THE FROBENIUS PROPERAD IS KOSZUL
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ABSTRACT. We show the Koszulness of the properad governing involutive Lie bialgebras and also of the
properads governing non-unital and unital-counital Frobenius algebras, solving a long-standing problem.
This gives us minimal models for their deformation complexes, and for deformation complexes of their
algebras which are discussed in detail.

Using an operad of graph complexes we prove, with the help of an earlier result of one of the authors
[W3], that there is a highly non-trivial action of the Grothendieck-Teichmiiller group GRT} on (completed
versions of) the minimal models of the properads governing Lie bialgebras and involutive Lie bialgebras
by automorphisms. As a corollary one obtains a large class of universal deformations of (involutive) Lie
bialgebras and Frobenius algebras, parameterized by elements of the Grothendieck-Teichmiiller Lie algebra.

We also prove that, for any given homotopy involutive Lie bialgebra structure on a vector space, there is
an associated homotopy Batalin-Vilkovisky algebra structure on the associated Chevalley-Eilenberg complex.

1. Introduction

The notion of Lie bialgebra was introduced by Drinfeld in [D1] in the context of the theory of Yang-Baxter
equations. Later this notion played a fundamental role in his theory of Hopf algebra deformations of universal
enveloping algebras, see the book [ES] and references cited therein.

Many interesting examples of Lie bialgebras automatically satisfy an additional algebraic condition, the so
called involutivity, or “diamond” <} constraint. A remarkable example of such a Lie bialgebra structure was
discovered by Turaev [Tu] on the vector space generated by all non-trivial free homotopy classes of curves
on an orientable surface. Chas proved [Ch] that such a structure is in fact always involutive. This example
was generalized to arbitrary manifolds within the framework of string topology: the equivariant homology
of the free loop space of a compact manifold was shown by Chas and Sullivan [CS] to carry the structure
of a graded involutive Lie bialgebra. An involutive Lie bialgebra structure was also found by Cieliebak
and Latschev [CL] in the contact homology of an arbitrary exact symplectic manifold, while Schedler [S]
introduced a natural involutive Lie bialgebra structure on the necklace Lie algebra associated to a quiver.
It is worth pointing out that the construction of quantum A.-algebras given in [B] (see also [H]) stems
from the fact that the vector space of cyclic words in elements of a graded vector space W equipped with
a (skew)symmetric pairing admits a canonical involutive Lie bialgebra structure. Therefore, involutive Lie
bialgebras appear in many different areas of modern research.

In the study of the deformation theory of dg involutive Lie bialgebras one needs to know a minimal resolution
of the associated properad. Such a minimal resolution is particularly nice and explicit if the properad happens
to be Koszul [V1]. Koszulness of the prop(erad) of Lie bialgebras Liel3 was established independently by
Vallette [V1] and Markl and Voronov [MaVo], the latter following an idea of Kontsevich [Ko]. The proof
of [MaVo| made use of a new category of small props, which are often called %—props nowadays, and a
new technical tool, the path filtration of a dg free properad. Attempts to settle the question of Koszulness
or non-Koszulness of the properad of involutive Lie bialgebras, LieB?, have been made since 2004. The
Koszulness proof of LieB8 in [MaVo] does not carry over to Lie®3 since the additional involutivity relation
is not %—properadic in nature. The proof of [V1] does not carry over to Lie°B either since Lie°BB is not
of distributive law type. Motivated by some computer calculations the authors of [DCTT] conjectured in
2009 that the properad of involutive Lie bialgebras, LieB?, is Koszul. In Section 2 of this paper we settle
this long-standing problem. Our result in particular justifies some ad hoc definitions of “homotopy Lie
bialgebras” which have appeared in the literature, for example in [CFL].

There are at least two not very straightforward steps in our solution. First, we extend Kontsevich’s exact
functor from small props to props by twisting it with the relative simplicial cohomologies of graphs involved.
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This step allows us to incorporate operations in arities (1,1), (1,0) and (0, 1) into the story, which were
strictly prohibited in the Kontsevich construction as they destroy the exactness of his functor. Second, we
reduce the cohomology computation of some important auxiliary dg properad to a computation checking
Koszulness of some ordinary quadratic algebra, which might be of independent interest.

By Koszul duality theory of properads [V1], our result implies immediately that the properad of non-unital
Frobenius algebras is Koszul. By the curved Koszul duality theory [HM], the latter result implies, after some
extra work, the Koszulness of the prop of unital-counital Frobenius algebras. These Frobenius properads also
admit many applications in various areas of mathematics and mathematical physics, e. g. in representation
theory, algebraic geometry, combinatorics, and recently, in 2-dimensional topological quantum field theory.

Another main result of this paper is a construction of a highly non-trivial action of the Grothendieck-
Teichmiiller group GRT; [D2] on minimal models of the properads of involutive Lie bialgebras/Frobenius
algebras, and hence on the sets of homotopy involutive Lie bialgebra/Frobenius structures on an arbitrary
dg vector space g. The Grothendieck-Teichmiiller group GRT} has recently been shown to include a pro-
unipotent subgroup freely generated by an infinite number of generators [Br], hence our construction provides
a rich class of universal symmetries of the aforementioned objects.

In §5 of this paper we furthermore show that the Chevalley-Eilenberg complex of an involutive Lie bialgebra
carries a Batalin-Vilkovisky algebra structure, i. e., an action of the homology operad of the framed little
disks operad. This statement remains true (up to homotopy) for homotopy involutive Lie bialgebras.
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partial support by the Swiss National Science Foundaton, grant 200021.150012. Research of T.W. was
supported in part by the NCCR SwissMAP of the Swiss National Science Foundation. S.M. is grateful to
the Max Planck Institute for Mathematics in Bonn for hospitality and excellent working conditions.

We are very grateful to the anonymous referee for many valuable suggestions improving the present paper.

Some notation. In this paper K denotes a field of characteristic 0. The set {1,2,...,n} is abbreviated to
[n]. Tts group of automorphisms is denoted by S,,. The sign representation of S, is denoted by sgn,,. The
cardinality of a finite set A is denoted by #A. If V = @;czV? is a graded vector space, then V[k] stands
for the graded vector space with V[k]’ := Vitk, For v € V* we set |v| := i. The phrase differential graded
is abbreviated by dg. In some situations we will work with complete topological vector spaces. For our
purposes, the following “poor man’s” definition suffices: A complete topological graded vector space for us is
a graded vector space V' together with a family of graded subspaces V,,, p=0,1,..., such that V = H;’io Vp.
If a graded vector space U comes with a direct sum decomposition U = EB;O:O Uy, then we call H;O:O U, the
completion of U (along the given decomposition). We define the completed tensor product of two complete
graded vector spaces V = [[72(Vp, W = [[ )2, W, as

[ee] T
vew =@V, e W,

r=0 p=0

The n-fold symmetric product of a (dg) vector space V is denoted by ®"V, the full symmetric product space
by ®*V or just ®©V and the completed (along e) symmetric product by &'V, For a finite group G acting on
a vector space V, we denote via V¢ the space of invariants with respect to the action of G, and by Vg the
space of coinvariants Vg = V/{gv —v|v € V, g € G}. We always work over a field K of characteristic zero so
that, for finite G, we have a canonical isomorphism Vg =2 VC.

We use freely the language of operads and properads and their Koszul duality theory. For a background on
operads we refer to the textbook [LV], while the Koszul duality theory of properads has been developed in
[V1]; note, however, that we always work with differentials of degree +1 rather than —1 as in the aformen-
tioned texts. For a properad P we denote by P{k} the unique properad which has the following property: for
any graded vector space V there is a one-to-one correspondence between representations of P{k} in V and
representations of P in V[—k[; in particular, Endy {k} = Endy|_i). For C a coaugmented co(pr)operad, we
will denote by Q(C) its cobar construction. Concretely, 2(C) = Free(C[—1]) as a graded (pr)operad where C
the cokernel of the coaugmetation and Free(...) denotes the free (pr)operad generated by an S-(bi)module.
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We will often use complexes of derivations of (pr)operads and deformation complexes of (pr)operad maps.
For a map of properads f : Q(C)—P, we will denote by

(1) Def((C) & P) = [ Homs,, s, (C(m,n), P(m,n))

the associated convolution complex. (It is naturally a dg Lie algebra, cf. [MeVal.) We will also consider
derivations of the properad P. However, we will use a minor variation of the standard definition: First let
us define a properad PT generated by P and one other operation, say D, of arity (1,1) and cohomological
degree +1. On P+ we define a differential such that whenever P+ acts on a dg vector space (V,d), then
the action restricts to an action of P on the vector space with modified differential (V,d + D). Clearly any
P-algebra is a PT-algebra by letting D act trivially, so that we have a properad map P+ — P. Now, slightly
abusively, we define Der(P) as the complex of derivations of PT preserving the map P+ — P. Concretely, in
all relevant cases P = §2(C) is the cobar construction of a coaugmented coproperad C. The definition is then
made such that Der(P)[—1] is identified with (1) as a complex. On the other hand, if we were using ordinary
derivations we would have to modify (1) by replacing C by the cokernel of the coaugmentation C on the
right-hand side, thus complicating statements of several results. We assure the reader that this modification
is minor and made for technical reasons in the cases we consider, and results about our Der(P) can be easily
transcribed into results about the ordinary derivations if necessary.

Note however that Der(P) carries a natural Lie bracket through the commutator, which is not directly visible
on the level of the deformation complex.

2. Koszulness of the prop of involutive Lie bialgebras

2.1. Reminder on props, %-props, properads and operads. There are several ways to define these
notions (see [Ma] for a short and clear review of different approaches), but for practical computations and
arguments used in our work the approach via decorated graphs is most relevant.

