a dg module. Suppose we are given a homotopy Py-gebra structure on A: vy :
Py — Endy such that d(70) + 2[70,7)] = 0. IfH_5(Homg(Pil" Endy),87) = 0 for n > 1, then v
extends to a homotopy P-gebra structure on A.

Proof. 1t is a direct corollary of Proposition 55 and Theorem 52. O

Conceptually, the coproperad P! is an extension of the coproperad P} = Pilll py D=1 pilnl,
Hence, @n>1 Pill is a Pj-comodule. Dually, the convolution Lie algebra g is an extension of glo!
by @D,>1 al”l. So D> g™ is a twisted dg module over the twisted dg Lie algebra (gl%,87%). It
naturally carries the obstructions to lift a Maurer-Cartan element of gl% to the whole g.

This theorem applies, for instance, when Py and P; are Koszul properads and when qRy; defines a
distributive law, as in Theorem 2. In this case, the Koszul dual coproperad has the following form
Pi = PIKP|. And the convolution Lie algebra is equal to g & Homg(P} XP}, End4) (see Section 3.1
and Section 3.4 for an application).

ACKNOWLEDGEMENTS

The third author would like to warmly thank the University of Barcelona and its Institut de
Matematica for the invitations and for the excellent working conditions there. He is grateful to
Ezra Getzler for many interesting discussions, sometimes related to the subject of the article.

REFERENCES

AI08 Fiisun Akman and Lucian M. Ionescu, Higher derived brackets and deformation theory. I, J. Ho-
motopy Relat. Struct. 3 (2008), no. 1, 385-403.

Akm97 Fisun Akman, On some generalizations of Batalin-Vilkovisky algebras, J. Pure Appl. Algebra 120
(1997), no. 2, 105-141.

45



BD04

BDA96

BFLS98

BGY6

BMO03

Brob59
BV73

Cos07

CS99

CS08

DS95

DTTO07

Eis05

FBZ04

Fre04

Fre06

Ger63

Ger64

Get94a

Get94b

GGTO08

GHO00

Gin04

GJ94

IMMA GALVEZ-CARRILLO, ANDY TONKS AND BRUNO VALLETTE

Alexander Beilinson and Vladimir Drinfeld, Chiral algebras, American Mathematical Society Col-
loquium Publications, vol. 51, American Mathematical Society, Providence, RI, 2004.

Klaus Bering, Poul H. Damgaard, and Jorge Alfaro, Algebra of higher antibrackets, Nuclear Phys.
B 478 (1996), no. 1-2, 459-503.

G. Barnich, R. Fulp, T. Lada, and J. Stasheff, The sh Lie structure of Poisson brackets in field
theory, Comm. Math. Phys. 191 (1998), no. 3, 585—601.

A. Braverman and D. Gaitsgory, Poincaré-Birkhoff-Witt theorem for quadratic algebras of Koszul
type, J. Algebra 181 (1996), 315-328.

C. Berger and I. Moerdijk, Aziomatic homotopy theory for operads, Comment. Math. Helv. 78
(2003), no. 4, 805-831.

Edgar H. Brown, Jr., Twisted tensor products. I, Ann. of Math. (2) 69 (1959), 223-246.

J. M. Boardman and R. M. Vogt, Homotopy invariant algebraic structures on topological spaces,
Springer-Verlag, Berlin, 1973, Lecture Notes in Mathematics, Vol. 347.

Kevin Costello, Topological conformal field theories and Calabi-Yau categories, Adv. Math. 210
(2007), no. 1, 165-214.

M. Chas and D. Sullivan, String topology, http://arxiv.org/abs/math/9911159 (to appear in
Annals of Math.) (1999).

Alberto S. Cattaneo and Florian Schétz, Equivalences of higher derived brackets, J. Pure Appl.
Algebra 212 (2008), no. 11, 2450-2460.

W. G. Dwyer and J. Spalinski, Homotopy theories and model categories, Handbook of algebraic
topology, North-Holland, Amsterdam, 1995, pp. 73-126.

Vasiliy Dolgushev, Dmitry Tamarkin, and Boris Tsygan, The homotopy Gerstenhaber algebra of
Hochschild cochains of a reqular algebra is formal, J. Noncommut. Geom. 1 (2007), no. 1, 1-25.