2.1.1. Directed graphs. Let m and n be arbitrary non-negative integers. A directed (m,n)-graph is a
triple (T, fin, fout), where T is a finite 1-dimensional CW complex whose 1-dimensional cells (“edges”) are
oriented (“directed”), and

the set of all 0-cells, v, of I the set of all 0-cells, v, of I
fin :[n] — which have precisely one s fout 1 [m] — which have precisely one
adjacent edge directed from v adjacent edge directed towards v

are injective maps of finite sets (called labelling maps or simply labellings) such that Im f;, NIm fo,; = 0. The
set, 8°(m,n), of all possible directed (m,n)-graphs carries an action, (T, fin, fout) = (T fin0 ™Y, fous 0 7),
of the group S,, x S,, (more precisely, the right action of S% x S,, but we declare this detail implicit from
now on). We often abbreviate a triple (I, fin, fous) to I'. For any I' € &©(m,n) the set

V(T) := {all 0-cells of G} \ {Im fir, UIm four},

of all unlabelled 0-cells is called the set of vertices of I'. The edges attached to labelled 0-cells, i.e. the ones
lying in Im f;, or in Im f,,; are called incoming or, respectively, outgoing legs of the graph I'. The set

E(T) := {all 1-cells of T'} \ {legs},

is called the set of (internal) edges of T'. Legs and edges of T incident to a vertex v € V(T') are often called
half-edges of v; the set of half-edges of v splits naturally into two disjoint sets, In, and Out,, consisting of
incoming and, respectively, outgoing half-edges. In all our pictures the vertices of a graph will be denoted
by bullets, the edges by intervals (or, sometimes, curves) connecting the vertices, and legs by intervals
attached from one side to vertices. A choice of orientation on an edge or a leg will be visualized by the
choice of a particular direction (arrow) on the associated interval/curve; unless otherwise explicitly shown
the directiorll 2of each edge in all our pictures is assumed to go from bottom to the top. For example, the

graph % € %9(2,2) has four vertices, four legs and five edges; the orientation of all legs and of four
internal edges is not shown explicitly and hence, by default, flows upwards. Sometimes we skip showing
3



explicitly labellings of legs (as in Table 1 below, for example). Note that elements of © are not necessarily

2
connected, e.g. % 3})\4 € 6°(4,4). A directed graph I is called oriented if it has no wheels, that
3 2 1

2
is, sequences of directed edges which for a closed path; for example, the graph 1\#\2 is oriented while the
1

graph %g is not. Let &T(m,n) C &°(m,n) denote the subset of oriented (m,n)-graphs. We shall work
from now on in this subsection with the set &1 := L, ,50®"(m,n) of oriented graphs though everything
said below applies to the general case as well (giving us wheeled versions of the classical notions of prop,
properad and operad, see [Me2, MMS]).

2.1.2. Decorated oriented graphs. Let E be an S-bimodule, that is, a family, {E(m, n) }m. n>0, of vector
spaces on which the group S,, acts on the left and the group S,, acts on the right, and both actions commute
with each other. We shall use elements of E to decorate vertices of an arbitrary graph I' € &' as follows.
First, for each vertex v € V(I') with ¢ input edges and p output edges we construct a vector space

E(Outy, In,) := (Out,) ®s, E(p,q) ®s, (Iny),

where (Out,) (resp., (In,)) is the vector space spanned by all bijections [p] — Out, (resp., In, — [q]). It is
(non-canonically) isomorphic to E(p,q) as a vector space and carries natural actions of the automorphism
groups of the sets Out, and In,. These actions make the following unordered tensor product over the set
V(T) (of cardinality, say, k),

® E(Outy, Iny) = @ E(O’U,ti(l),fni(l)) ®...®E(Outi(k),lni(k)) ,
vev(T) k= V(G) -

into a representation space of the automorphism group, Aut(I"), of the graph T" which, by definition, is the
subgroup of the symmetry group of the 1-dimensional CW-complex underlying the graph I' which fixes its
legs. Hence with an arbitrary graph I' € & and an arbitrary S-bimodule E one can associate a vector space,

F<E> = (®v€V(G)E(OUtv7 Inv))

whose elements are called decorated (by E) oriented graphs. For example, the automorphism group of the

Autl’?

graph I' = gg is Zo so that T'(F) = E(1,2) ®z, E(2,2). It is useful to think of an element in I'(E) as

of the graph T' whose vertices are literarily decorated by some elements a € E(1,2) and b € E(2,1) and

a ao—! L Aa
are subject to the following relations, % = Qy , for o€ Sq A ( §Z > = 3%’ = g%a”] for
1 2 1 2 1 2 1 2 1

2

a1 +az

any A € K, and " = ﬁé: + %j and similarly for b. It also follows from the definition that

1 2

% = %(12) R (12) S Sg.
1 2 2 1

If E = {E(m,n)} is a dg S-bimodule, i.e. if each vector space E(m,n) is a complex equipped with an
Sim X Sp-equivariant differential &, then, for any graph I' € &©(m,n), the associated graded vector space
T'(E) comes equipped with an induced S,,, X S,,-equivariant differential (which we denote by the same symbol
§) so that the collection, {Dgeeo (m,n) GIE) >0, is again a dg S-bimodule.

m output legs

The one vertex graph €, ,, := >< € &T(m,n) is often called the (m,n)-corolla. It is clear that

—_———
n input legs

for any S-bimodule E one has €, ,(E) = E(m,n).



2.1.3. Props. A prop is an S-bimodule P = {P(m, n)} together with a family of linear S,, x S,-equivariant
maps,

{ur 2 T(P) = P(m,n)}peet (mmny» M1 20,

which satisfy the following “associativity” condition,

(2) [ = pr /5 ©

for any subgraph v C I' such that the quotient graph I'/y (which is obtained from I' by shrinking all the
vertices and internal edges of v into a single internal vertex) is oriented, and y, : I'(E) — (I'/v)(E) stands

for the map which equals u, on the decorated vertices lying in v and which is identity on all other vertices
of T.

If the S-bimodule P underlying a prop has a differential § satisfying, for any I' € &©, the condition § o ur =
pur 0§, then the prop P is called differential.

As €, o (E) = E(m,n), the values of the maps ur can be identified with decorated corollas, and hence the
maps themselves can be visually understood as contraction maps, fircet (m,n) : L'(P) — € n(P), contracting
all the edges and vertices of I' into a single vertex.

Strictly speaking, the notion introduced just above should be called a prop without unit. A prop with unit
can be defined as above provided one enlarges &' by adding a family of graphs, {1 1 - - - 1}, without vertices.

2.1.4. Props, properads, operads, etc. as ®-algebras. Let & = U, ,,(m,n) be a subset of the set
&1, say, one of the subsets defined in Table 1 below. A subgraph « of a graph I' € & is called admissible
ify e ®andT'/y € & A &-algebra is, by definition, an S-bimodule P = {P(m,n)} together with a
family of linear Sy, x Sp-equivariant maps, {ur : I'(P) = P(m,n)}geeo (., » Parameterized by elements
I’ € 8, which satisfy condition (2) for any admissible subgraph H C I'. Applying this idea to the subfamilies
® C & from Table 1 gives us, in the chronological order, the notions of prop, operad, dioperad, %—pmp and
properad introduced, respectively, in the papers [Mc, May, Ga, Ko, V1].

2.1.5. Basic examples of ®-algebras. (i) For any & and any vector space V' the S-bimodule Endy =
{Hom(V®" V®™)} is naturally a &-algebra with contraction maps pugee being ordinary compositions of
linear maps; it is called the endomorphism &-algebra of V.

(71) With any S-bimodule, E = {E(m,n)}, there is associated another S-bimodule, Free®(E) =
{FO(E)(m,n)} with Free®(E)(m,n) = @Dresmn [(E), which has a natural G-algebra structure with

the contraction maps p being tautological. The &-algebra Free® (E) is called the free ®-algebra generated
by the S-bimodule E. We often abbreviate notations by replacing Free® by Free.

(iéi1) Definitions of &-subalgebras, Q C P, of B-algebras, of their ideals, Z C P, and the associated quotient
®-algebras, P/Z, are straightforward. We omit the details.
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Table 1: A list of &-algebras

(G} Definition B-algebra | Typical examples

The set of all possible
4
® oriented graphs Prop \<> <>/

A subset 8] C &7 consisting
of all connected graphs

Properad

A subset 61,0 C &/ consisting

Dioperad
’ of graphs of genus zero P

A subset 62 C @10 consisting of
) all (m,n)-graphs with the number
62 of directed paths from input legs 3-Prop

to the output legs equal to mn
and with at least trivalent vertices

A T ot
A A subset.(’ﬁ Cc6,., co.nsmtmg of graphs Operad
whose vertices have precisely one output leg
A subset & c &+
! consisting of graphs whose Associative
vertices have precisely algebra

S I e e

one input leg

2.1.6. Morphisms and resolutions of ®-algebras. A morphism of &-algebras, p : P1 — Pa, is a
morphism of the underlying S-bimodules such that, for any graph G, one has p o ug = pg o (p®¢), where
p®% is a map, G(P;) — G(Ps), which changes decorations of each vertex in G in accordance with p. A
morphism of &-algebras, P — Endy, is called a representation of the &-algebra P in a graded vector space
V.

A free resolution of a dg ®-algebra P is, by definition, a dg free ®-algebra, (F®(E),J), together with a
morphism, 7 : (F(E),d) — P, which induces a cohomology isomorphism. If the differential § in F(E) is
decomposable with respect to compositions u¢, then it is called in [MeVa, section 5.1] a minimal model of
P and is often denoted by P.. To ensure better properties, one may require in addition that there is a
filtration on the space of generators

{O}ZE()CE1 (@R CUnzoEn:E
such that 6(E,,) C F(Ep_1). This stronger condition will also hold in the examples we consider.
2.2. Involutive Lie bialgebras. A Lie bialgebra is a graded vector space g, equipped with degree zero
linear maps,
Arg—gAg and [, ]:A%g—g,
such that
e the data (g, A) is a Lie coalgebra;
e the data (g,[, ]) is a Lie algebra;
e the compatibility condition,
A la,b] = Za/ @ [a",b] + [a, 0] @ b — (=D)1l([b,a/] @ a” + ¥ @ [V, a)),

holds for any a,b € g. Here Aa=:> d' ®d", Ab=:Y 0 ®@b".
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A Lie bialgebra (g,[, ], ) is called involutive if the composition map

v oy Ly

a — Y.d®d — Y [d,d]
vanishes. A dg (involutive) Lie bialgebra is a complex (g,d) equipped with the structure of an (involutive)
Lie bialgebra such that the maps [, | and A are morphisms of complexes.
2.2.1. An example. Let W be a finite dimensional graded vector space over a field K of characteristic zero
equipped with a degree 0 skewsymmetric pairing,

w: WeW — K
wy @wy —  w(wy,wy) = —(=1)lv2lg(wy, wy).
Then the associated vector space of “cyclic words in W7,
Cyc* (W) = EB(W‘@")Zw
n>0

admits an involutive Lie bialgebra structure given by [Ch]

(W1 ®...Qw,)z,, (1Q...QUy)z, | =

D dw(wi, v) (W1 ® . @ Wi ®Vj 41 D oo @ Uy DV B e DV @ Wig1 @ .. @ W)z,

i€[n]
jelm]

and
AW ®...Qwp)z, : = Y Fw(wi,w)(wip1 @ .. @wj 1)z, , QWi ® . @wi1)z, 4,
i#

This example has many applications in various areas of modern research (see, e.g., [B, Ch, CL, H]).

2.3. Properad of involutive Lie bialgebras. By definition, the properad, Lie°3, of involutive Lie bial-
gebras is a quadratic properad given as the quotient,

Lie’B := Free(E)/ <R >,
of the free properad generated by an S-bimodule E = {E(m,n)}, n>1 with all E(m,n) = 0 except

12 2 1

E(2,1) := 11®sgn2:span< \( :_\?/>
1 1

E(1,2) :=sgny,® 17 = span< /é\ )\ >

modulo the ideal generated by the following relations
1 3

N
A A

2 1 3
(3) R : 2 2

YA %w* :

<,

\
The properad governing Lie bialgebras LieB3 is defined in the same manner, except that the last relation of
(3) is omitted.

= 0.
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Recall [V1] that any quadratic properad P has an associated Koszul dual coproperad P! such that its cobar
construction,

Q(PY) = Free(Pi[-1]),
comes equipped with a differential d and with a canonical surjective map of dg properads,

This map always induces an isomorphism in cohomology in degree 0. If, additionally, the map is a quasi-
isomorphism, then the properad P is called Koszul. In this case the cobar construction Q(P1) gives us a
minimal resolution of P and is denoted by Ps. It is well known, for example, that the properad governing
Lie bialgebras LieB is Koszul [MaVo].

We shall study below the Koszul dual properad Lie°Bi, its cobar construction Q(Lie’Bi) and prove that the
natural surjection Q(Lie°Bl) — Lie®B is a quasi-isomorphism. Anticipating this conclusion, we often use the
symbol Lie°Bo as a shorthand for Q(Lie°Bl).

2.4. An explicit description of the dg properad Lie®5,,. The Koszul dual of Lie°B is a coproperad
Lie°Bt whose (genus-)graded dual, (Lie°Bi)*, is the properad generated by degree 1 corollas,

1 2 2 1 /i\ /i\
\I/ - \f Uy Oy
with the following relations,
102 2 3 N i
T
) ) 2'
T2 3 3 " 1
Hence the following graphs
h
(4)
A

where

is the composition of ¢ = 0,1, 2, ... graphs of the form <> , form a basis of (Lie°Bi)*. If the graph (4) has n
input legs and m output legs, then it has m+n+2a—2 vertices and its degree is equal to m+n+2a—2. Hence

the properad Q((Lie°B)1) = Free{(Lie?B)i[—1]) is a free properad generated by the following skewsymmetric
corollas of degree 3 — m —n — 2a,

g mo@
(6) >< =077 e YoeS,vres,,

12 n 7@ (n)
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where m+n+a >3, m > 1, n > 1, a > 0. The non-negative number « is called the weight of the generating
corolla (6). The differential in Q((Lie°B)i) is given by!

(7) 5><Z =

a=b+c+l—1 [m]=I1UIy
[n]=JyUJy

where the parameter [ counts the number of internal edges connecting the two vertices on the right-hand

side. We have, in particular,
@
FRIRE S
154
so that the map

(8) 7 Lie®Boo — Lie®B,

which sends to zero all generators of Lie°B,, except the following ones,

(&)= A =(F)-Y.

is a morphism of dg properads, as expected. Showing that the properad Lie°BB is Koszul is equivalent to
showing that the map 7 is a quasi-isomorphism. As Lie®B, is non-positively graded, the map 7 is a quasi-
isomorphism if and only if the cohomology of the dg properad Lie°B, is concentrated in degree zero. We
shall prove this property below in §2.9 with the help of several auxiliary constructions which we discuss
next.

2.5. A decomposition of the complex Lie°B,.. As a vector space the properad Lie°B,, =
{Lie°Boo(m,n)}m,n>1 is spanned by oriented graphs built from corollas (6). For such a graph I' € Lie®Bo,
we set

Tl = 9(T) + w(T) € N

where g(I") is its genus and w(I") is its total weight defined as the sum of weights of its vertices (corollas).
It is obvious that the differential § in Lie®B., respects this total grading,

[[6T|| = [IT']]-
Therefore each complex (Lie°Bos(m,n),d) decomposes into a direct sum of subcomplexes,

Lie°Boo(m,n) = ZEieOBoo(m,n)(s)
s>0

where Lie’Boo(m,n)®) C Lie*Boo(m,n) is spanned by graphs I' with ||T'|| = s.
2.5.1. Lemma. For any fized m,n > 1 and s > 0 the subcomplex Lie*Boo(m,n)®) is finite-dimensional.

Proof. The number of bivalent vertices in every graph I with ||T'|| = s is finite. As the genus of the graph
T" is also finite, it must have a finite number of vertices of valence > 3 as well. O

This lemma guarantees convergence of all spectral sequences which we consider below in the context of
computing the cohomology of Lie®’B,, and which, for general dg free properads, can be ill-behaved.

LThe precise sign factors in this formula can be determined via a usual trick: the analogous differential in the degree shifted
properad Q((Lie’B)i){1} must be given by the same formula but with all sign factors equal to +1.
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2.6. An auxiliary graph complex. Let us consider a graph complex,
c=gcr,
n>1
where C" is spanned by graphs of the form, —@—@—-—=)— | with ay,...,a, € N. The differential is

given on the generators of the graphs (viewed as elements of a %—prop) by

d—@— = ) —©0O.
a=b+c
b>1,e>1

2.6.1. Proposition. One has H*(C') = span(—1)—).

Proof. Tt is well-known that the cohomology of the cobar construction Q(7¢(V')) of the tensor coalgebra
T¢(V) generated by any vector space V over a field K is equal to K& V, so that the cohomology of the
reduced cobar construction, Q(T¢(V)), equals V. The complex C is isomorphic to Q(7¢(V)) for a one-
dimensional vector space V' via the following identification

O %0
Hence the claim. 0

2.7. An auxiliary dg properad. Let P be a dg properad generated by a degree —1 corolla + and degree

12 2 1 _ )
zero corollas, \ﬁ/ - _ \ﬁ/ and 1)&2 - 2/&\1 , modulo relations

N

and the first three relations in (3). The differential in P is given on the generators by

(10) dA =0, dY =0, de= <i>.
|

2.7.1. Theorem. The surjective morphism of dg properads,
(11) v: Lie®By — P,

which sends all generators to zero except for the following ones

w R ()

s a quasi-isomorphism.
Proof. The argument is based on several converging spectral sequences.

Step 1: An exact functor.
We define the following functor:

1
F: category of dg i—props — category of dg properads,
by

F(s)(m,n)= €P Q) s(Out(v), In(v)) ® @H" (T, T) ,

reGr(m,n) \ve€v(T) Aut(T)

where Gr(m,n) represents the set of all (isomorphism classes of) oriented graphs with n output legs and m

input legs that are irreducible in the sense that they do not allow any %—propic contractions. We consider the

relative cohomology H!(T",dT) to live in cohomological degree 1. In particular the graded symmetric product

OHY(T,dr) is finite dimensional, and the square of any relative cohomology class vanishes. The differential

acts trivially on the H(T',dT) part. Our functor F is similar to the Kontsevich functor F discussed in
10



full details in [MaVo] except the tensor factor ®H!(I,0T'). One defines the properadic compositions on
F(s) as in the Kontsevich case, with the tensor factors handled as follows: Suppose we compose elements
corresponding to graphs I'y,..., ', to an element corresponding to a graph I'. Then we first map the tensor
factors using the natural maps H'(I';,0T;) — H'(T, ), and then multiply them. (To this end, note that
if I'Y C T is a subgraph, then one has a natural map H(I,0I") — H(T",dT'), and contractions of a graph
do not change H'(T',drI").)

Our modification of the Kontsevich functor allows treatment of properads P which might have P(1,1)
non-zero (which is strictly prohibited in the original Kontsevich approach), see Steps 3 and 4 below.