David Eisenbud, The geometry of syzygies, Graduate Texts in Mathematics, vol. 229, Springer-
Verlag, New York, 2005.

Edward Frenkel and David Ben-Zvi, Verter algebras and algebraic curves, second ed., Mathematical
Surveys and Monographs, vol. 88, American Mathematical Society, Providence, RI, 2004.

Benoit Fresse, Koszul duality of operads and homology of partition posets, Homotopy theory: rela-
tions with algebraic geometry, group cohomology, and algebraic K-theory, Contemp. Math., vol.
346, Amer. Math. Soc., Providence, RI, 2004, pp. 115-215.

, Théorie des opérades de Koszul et homologie des algébres de Poisson, Ann. Math. Blaise
Pascal 13 (2006), no. 2, 237-312.

M. Gerstenhaber, The cohomology structure of an associative ring, Ann. of Math. (2) 78 (1963),
267-288.

Murray Gerstenhaber, On the deformation of rings and algebras, Ann. of Math. (2) 79 (1964),
59-103.

E. Getzler, Batalin-Vilkovisky algebras and two-dimensional topological field theories, Comm. Math.
Phys. 159 (1994), no. 2, 265-285.

, Two-dimensional topological gravity and equivariant cohomology, Commun. Math. Phys.
163 (1994), no. 3, 473-489.

Imma Gélvez, Vassily Gorbounov, and Andrew Tonks, Homotopy Gerstenhaber structures and ver-
tez algebras, Appl. Categ. Structures, http://dx.doi.org/10.1007/s10485-008-9170-3 (2008).

P. G. Goerss and M. J. Hopkins, André-Quillen (co)-homology for simplicial algebras over simplicial
operads, Une dégustation topologique [Topological morsels]: homotopy theory in the Swiss Alps
(Arolla, 1999), Contemp. Math., vol. 265, Amer. Math. Soc., Providence, RI, 2000, pp. 41-85.

Grégory Ginot, Homologie et modéle minimal des algébres de Gerstenhaber, Ann. Math. Blaise
Pascal 11 (2004), no. 1, 95-127.

Ezra Getzler and J. D. S. Jones, Operads, homotopy algebra and iterated integrals for double loop
spaces, hep-th/9403055 (1994).

46



GK9%4

GMS03

GMS04
Gro67
GS09
GV95

Hin97
Hua97

Kac98
Kau08
KMO01
Kon03
Kos85
Kra00
KS09

KVZ97

LV09
LZ93

Man99

Mar96

Mas58

Mas69

May72

Men09

HomMoTOPY BATALIN—VILKOVISKY ALGEBRAS

Victor Ginzburg and Mikhail Kapranov, Koszul duality for operads, Duke Math. J. 76 (1994), no. 1,
203-272.

Vassily Gorbounov, Fyodor Malikov, and Vadim Schechtman, Gerbes of chiral differential operators.
III, The orbit method in geometry and physics (Marseille, 2000), Progr. Math., vol. 213, Birkh&user
Boston, Boston, MA, 2003, pp. 73-100.

, Gerbes of chiral differential operators. II. Vertex algebroids, Invent. Math. 155 (2004),
no. 3, 605-680.

A. Grothendieck, Eléments de ,géométm‘e algébrique. IV. Etude locale des schémas et des morphismes
de schémas IV, Inst. Hautes Etudes Sci. Publ. Math. (1967), no. 32, 361.

J. Giansiracusa and P. Salvatore, Formality of the chain operad of framed little disks, preprint
(2009).

Murray Gerstenhaber and Alexander A. Voronov, Homotopy G-algebras and moduli space operad,
Internat. Math. Res. Notices (1995), no. 3, 141-153 (electronic).

Vladimir Hinich, Homological algebra of homotopy algebras, Comm. Algebra 25 (1997), no. 10.

Yi-Zhi Huang, Two-dimensional conformal geometry and verter operator algebras, Progress in
Mathematics, vol. 148, Birkh&duser Boston Inc., Boston, MA, 1997.