2.7.2. Lemma. F is an exact functor, i.e. it preserves cohomology.

Proof. Since the differential preserves the underlying graph, we get

(13) Hy(F(s)(m,n)) = € H. Q) s(Out(v), In(v)) ® @H' (T, dr)

reGr(m,n) vev(T) Aut(T)

Since the differential commutes with elements of Aut(T"), Aut(T") is finite and K is a field of characteristic
zero, by Maschke’s Theorem we have

(14) 13)= @B |He| & s(Out(v),In(v)) ® ©H'(T,dT)

reGr(m,n) vev(T) Aut(T)

Applying the Kiinneth formula twice, together with the fact that the differential is trivial on H(T',dI') we
get

1= €& Q) He(s(Out(v),In(v))) @ @H' (T, ) = F(H,(s))(m,n).

reGr(m,n) \vev() Aut(T)
(]

Step 2: A genus filtration.
Consider the genus filtration of (Lie°By, ), and denote by (grLie®Bs., §9¢™) the associated graded properad.
The differential 69" in the complex grLie®B, is given by the formula,

b+C a[n J1\_1J2

Consider also the genus filtration of the dg properad P and denote by (grP,0) the associated graded. The
morphism (11) of filtered complexes induces a sequence of morphisms of the associated graded complexes,

(16) v:grlie’Bo, — grP,

Thanks to the Spectral Sequences Comparison Theorem (see p.126 in [We]), Theorem 2.7.1 will be proven
if we show that the map v is a quasi-isomorphism of complexes. We shall compute below the cohomology
H*(grLie®Boo, 09¢™) which will make it evident that the map v is a quasi-isomorphism indeed.

Step 3: An auxiliary prop. Let us consider a properad Q = F(Q%(ﬁieBil)), where L',zeBl is the 7—pr0p
. 2

governing Lie bialgebras and LieBY its Koszul dual. Explicitly, @ can be understood as generated by
2

corollas as in (6) with either a =m =n =1 or a = 0 and m + n > 3 subject to the relations




To see this, note that for any graph I', H*(I',0T') may be identified with the space of formal linear com-
binations of edges of I', modulo the relations that the sum of incoming edges at any vertex equals the
sum of outgoing edges. Similarly, ®* H'(T', ') may be identified with formal linear combinations of k-fold
(“wedge”) products of edges, modulo similar relations. Of course, such a product of k edges may be repre-

sented combinatorially by putting a marking on those k£ edges. In our case, this marking is the corolla

which we may put on edges.
With the above combinatorial description of Q we see that the map v above factors naturally through Q, say

v:grlie’By LS Q 4 grpP. Furthermore we claim that the right-hand map ¢ is a quasi-isomorphism. First
notice that grP = F(LieBy). The 3-prop LieBy is Koszul, i. e., the natural projection €21 (Ez'eBi ) — LieBy

is a quasi-isomorphism. The result follows by applylng the functor F' to this map and by Lemma 2.7.2.

Step 4: The map p : grlie’Bs, — Q is a quasi-isomorphism. Consider a filtration of grLie®B,, given, for
any graph T', by the the difference a(T') — n(T"), where a(T") is the sum of all decorations of non-bivalent
vertices and n(T") is the sum of valences of non-bivalent vertices. On the 0-th page of this spectral sequence
the differential acts only by splitting bivalent vertices. Then Proposition 2.6.1 tells us that the first page of
this spectral sequence consists of graphs with no bivalent vertices such that every vertex is decorated by a
number a € Z* and every edge has either a decoration (1) or no decoration. The differential acts by

(17)

The complex we obtain is precisely

¢ Q) (LieB} )(Out(v), In(v)) ® ©C*(T, oT) :

reGr(m,n) \v€v(T) Aut(T)

where C*(T",0T") are the simplicial co-chains of I" relative to its boundary; the differential in this complex
is given by the standard differential in C*(I',0I'). Indeed, we may identify C°(T,0T') = K[V(I')] and
CHT,0T) = K[E(T')]. A vertex v = with weight a, corresponds to the a,-th power of the cochain

representing the vertex, and an edge decorated with the symbol (1) corresponds to the cochain representing
the edge. The differential d on C*(I", ") is the map dual to the standard boundary map 9 : C; (T, ) =
K[E(T)] — Co(T,0T') = K[V(T")]. It is given, on a vertex v € V(I'), by

— / i
dv = E €y — E €5
e’ €Out(v) el €In(v)

where Out(v) is the set of edges outgoing from v and In(v) is the set of edges ingoing to v. This exactly
matches the differential (17) on the first page of the spectral sequence. As H(T',d') = 0 and since the
symmetric product functor ©® is exact we obtain Q on the second page of the spectral sequence,

H*(grlie’B) = P & Q4 (LieB} ) (Out(v), In(v)) ® @HY(T,aT) = F(Qy |
reGr(m,n) \v€v(T) Aut(T)

thus showing that p is a quasi-isomorphism. Hence so is the map v from (16), and hence Theorem 2.7.1 is

shown. 0

2.8. Auxiliary complexes. Let A, be the quadratic algebra generated by zi,...,x, with relations

TiTiy1 = Tip12; for i =1,...,n—1. We denote by D,, = Al the Koszul dual coalgebra. Notice that A,, and
D,, are weight graded and the weight k component of D,,, Dﬁf) is zero if k > 3, while DS) = span{x1,..., T}
2
and Dr(l ) — span{uy 2 = T1Ty — Ta1, U3 = TaX3 — T3L2, - - -, Un—1,n = Tn—1Tn — TnTn_1}-
12



2.8.1. Proposition. The algebra A, is Koszul. In particular, the canonical projection map
A, =QD,) = A,
from the cobar construction of D, is a quasi-isomorphism.

The proof of this proposition is given in Appendix A.

Proposition 2.8.1 in particular implies that the homology of the A,, vanishes in positive degree. The complex
A, is naturally multigraded by the amount of times each index j appears on each word and the differential
respects this multigrading. We will be interested in particular in the subcomplex AL11 of A, that is
spanned by words in z; and u;;+1 such that each index occurs exactly once. Since AbLLb s a direct
summand of A, its homology also vanishes in positive degree.

Let us define a Lie algebra £, = Lie(xy,...,zn)/[Ti,®iy1] and a complex L, =
Lie(T1,...,Tn,U1,2,.. - Un—1,), With dz; = 0 and d(u;,41) = [z;,zi41]. Here Lie stands for the free
Lie algebra functor.

2.8.2. Lemma. The projection map L, — L, is a quasi-isomorphism.

Proof. Tt is clear that H°(L,) = L,, therefore it is enough to see that the homology of L, vanishes in
positive degree. The Poincaré-Birkhoff-Witt Theorem? gives us an isomorphism

O(Lie(T1, ..oy Ty w12y Un—1n)) = O(Lp) —> Ass(T1, ..., Tp, U1 2y Up—1.n) = Ap.

This map commutes with with the differentials, therefore we have an isomorphism in homology He(®(L,,)) =
H,(A,). Since ® is an exact functor it commutes with taking homology and since the homology of A,

vanishes in positive degree by Proposition 2.8.1 the result follows. O

Let us define A, ., as the coproduct of A,,,...,A,, in the category of associative algebras; A,, .
: PSS B 1,2 2 r roo1 1 2 T

consists of words in Ty, Zg, ... Ty, TTy o Ty e s Ty e Ty S UT 9y e vy Uy s UT 9y e vy Upy o We de-

fine similarly Ly, . n, and L., . n,.
2.8.3. Lemma. The homology of A, ... n,. vanishes in positive degree.

Proof. Let A, CiAn be the kernel of the natural augmentation such that A, =2 K@ A, as complexes.
Similarly, define A,, . ,,.. The complex A,, . .. splits as

r

Anl,...,nr = @ @ Anh ®- & An”

k>1j1,.00k
where the second sum runs over all strings (ji,...,jx) € [7]** such that no adjacent indices j;, ji+1 are
equal. Since no A,,; has homology in positive degrees by Proposition 2.8.1, neither has A, . .. O

2.8.4. Lemma. The map Ly, ..n, = Ly, n

yTer

s a quasi-isomorphism.

Proof. The same argument from Lemma 2.8.2 holds. |
We define the subcomplexes Lyt | C Ly, . n, and L' C Ly, . 5, spanned by Lie words in which
each index occurs exactly once.

2.8.5. Corollary. The map L,ll’l';j.lﬂm — 5711’1';]_1_,71,‘ s a quasi-isomorphism.

2Let us describe in more detail how the Poincaré-Birkhoff-Witt Theorem applies here. In general, this Theorem states that
for any graded Lie algebra g there is an isomorphism (of coalgebras) ®(g) — Ug between the symmetric coalgebra in g and the
universal enveloping algebra of g. In particular, if g is a free Lie algebra, then the universal enveloping algebra Ug is the free
associative algebra in the same generators. This is precisely our situation.

13



2.9. Main Theorem. The properad Lie®B3 is Koszul, i.e. the natural surjection (8) is a quasi-isomorphism.
Proof. The surjection (8) factors through the surjection (11),
T Lie*Bos 5 P L5 Lie®B.

In view of Theorem 2.7.1, the Main theorem is proven once it is shown that the morphism p is a quasi-
isomorphism. The latter statement is, in turn, proven once it is shown that the cohomology of the non-
negatively graded dg properad P is concentrated in degree zero. For notation reasons it is suitable to work
with the dg prop, PP, generated by the properad P. We also denote by LieP the prop governing Lie algebras
and by LieCP the prop governing Lie coalgebras.

It is easy to see that the dg prop PP = {PP(m,n)} is isomorphic, as a graded S-bimodule, to the graded
1 2 2 1
prop generated by a degree 1 corolla + , degree zero corollas \ﬁ/ =— \ﬁ/ and )K = - /é)\ , modulo the
1 2 2 1

first three relations of (3) and the following ones,

l N/
(18) i:o, 1 =0, =0.