Victor Kac, Vertex algebras for beginners, second ed., University Lecture Series, vol. 10, American
Mathematical Society, Providence, RI, 1998. MR MR1651389 (99f:17033)

R. M. Kaufmann, A proof of a cyclic version of Deligne’s conjecture via Cacti, Mathematical
Research Letters 15 (2008), no. 5, 901-921.

M. Kapranov and Yu. Manin, Modules and Morita theorem for operads, Amer. J. Math. 123 (2001),
no. 5, 811-838.

Maxim Kontsevich, Deformation quantization of Poisson manifolds, Lett. Math. Phys. 66 (2003),
no. 3, 157-216.

Jean-Louis Koszul, Crochet de Schouten-Nijenhuis et cohomologie, Astérisque (1985), no. hors serie,
257-271, The mathematical heritage of Elie Cartan (Lyon, 1984).

Olga Kravchenko, Deformations of Batalin-Vilkovisky algebras, Poisson geometry (Warsaw, 1998),
Banach Center Publ., vol. 51, Polish Acad. Sci., Warsaw, 2000, pp. 131-139.

M. Kontsevich and Y. Soibelman, Notes on A-infinity algebras, A-infinity categories and mon-
commutative geometry. I, 153-219.

Takashi Kimura, Alexander A. Voronov, and Gregg J. Zuckerman, Homotopy Gerstenhaber al-
gebras and topological field theory, Operads: Proceedings of Renaissance Conferences (Hartford,
CT/Luminy, 1995), Contemp. Math., vol. 202, Amer. Math. Soc., Providence, RI, 1997, pp. 305—
333.

J.-L. Loday and B. Vallette, Algebraic operads, in preparation, 2009.

Bong H. Lian and Gregg J. Zuckerman, New perspectives on the BRST-algebraic structure of string
theory, Comm. Math. Phys. 154 (1993), no. 3, 613-646.

Yuri I. Manin, Frobenius manifolds, quantum cohomology, and moduli spaces, American Mathe-
matical Society Colloquium Publications, vol. 47, American Mathematical Society, Providence, RI,
1999.

M. Markl, Distributive laws and Koszulness., Ann. Inst. Fourier 46 (1996), no. 2, 307-323.

W. S. Massey, Some higher order cohomology operations, Symposium internacional de topologia
algebraica International symposium on algebraic topology, Universidad Nacional Auténoma de
México and UNESCO, Mexico City, 1958, pp. 145-154.

, Higher order linking numbers, Conf. on Algebraic Topology (Univ. of Illinois at Chicago
Circle, Chicago, Ill., 1968), Univ. of Illinois at Chicago Circle, Chicago, Ill., 1969, pp. 174-205.

J. P. May, The geometry of iterated loop spaces, Springer-Verlag, Berlin, 1972, Lectures Notes in
Mathematics, Vol. 271.

L. Menichi, Batalin-Vilkovisky algebra structures on Hochschild cohomology, Bulletin de la Société
Mathématique de France 137 (2009), no. 2, 277-295.

47




Mer04

Mil08
ML65
MSS02

MSV99
MV09a
MV09b
Pos93
PP05

Pri70
Reeb8

Seg04
Ser93

Sev09
Sta63

SWo03
Tam98
Tam02
Tam07
Tra08
TT00
TZ06

Val07
Val08

VdL02

VdLO03
Vor05

IMMA GALVEZ-CARRILLO, ANDY TONKS AND BRUNO VALLETTE

S. A. Merkulov, Operads, deformation theory and F-manifolds, Frobenius manifolds, Aspects Math.,
E36, Vieweg, Wiesbaden, 2004, pp. 213-251.

J. Milles, Andre-Quillen cohomology of algebras over an operad, arXiv:0806.4405 (2008).
Saunders Mac Lane, Categorical algebra, Bull. Amer. Math. Soc. 71 (1965), 40-106.

Martin Markl, Steve Shnider, and Jim Stasheff, Operads in algebra, topology and physics, Mathe-
matical Surveys and Monographs, vol. 96, American Mathematical Society, Providence, RI, 2002.

Fyodor Malikov, Vadim Schechtman, and Arkady Vaintrob, Chiral de Rham complex, Comm. Math.
Phys. 204 (1999), no. 2, 439-473.

S. A. Merkulov and B. Vallette, Deformation theory of representations of prop(erad)s I, J. Reine
Angew. Math 634 (2009), 51-106.