—e—0

/N
The latter prop can in turn be identified with the following collection of graded vector spaces,
(19) W(n,m) := @ (CieP(n,N) @ V®N ® LieCP(N, m))SN
N

where V is a two-dimensional vector space Vo @ Vy, where Vo = span(|) and V; = span<i>. The isomorphism
W(n,m) — PP(n,m) is realized in the more or less obvious way, by mapping LieP(n,N) — PP(n,N),

LieCP(N,m) — PP(N,m) and composing "in the middle” with either the identity or . The differential

|
on W(n,m) we define to be that induced by the differential on PP(n, m), given by the formula (10).

Let us consider a slightly different complex
Vom = @D (LieP(n, N) @ VEN @ AssCP(N,m))

(20) -
= @ @ (LieP(n,N) ® VN © AssC(n) @ ... ® ASSC(nm>)sn

N N=ni+...+nm

. )
1 X XS

: nm

~)

where AssC'P is the prop governing coassociative coalgebras and AssC(n;) = AssCP(nj, 1) 2 KIS, ].
The operad Ass = Com o Lie = ), (Com o Lie)*) is, as an S-module, naturally graded with respect to the
arity in Com. This decomposition induces a multigrading in V;, ,,, = @ Viiks,.. b - 1t is clear that this

(k1yeeykm)
decomposition is actually a splitting of complexes and in fact the direct summand V,,.1. . 1 is just W(n,m),
therefore to show the theorem it suffices to show that the cohomology of V,, ,, is zero in positive degree.

o) Lol

There is a natural identification LieP(n, N) = ((ﬁie(yl, S L YN)) where, as before, we use the

notation 1,...,1 to represent the subspace spanned by tensor products of words such that each index appears
exactly once.

(LieP(n,N)® AssC(n1) ® - - - .»4586’(71,”))&1 XX Sy, 1 isomorphic to LieP(n, N) but there is a more nat-
ural identification than the one above, namely the yjr can be gathered by blocks of size n;, according to the
action of Sp x -+ x S, on LieP(n,N) and can be relabeled accordingly:

1 1 2 2 m m
y13y27'~~7yN'\’)ylv'”vynlayla"'vynzv"'ayl a"'vynm'

Since V =V @ V1, there is a natural decomposition of
VEN—PVae.. Ve @Vew. Ve @ Vg .. Vg,
€

14



where € = (e1,...,€™ ) runs through all strings of 0’s and 1 of length N. Then,

) Ny,

(LieP(n,N) @ VN ®@ AssC(n1) ®...® AssC(nm))Sn o

nm

Sny X+ XSn,,

= @ (EieP(n,N) OVa®...0Vem @AssC(n1)®...® AssC’(nm)>

nm

:@@z‘eP(n,N)@Ve}@---@Ve” )

Given a fixed a string € we look at the corresponding summand in the above direct sum individually. Our
goal is to realize each summand as a subspace of a product of free Lie algebras

1,1
| 1 m m 1 1 2 m @n\ o
((Eze(zl,...,xﬁl,...,xl ""’Iﬁm?ul,%"'7“711—1,7117”1,2’"'7uﬁm—1,ﬁm)) ) ,

uz
where n; = n; + Z 6;» and where the superscript shall indicate that each index occurs exactly once. We

j=1
assume that bases of the one-dimensional spaces V{, V7 have been fixed. Then, using the bases we may
identify

LieP(n,N)@Va ®...® Ven = LieP(n,N)

Now, an element X € LieP(n,N) describes a way of taking an n-fold product of Lie words in N generators
(or linear combinations thereof), say

n ”slots”

Our map

(21) LieP(n,N) = LieP(n,N)QVa®...Q Vem
1

nm
1
! 1 m m 1 1 2 m ®n
— ((Eze(xl, T B A UL g U 1 UL U 1) )
is then realized by sending X € LieP(n, N) to X (yi,... Yns-- Yy ), where

e {x] if € =0, with j =5 + 329} €
i = :

u’ if ¢ = 1, with same J

G.g+1

For example, consider the following element of (LieP(2,5) ® V®® ® AssC(3) ® AssC(2))

(L i ieP(2,5)
é%\ e
/

‘ ‘ AssC(3) @ AssC(2)

Sg XSQ:

In the picture, we understand that the two corollas in the lower half correspond to a triple and a double
(co-)product in AssC(3) and AssC(2), (co-)multiplying factors from left to right. Then the element in the
picture is mapped to the expression [[x], uj 3], 23] @ [}, u3 3].

With the map (21), the total space

"k

Vom :@@ @ (LiePny,N) @V, ®...@ V., ®AssC(n1)®...®AssC(nm))Sn1X___X§
N € N=ni+...+nm
can be seen as a sum of spaces of the form

1,1
- 1 1 m m 1 1 2 m @n\ o
((Eze(xl,...,xﬁl,...,xl ,...,xﬁm7u172,...7uﬁ171ﬁ17u1’2,...,uﬁmfl’ﬁm)) ) ,

Under this identification the differential sends the elements u; j41 to [x;, ac; +1) and it is zero on the elements
x; Then the differential preserves the n;’s therefore it preserves this direct sum.
15



We conclude that the complex V;, ,,, splits as a sum of tensor products of complexes of the form Lzlﬁ"';j_lypk, SO

from Corollary 2.8.5 we obtain that its cohomology is concentrated in degree zero. The proof of the main
theorem is completed. O

2.10. Remark. In applications of the theory of involutive Lie bialgebras to string topology, contact topology
and quantum Ass., algebras one is often interested in a version of the properad Lie®5 in which degrees of
Lie and coLie operations differ by an even number,

[ l=lal=2d, deN.

The arguments proving Koszulness of Lie®5 work also for such degree shifted versions of Lie?5. The same
remark applies to the Koszul dual properads below.

One may also consider versions of the properad Lie3 where the Lie bracket and cobracket have degrees
differing by an odd number, and have opposite symmetry. However, in this case the involutivity is trivially
satisfied (by symmetry) and does not pose an additional relation. The Koszulness of the corresponding
properad is hence much simpler to show, analogously to the Koszulness of LieBB.

2.11. Properads of Frobenius algebras. The properad of non-unital Frobenius algebras Frob, in dimen-
1 2 2 1
sion d is the properad generated by operations \f = (-1)¢ \af (graded co-commutative comultiplication)
of degree d and /{ = /(K (graded commutative multiplication) of degree 0, modulo the ideal generated
1 2 2 1

by the following relations,

w Ny A A L

17 2 1
For the purposes of this paper we will define the properad of non-unital Frobenius algebras to be
Frob := Frobsy.

For example, the cohomology H(X) of any closed Riemann surface X is a Frobenius algebra in this sense.
Comparing with section 2.4 we see that the properad Frob is isomorphic to the Koszul dual properad of
Lie°B, up to a degree shift

Lie®Bt = Frob*{1}.
By Koszul duality theory of properads [V1], one hence obtains from Theorem 2.9 the following result.

2.11.1. Corollary. The properad of non-unital (symmetric) Frobenius algebras Frob is Koszul.

By adding the additional relation
3
(=0
i

(which is automatic for d odd) to the presentation of Frobs we obtain the properad(s) of involutive Frobenius
algebras Frob;. They are Koszul dual to the operads governing degree shifted Lie bialgebras (cf. Remark
2.10), and in particular LieB' = (Frobs)*{1}. It then follows from the Koszulness of LieB (and its degree
shifted relatives) that the properads Frob; are Koszul, as noted in [V1, JF1, JF2].

The properad ucFrob of unital-counital Frobenius algebras is, by definition, a quotient of the free properad
1 2 2 1
generated by degree zero corollas (L (unit), T (counit), \( = \ﬁ/ (graded co-commutative comultipli-
cation) and /L\ = /L\ (graded commutative multiplication) modulo the ideal generated by the relations
1 2 2 1

(22) and the additional relations

(23) Vo-l=o, A=
where the vertical line | stands for the unit in the properad Frob. Similarly one defines a properad uFrob
of unital Frobenius algebras, and a properad cFrob of counital algebras. Clearly, uFrob and cFrob are

subproperads of ucFrob.
16



2.11.2. Theorem. The properads uFrob, cFrob and ucFrob are Koszul.

Proof. By curved Koszul duality theory [HM], it is enough® to prove Koszulness of the associated quadratic
properads, quFrob, gcFrob and qucFrob, obtained from uFrob, cFrob and, respectively, ucFrob by replacing
inhomogeneous relations (23) by the following ones [HM],

c\(:0 , f\:o

so that we have decompositions into direct sums of S-bimodules,

coCom

(24) quFrob = span< (%P > @® Frob , qcFrob= span< é’) > @ Frob
Com

and

o coCom Q
(25) quc}'robspan<(?> & span< %) > & span< é‘) > @ Frobd.
Com

where @ stands for the graph given in (5).

Consider, for example, the properad gcFrob (proofs of Koszulness of properads guFrob and qucFrob can be
given by a similar argument). Its Koszul dual properad gcF rob' =: qcLie’B is generated by the properads

Lie°B and <T> modulo the following relation,

o
/é)\:O'

We have,

é;> & LB
Lael

qcLie®B = (qeFrob) {1} & span<

where (---)* denotes the genus graded dual. It will suffice to show that the properad gcLie’B is Koszul. To
this end consider the dg properad Q(qeLie®Bi) which is a free properad generated by corollas (6) and the
following ones,

(26) A =y

12 n (1) o(2) o(n)

where ¢ > 0, n > 1 and o € S,, is an arbitrary permutation. The differential is given on corollas (6) by the
standard formula (7) and on (0, n)-generators by

dj@\: Z Z i",l

a=b+c+Il—1 [n]=J1UJ3
#J12>1

where [ counts the number of internal edges connecting the two vertices on the right-hand side. There is a
natural morphism of properads

Q(qeLie’BY) — qcLlie’B,
which is a quasi-isomorphism if and only if qcLie®BB is Koszul. Thus to prove Koszulness of gcLie®B it is
enough to establish an isomorphism H*®(Q(qcLie’Bl)) = geLie®B of S-bimodules.

3More precisely, one also has to check the technical Conditions (I) and (II) of [HM, section 4.1]. Condition (I) is obvious
in our case. For Condition (II) let us temporarily use the notation of [HM, section 4.1]. Condition (II) then states that
(R)=2 := (R) N F(V)=2 = R, with F(V)<2:= {I®V @ F(V)P}. This is equivalent to saying that the image of F(V)<2 in
P (i.e., F(V)=2/(R)=?) is isomorphic to F(V)<2/R. But we have an explicit basis of P in our case given by elements (4) and
analogous elements with zero inputs or outputs as in (24) and (25). The subset of basis elements with at most two generators
then yield a basis of F(V)<2/(R)<2. Hence we only need to check that the same elements also form a basis of F(V)<2/R, a
fact which is again essentially obvious.
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To do this, one may closely follow the proof of Theorem 2.9, adjusting it slightly so as to allow for the
additional (0,n)-ary generators. First, we define a properad P which is generated by the properad P of
section 2.7, together with an additional generator of arity (0,1), in pictures T, with the additional relations

o

/5\:0 1=o0.
|

The map Q(qcLie’Bi) — qcLie’B clearly factors through P
(27) Q(qeLie’B) — P — qeLic’B

and it suffices to show that both of the above maps are quasi-isomorphisms. Consider first the left-hand

map. The fact that this map is a quasi-isomorphism may be proven by copying the proof of Theorem 2.7.1,

except that now the functor F' (as in section 2.7) is applied not to the cobar construction, 1 (LieB} ) but
2

to €21 (qeLieBl). Here

LieB , if 0
JeLioBs (mon) — 4 £ 1(m,n) it m #
2 K ifm=0
is the %—prop governing Lie bialgebras with a counit operation killed by the cobracket. More concretely,
qcLieBl (m,n) is the same as LieB, (m,n) in all arities (m,n) with m,n > 0, but geLieB} (0,n) is one-
2 2

dimensional, the extra operations corresponding to corollas

One can check?® that the %-prop qcLieB, is Koszul, i. e., that
2

H(O

1
2

(geLieBl)) = qcLieBy.

The properad P is obtained by applying the exact functor F' to this %—prop, and hence, by essentially the
same arguments as in the proof of Theorem 11 the left-hand map of (27) is a quasi-isomorphism.

Next consider the right hand map of (27). It can be shown to be a quasi-isomorphism along the lines of the
proof of Theorem 2.9. Again, it is clear that the degree zero cohomology of P is geLie’B, so it will suffice
to show that H>°(P) = 0. First, let PP be the prop generated by the properad P. As a dg S-bimodule it
is isomorphic to (cf. (19))

W(n,m) = €P (LieP(n,N) @ VEN @ K®M @ LieCP(N + M,m))
N,M

SN XSM

where V is as in (19). The above complex W (n,m) is a direct summand of the complex (cf. (20))

Vo = @D (LieP(n,N) @ VEN @ K¥M @ AssCP(N + M,m))
N,M

SN XS

by arguments similar to those following (20). Then again by the Koszulness results of section 2.8 it follows

that the above complex has no cohomology in positive degrees, hence neither can PP have cohomology in
positive degrees. Hence we can conclude that the properad qcLie®3 is Koszul.
O

4The piece of the %-prop Q% (qcﬁieBi% )) involving the additional generators is isomorphic to the complex (E'l—ieJr7 dliie+) from

[Me2] (see page 344). According to loc. cit. its cohomology is one-dimensional.
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3. Deformation complexes

As one application of the Koszulness of Lie°B and Frob we obtain minimal models Lie®Bs = Q(Lie®Bl) =
Q(Frob*{1}) and Frob,, = Q((Lie°B)*{1}) of these properads and hence minimal models for their defor-
mation complexes and for the deformation complexes of their algebras.

3.1. A deformation complex of an involutive Lie bialgebra. According to the general theory [MeVa],
Lie°Bo-algebra structures on a dg vector space (g, d) can be identified with Maurer-Cartan elements,
MC (InvLieB(g)) := {T" € InvLieB(g) : |I'| = 3 and [I',T'|cg = 0},

of a graded Lie algebra,’
(28) InvLieB(g) := Def (ue%oo o, €ndg> 2],

which controls deformations of the zero morphism from Lie’B,, to the endomorphism properad Endy =
{Hom(g®",g®™)}. As a Z-graded vector space InvLieB(g) can be identified with the vector space of homo-
morphisms of S-bimodules,

InvLieB(g) = Homg ((Lie°B)T,Endy) [—2]
= H HOI’IlSm XSn (Sgnn ® Sgnm [m +n+ 2a — 2]’ Hom(g®n7 g®m)> [_2]

a>0,m,n>1
m4n+a>3

= JI Hom(e"(l-1)),c"(6l-1)l-2d

C O (ol @ o[-l @ K[-2]) =~ K[[y', v, h]

where ki is a formal parameter of degree 2 (a basis vector of the summand K[—2] above), and, for a basis
(e1,€2,...,¢€;,...) in g and the associated dual basis (e!,e2,... €%, ...) in g* we set ' := s €, 1; := s e;,
where s : V' — V[—1] is the suspension map. Therefore the Lie algebra InvLieB(g) has a canonical structure
of a module over the algebra K][#]]; moreover, for finite dimensional g its elements can be identified with

formal power seriesS, f, in variables v;, ° and h, which satisfy the “boundary” conditions,

(29) f(i/fﬂ% h) P;=0 = 0’ f(d%??a h)|'r]i:0 = Oa f(¢>ﬁa h)|h:0 S IS

where I is the maximal ideal in K[[¢/;,n"]]. The Lie brackets in InvLieB(g) can be read off either from the
coproperad structure in (Lie’B)i or directly from the formula (7) for the differential, and are given explicitly
by (cf. [DCTT)),

(30) [fogln = fang— (=) N9g sy f

where (up to Koszul signs),

o pk-1 " f okg
Frngi= kZ:oT Z»kianil S Oy - O

[T )

is an associative product. Note that the differential dy in g gives rise to a quadratic element, Dy =
Zi,j :I:dé.wmj , of homological degree 3 in K[[*,¢;, A]], where dj are the structure constants of dy in the

chosen basis, dg(e;) =: >, dle;.

Finally, we can identify Lie°Bo, structures in a finite dimensional dg vector space (g, dy) with a homogenous
formal power series,

I':= Dy + f € K[[n', s, h]],

5More precisely, InvLieB(g) is a Lie{2}-algebra, not a Lie algebra, i. e., the Lie bracket has degree —2. We will abuse notation
and still call InvLieB(g) a Lie algebra.

61n fact, this is true for a class of infinite-dimensional vector spaces. Consider a category of graded vector spaces which are
inverse limits of finite dimensional ones (with the corresponding topology and with the completed tensor product), and also a
category of graded vector spaces which are direct limits of finite dimensional ones. If g belongs to one of these categories, then
g* belongs (almost by definition) to the other, and we have isomorphisms of the type (g ® g)* = g* ® g* which are required for
the “local coordinate” formulae to work.
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of homological degree 3 such that

k—1 k k
(31) T#, T = Zh Z WOF_ o°r — =0,

and the summand f satisfies boundary conditions (29).

For example, let
(A:V =AY, L] AV = Y)

be a Lie bialgebra structure in a vector space V' which we assume for simplicity to be concentrated in degree
0. Let ij and @}’ be the associated structure constants,

[z, x] Z 5Tk, Azg) = Z @iji Az
kel i jel
Then it is easy to check that all the involutive Lie bialgebra axioms (3) get encoded into a single equation
TapT=0for Ti=Y, . oy (ngqpkninj + ézﬂnkzwj) .

Note that all the above formulae taken modulo the ideal generated by the formal variable 7 give us a Lie
algebra,

(32) LieB(g) i= Def (LieBuo > Endy ) [~2] = K[,

controlling the deformation theory of (not-necessarily involutive) Lie bialgebra structures in a dg space g.
Lie brackets in (32) are given in coordinates by the standard Poisson formula,

of o9 of 9g
\fl\n | ZJ [fllwsl £
(33) (o = O GE S — I S

for any f,g € K[[¢s,n%]]. Formal power series, f € K[[1;,n%]], which have homological degree 3 and satisfy
the equations,

{fa f} =0, f(%n) Pi=0 = 0, f(i/%ﬂ)

are in one-to-one correspondence with strongly homotopy Lie bialgebra structures in a finite dimensional dg
vector space g.

nq‘,zo = 0,

3.2. Deformation complexes of properads. The deformation complex of a properad P is by definition
the dg Lie algebra Der(P) of derivations of a cofibrant resolution P = P. (See the remarks at the end of the
introduction for our slightly non-standard definition of Der(...), and §5.1 in [Ta] for similar considerations
in the operad1c setting.). It may be identified as a complex with the deformation complex of the identity
map P — P (which controls deformations of P-algebras) up to a degree shift:

Der(P) = Def(P — P)]1].