, Deformation theory of representations of prop(erad)s II, to appear in J. Reine Angew.
Math (2009).

L. E. Positsel’skii, Nonhomogeneous quadratic duality and curvature, Funktsional. Anal. i Prilozhen.
27 (1993), no. 3, 57-66, 96.

Alexander Polishchuk and Leonid Positselski, Quadratic algebras, University Lecture Series, vol. 37,
American Mathematical Society, Providence, RI, 2005.

Stewart B. Priddy, Koszul resolutions, Trans. Amer. Math. Soc. 152 (1970), 39-60.

Rimhak Ree, Lie elements and an algebra associated with shuffles, Ann. of Math. (2) 68 (1958),
210-220.

G. Segal, The definition of conformal field theory, Topology, geometry and quantum field theory,
London Math. Soc. Lecture Note Ser., vol. 308, Cambridge Univ. Press, Cambridge, 2004, pp. 421—
577.

Jean-Pierre Serre, Gébres, Enseign. Math. (2) 39 (1993), no. 1-2, 33-85.
Pavol Severa, Formality of the chain operad of framed little disks, arXiv.org:0902.3576 (2009).

James Dillon Stasheff, Homotopy associativity of H-spaces. I, II, Trans. Amer. Math. Soc. 108
(1963), 275-292; ibid. 108 (1963), 293-312.

Paolo Salvatore and Nathalie Wahl, Framed discs operads and Batalin- Vilkovisky algebras, Q. J.
Math. 54 (2003), no. 2, 213-231.

Dmitry E. Tamarkin, Another proof of M. Kontsevich formality theorem, Doctoral thesis, Penn
State, arXiv.org:math/9803025 (1998).

Dimitri Tamarkin, Action of the Grothendieck-Teichmueller group on the operad of Gerstenhaber
algebras, arXiv.org:math/0202039 (2002).

Dmitry Tamarkin, Quantization of Lie bialgebras via the formality of the operad of little disks,
Geom. Funct. Anal. 17 (2007), no. 2, 537-604.

T. Tradler, The Batalin-Vilkovisky algebra on Hochschild cohomology induced by infinity inner
products, Annales de I'institut Fourier 58 (2008), no. 7, 2351-2379.

D. Tamarkin and B. Tsygan, Noncommutative differential calculus, homotopy BV algebras and
formality conjectures, Methods Funct. Anal. Topology 6 (2000), no. 2, 85-100.

T. Tradler and M. Zeinalian, On the cyclic Deligne conjecture, J. Pure Appl. Algebra 204 (2006),
no. 2, 280-299.

B. Vallette, A Koszul duality for props, Trans. Amer. Math. Soc. 359 (2007), 4865-4943.

, Manin products, Koszul duality, Loday algebras and Deligne conjecture, J. Reine Angew.
Math. 620 (2008), 105-164.

P. Van der Laan, Operads up to homotopy and deformations of operad maps,
arXiv:math.QA/0208041 (2002).

, Coloured Koszul duality and strongly homotopy operads, arXiv:math.QA/0312147 (2003).

Theodore Voronov, Higher derived brackets and homotopy algebras, J. Pure Appl. Algebra 202
(2005), no. 1-3, 133-153.

48



HomMoTOPY BATALIN—VILKOVISKY ALGEBRAS

Wei94  Charles A. Weibel, An introduction to homological algebra, Cambridge Studies in Advanced Math-
ematics, vol. 38, Cambridge University Press, Cambridge, 1994.

Wil07  S. O. Wilson, Free Frobenius algebra on the differential forms of a manifold, arXiv.org:0710.3550
(2007).

Imma Gaélvez-Carrillo igalvez@mat.uab.cat
Departament de Matematiques, Edifici C, 08193 Bellaterra (Barcelona), Catalunya, Spain

Andy Tonks a.tonks@londonmet.ac.uk
STORM, London Metropolitan University, 166—220 Holloway Road, London N7 8DB, UK

Bruno Vallette brunov@unice.fr

Laboratoire J.A. Dieudonné, Université de Nice Sophia-Antipolis, Parc Valrose, 06108 Nice, Cedex
02, France

49