Note however that both Der(P) and Def(P — P) have natural dg Lie (or Lies,) algebra structures that are
not preserved by the above map. Furthermore, there is a quasi-isomorphism of dg Lie algebras

(34) Def(P — P) — Def(P — P)

The zeroth cohomology H°(Der(P)) is of particular importance. It is a differential graded Lie algebra whose
elements act on the space of P algebra structures on any vector space. We shall see that in the examples we
are interested in this dg Lie algebra is very rich, and that it acts non-trivially in general.

Using the Koszulness of the properads LieB, Frob® from [MaVo, Ko] and the Koszulness of Lie’B and
Frob from Theorem 2.9 and Corollary 2.11.1 we can write down the following models for the deformation
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I
B Y .
/é\ 6F_6LieBmFiZ /\F :EZ >i<

FIGURE 1. A graph interpretation of an example element of Der(LieB.) (left), and the
pictorial description of the differential (right). For the two right-most terms, one sums over
all possible ways of attaching an additional vertex to an external leg of I, as is indicated by
the picture.

Q. 3

T
Qea o' = 5£i€°BooF + Z hP-Hf—l }Z@ £+ Z hp-i—k—l ;@

FIGURE 2. A graph interpretation of an element of Der(Lie°B+, ), and the pictorial descrip-
tion of the differential. In the two terms on the right one sums over all ways of attaching
a new vertex to some subset of the incoming or outgoing legs (k many), and sums over all
possible decorations p of the added vertex, with an appropriate power of i as prefactor.
Note that the power of i counts the number of loops added to the graph, if we count a
vertex decorated by p as contributing p loops.

complexes.

Der(LieBs) = H Homg, xs,, ((Frobs)*{1}(n,m), LieBs (n, m))[1]

n,m>1

= H (LieBoo (n, m) @ sgn,, @ sgn,,)*"*5m[3 — n —m)]
n,m>1
Der(Lie’By) = H Homg, xs,, ((Froba)*{1}(n,m), Lie’Boo(n, m))[1]
n,m>1
= H (Lie*Boo(n,m) @ sgn,, @ sgn,,)>"*5m[3 —n — m][[A]]
n,m>1
Der(Frobs,) = H Homg, xs,, ((Lie®Ba)*{1}(n, m), Frobs (n, m))[1]
n,m>1
Der(Frob%,) = H Homs, «s,, (LieB2)*{1}(n,m), FrobS, (n,m))[1]
n,m>1

Here # is a formal variable of degree 2, Frob$/Lie®By are Frob$/LieBs are analogues of (involutive) Frobe-
nius/Lie bialgebras properads with (2, 1) generator placed in degree zero the (1, 2)-generator placed in degree
2. Each of the models on the right has a natural combinatorial interpretation as a graph complex, cf. also
[MaVo, section 1.7 |. For example Der(LieBB.) may be interpreted as a complex of directed graphs which
have incoming and outgoing legs but have no closed paths of directed edges. The differential is obtained by
splitting vertices and by attaching new vertices at one of the external legs, see Figure 1.

Similarly, Der(Lie°B,) may be interpreted as a complex of hi-power series of graphs with weighted vertices.
The differential is obtained by splitting vertices and attaching vertices at external legs as indicated in Figure 2.
The Lie bracket is combinatorially obtained by inserting graphs into vertices of another. We leave it to the
reader to work out the structure of the graph complexes and the differentials for the complexes Der(Frobs)
and Der(FrobZ,).
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The cohomology of all these graph complexes is hard to compute. We may however simplify the computation
by using formula (34) and equivalently compute instead

Def(LieBo — LieB) = H Homg, xs,, ((Frobs)*{1}(n,m), LieB(n,m))

n,m

= H([ﬁieB(n, m) @ sgn,, @ sgn,,)>" 5 [2 —n —m]

n,m

Def(Lie’Bo, — Lie’B) = H Homg, xs,, ((Froby)*{1}(n,m), Lie’B(n, m))

n,m

= H (EieoB(n, m) ® sgn,, & Sgnm)SnXSm [2 —n- m] [[h]]

n,m

Def(Frobes — Frob) = H Homg,, xs, ((Lie®Ba)*{1}(n,m), Frob(n,m))

n,m
Def(Frobs, — Frob®) = H Homg, «s,, ((LieB2)*{1}(n,m), Frob®(n,m)).

n,m
Note however that in passing from Der(...) to the (quasi-isomorphic) simpler complexes Def(...) above we
lose the dg Lie algebra structure, or rather there is a different Lie algebra structure on the above complexes.
The above complexes may again be interpreted as graph complexes. For example Def(LieB., — LieB3)
consists of oriented trivalent graphs with incoming and outgoing legs, modulo the Jacobi and Drinfeld five
term relations. The differential is obtained by attaching a trivalent vertex at one external leg in all possible
ways.
Finally we note that of the above four deformation complexes only two are essentially different. For example,
note that Homg, «s,, (LieB*{1}(n, m), Frob®(n,m)) is just a completion of

Homg , «s,, ((Frob®)*{1}(n,m), LieB(n,m)) = (Frob®(n,m) ® sgn, @ sgn,,) Qs xs,, LieB(n,m)n —m]

Concretely, the completion is with respect to the genus grading of LieBB, and the differential preserves the
genus grading. Hence the cohomology of one complex is just the completion of the cohomology of the other
with respect to the genus grading.

Similar arguments show that the cohomologies Def(Lie®Bo, — Lie’3) and Def(Frobs, — Frob) are the
same up to completion issues. Here the differential does not preserve the genus but preserves the quantity

(genus)-(Ai-degree). Hence it suffices to discuss one of each pair of deformation complexes. We will discuss
Def(LieBs — LieB) and Def(Lie’By, — Lie°B) in the next section.

4. Oriented graph complexes and the grt; action

The goal of this section is to reduce the computation of the above deformation complexes to the computation
of the cohomology of M. Kontsevich’s graph complex. By a result of one of the authors [W1] the degree
zero cohomology of this graph complex agrees with the Grothendieck-Teichmiiller Lie algebra grt;. This will
allow us to conclude that the Grothendieck-Teichmiiller group universally acts on Lie’By, structures. This
extends the well known result that the Grothendieck-Teichmiiller group acts on Lie bialgebra structures.

4.1. Grothendieck-Teichmiiller group. The profinite and prounipotent Grothendieck-Teichmiiller
groups were introduced by Vladimir Drinfeld in his study of braid groups and quasi-Hopf algebras. They
turned out to be one of the most interesting and mysterious objects in modern mathematics. The profinite
Grothendieck-Teichmiiller group GT plays an important role in number theory and algebraic geometry. The
pro-unipotent Grothendieck-Teichmiiller group GT (and its graded version GRT) over a field of character-
istic zero appeared in Pavel Etingof and David Kazhdan’s solution of Drinfeld’s quantization conjecture for
Lie bialgebras. Maxim Kontsevich’s and Dmitry Tamarkin’s formality theory unravels the role of the group
GRT in the deformation quantization of Poisson structures. Later Anton Alekseev and Charles Torossian
applied GRT to the Kashiwara-Vergne problem in Lie theory. The Grothendieck-Teichmiiller group unifies
different fields, and every time this group appears in a mathematical theory, there follows a breakthrough in
that theory. We refer to Hidekazu Furusho’s lecture note [F] for precise definitions and references.
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In this paper we consider the Grothendieck-Teichmiiller group GRT; which is the kernel of the canonical
morphism of groups GRT — K*. As GRT) is prounipotent, it is of the form exp(grt,) for some Lie algebra
grt; whose definition can be found, for example, in §6 of [W1]. Therefore to understand representations of
GRT; is the same as to understand representations of the Grothendieck-Teichmiiller Lie algebra grt;.

4.2. Completed versions of Lie°B and Lie3. The properads LieBB and Lie®3 are naturally graded by
the genus of the graphs describing the operations. We will denote by Lie*B and LieB the completions with
respect to this grading. Similarly, we denote by @m the completion of Lie3,, with respect to the genus
grading. The natural map @oo — LieB is a quasi-isomorphism. Furthermore, we denote by moo
the completion of Lie®B,, with respect to the genus plus the total weight-grading, i. e., with respect to the
grading || - || described in section 2.5. Then the map EeQ\BOO — LCie'B is a quasi-isomorphism.

We will call a continuous representation of LieB (respectively of m’)’) a genus complete (involutive) Lie
bialgebra. Here the topology on LieB (respectively on m) is the one induced by the genus filtration
(respectively the filtration || - ||). For example, the involutive Lie bialgebra discussed in section 2.2.1 is
clearly genus complete since both the cobracket and the bracket reduce the lengths of the cyclic words.
Abusing notation slightly we will denote by Der(@m) (respectively by Der(ﬁ/ieo\Boo)) the complex of con-
tinuous derivations. The sub-properads LieBB,, C E/ie\Boo and Lie®Bs C Ee%oo are dense by definition
and hence any continuous derivation is determined by its restriction to these sub-properads. It also fol-
lows that the above complexes of derivations are isomorphic as complexes to Def(LieBy — @w)[l] and
Def(Lie°Boy — E%m)m. Finally we note that the cohomology of these complexes is merely the comple-
tion of the cohomology of the complexes Der(LieBs) and Der(Lie’By), since the differential respects the
gradings.

4.3. An operad of graphs Gra'. A graph is called directed if its edges are equipped with directions as in

the following examples,
S S
J \.\. , J \.\.
NS NSNS

A directed graph is called oriented or acyclic if it contains no directed closed paths of edges. For example,
the second graph above is oriented while the first one is not. For arbitrary integers n > 1 and I > 0 let GILJ
stand for the set of connected oriented graphs, {I'}, with n vertices and I edges such that the vertices of T’
are labelled by elements of [n] := {1,...,n}, i.e. an isomorphism V(I') — [n] is fixed. We allow graphs with
multiple edges between two vertices throughout.

Let K<Gl,z> be the vector space over a field K of characteristic zero which is spanned by graphs from sz,lv
and consider a Z-graded S,-module,

gra®(n) := @K(G], ) [21].
=0

For example, o>sisa degree —2 element in Gra'(2). The S-module, Gra® := {Gra(n)'},>1, is naturally
an operad with the operadic compositions given by

o;: Gra'(n)®Grat(m) — Gra'(m+n—1)
(35) I'®Is — ZFeGi r

L B+ #E(T)
full subgraph of I' spanned by the vertices labeled by the set {i,i+1,...,i+m — 1} is isomorphic to I's and
the quotient graph I'/T'y (which is obtained from I' obtained by contracting that subgraph I'; to a single
vertex) is isomorphic to T'y, see, e.g., §7 in [Mel] or §2 in [W1] for explicit examples of this kind of operadic
compositions. The unique element in G% serves as the unit in the operad Gra®.
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4.3.1. A representation of Gra' in LieB(g). For any graded vector space g the operad Gra' has a natural
representation in the associated graded vector space LieB(g) (see (32)),

p: Gra'(n) — Endiies(g)(n) = Hom(LieB(g)®™, LieB(g))

(36)

T — Pp

given by the formula,
Or:  Q®"LieB(g) — LieB(g)
N @1 — (v, ) i=p ((HeeE(F) Ae) N (@) @2, ) @ ... ®7n(w7n))

where, for an edge e = ¢_.3 connecting a vertex labeled by a € [n] and to a vertex labelled by b € [n], we
set

S ()7 el Pasal oty @ L @ rR.05%®.. 0y foa<b

_ i€l .
Be(N®12®.. . @m) = T (—1)ilhel+ et 4Dy, @ L @

icl

g’]]‘;®...®gz‘:®...®% forb<a

and where y is the standard multiplication map in the ring LieB(g) C K[[:,n']],
g LieB(g)®" —  LieB(g)
MOV ...0 Wm — Y172 In-

Note that this representation makes sense for both finite- and infinite dimensional vector spaces g as graphs
from Gra' do not contain oriented cycles.

4.3.1. Remark. The above action of Gra® on Def (LieBoo U 5ndg) [—2] only uses the properadic com-

positions in Endy and no further data. It follows that the same formulas may in fact be used to define an
action of Gra' on the deformation complex

Def (EieBoo 2 73) [-2] 1_[(73(7717 n) @ sgn,, @ sgn,,)°m <5 [—m — n]
m,n
for any properad P. To give a more concrete description of the action, let us identify S,, X S,-coinvariants
with invariants by symmetrization, and let us describe an action on the space of coinvariants

[IPOn,n) ® sgn,, @ sgn,))s,, xs, [=m —n]

m,n
instead. Concretely, let I' € Gra'(n) be a graph with n vertices and let
zj € (P(mj,n;) ® sgn,,, & sgn, )s,, xs,

J
for j =1,...,n. If some vertex j of I' has more then n; outgoing or more then m; incoming edges, then we
define the action to be trivial: T'(xq,...,2,) = 0. Otherwise, we want to interpret the directed graph T" as
a properadic composition pattern. For notational simplicity, we assume that the z; are actual elements of
P(m;,n;), representing the corresponding elements of the coinvariant space. Suppose that for each vertex
j of I an injective map from the set of the (say k; many) incoming half-edges at j to {1,...,m;}, and an
injective map from the set of (say I; many) outgoing half-edges at j to {1,...,n;} is fixed. Denote the
collection of those maps (for all j) by f for concreteness. Then we may define
n n
Typ(er,.. . x0) € PO (my —ky), > (nj — 1)
j=1 j=1
obtained by using the appropriate properadic composition. (The overall inputs and outputs are to be ordered
according to the numbering of the vertices). Then we define our desired action to be

T(z1,...,zp,) = Z:I:Ff(xl,...,xn)
f

where the f in the sum runs over assignments of half-edges to inputs/outputs as above. The sign can be
determined by considering half-edges and inputs/outputs of the z; as odd objects. The sign is then the sign
of the permutation bringing each half-edge ”to the left of” the input/output it is assigned to via f.
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4.4. An oriented graph complex. Let Lie{2} be a (degree shifted) operad of Lie algebras, and let
Lies{2} be its minimal resolution. Thus Lie{2} is a quadratic operad generated by degree —2 skewsym-

metric binary operation,
1 2 2 1

modulo the Jacobi relations,

o R SR

while Lie {2} is the free operad generated by an S-module E = {E(n)},>2,

E(n) := sgn,[3n — 4] = < /l\ == //i\ > -

1 2 3 n—1 n LOK(C a(n) n

and equipped with the following differential,

Z (—1)oBLI)FIAIL] %\

) B Y AN
R D P T P P
where o(I; U I5) is the sign of the shuffle [n] — [I; U I5].
4.4.1. Proposition [W3]. There is a morphism of operads
@ : Lie{2} — Gra'
given on the generators by
) N S S

1 2

Proof. Using the definition of the operadic composition in Gra® we get

_ 1 2 3 2 1 3 2 1 3 1 2 3
(39) ‘P( KL\ 3 > = >0—>0 — o>0—>8 T o< e >0 — e< o >o
1 2
1 2 3 _ 2 1 3 2 1 3 _ 1 2 3
+ *<—0<—0 0<—0<—0 + *—0<—0 *—0<—0

which implies

(A A )

All possible morphisms of dg operads, Lies, {2} — Gra', can be usefully encoded as Maurer-Cartan elements
in the graded Lie algebra,

O

fGCY := Def(Lies {2} —= Gra™),
which controls deformation theory of the zero morphism (cf. [MeVal). As a graded vector space,

(40) fGCY" = H Homg  (E(n),Gra’(n))[—1] = H Gra'(n)S"[3 — 3n],

n>2 n>2

so that its elements can be understood as (K-linear series of) graphs I' from Gra' whose vertex labels are
skewsymmetrized (so that we can often forget numerical labels of vertices in our pictures), and which are
assigned the homological degree
U = 34V (') - 3 — 24E(T),
where V(T') (resp. E(T")) stands for the set of vertices (resp., edges) of T'.
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The Lie brackets, [ , Jgra, in fGC§" can be either read from the differential (38), or, equivalently, from the
following explicit Lie algebra structure [KM] associated with the degree shifted operad Gra{3} (and which
makes sense for any operad),

[,]: PP — P
(a€P(n),beP(m) — [a,b]:=37 a0 b— (=) bosa
where P =[], -, Gra®(n)[3 — 3n]. These Lie brackets in P induce Lie brackets, [ , ]ga, in the subspace

of S-coinvariants [KM]. By the isomorphism of invariants and co-invariants we obtain a Lie bracket on the
space of invariants

PS =[] ra’(n)[3 — 3n]°" = fGCY".
n>1
via the standard symmetrization map P — PS.

The graph

1 2 2 1
*—>0 . — 0—>0 — 06—>0

is a degree 2-3 —3 — 2 =1 element in fGC3", which, in fact, is a Maurer-Cartan element,
[e—>e, &—>0| = skewsymmetrization of the r.h.s. in (39) =0,

which represents the above morphism ¢ in the Lie algebra fGC3". This element makes, therefore, fGC$" into
a differential graded Lie algebra with the differential

(41) dl' := [e—>e, T .

Let GC§" be a subspace of fGC§" spanned by connected graphs whose vertices are at least bivalent, and if
bivalent do not have one incoming and one outgoing edge. It is easy to see that this is a dg Lie subalgebra.

4.4.1. Remark. The definition of GC§" in [W1] differs slightly from the present one as all bivalent vertices
are allowed in loc. cit. However, it is easy to check that this extra condition does not change the cohomology.

The cohomology of the oriented graph complex (GC$",d) was partially computed in [W1, W3].

4.4.2. Theorem [W3]. (i) H°(GCS",d) = gtty, where gety is the Lie algebra of the prounipotent
Grothendieck-Teichmiiller group GRT) introduced by Drinfeld in [D2].

(i) H7Y(GCY",d) = K. The single class is represented by the graph <> .
(iii) H(GCY",d) =0 for all i < —2.

4.5. Action on C/z'e\Boo. There is a natural action of GC§" on the properad Ee\l’)’oo by properadic derivations.
Concretely, for any graph I' we define the derivation F(I') € Der(LieB) sending the generator fi,, , of
LieBs to the linear combination of graphs

mX

8 N
~——

nx

where the sum is taken over all ways of attaching the incoming and outgoing legs such that all vertices are
at least trivalent and have at least one incoming and one outgoing edge.

4.5.1. Lemma. The above formula defines a right action of GC5" on @300.

Proof sketch. We denote by e the pre-Lie product on the deformation complex Def(Lien,{2} SUN Gra®) D
GC3", so that the Lie bracket on GC5" may be written as [[',I'] =T oI" £ I" e for I',I” € GC3". Note that

pmn - (Do) = (pi, - T) - T,
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where it is important that we excluded graphs with bivalent vertices with one incoming and one outgoing
edge from the definition of GC§". It follows that the formula above defines an action of the graded Lie algebra
GC4". We leave it to the reader to check that this action also commutes with the differential. O

Of course, by a change of sign the right action may be transformed into a left action and hence we obtain a
map of Lie algebras

F:GCY — Der(@m) :
Interpreting the right hand side as a graph complex as in section 3.2, the map F sends a graph I' € GC3" to

the series of graphs
mX

——
N

nE A
——

nx

4.5.2. Remark. It can be shown that the map F : GC§" — Der(@m) is a quasi-isomorphism, up to one
class in Der(LieB) represented by the series

m><

\\//
mz’;l(m—&—n //\\

———
nx

The result will not be used directly in this paper. The proof is an adaptation of the proof of [W3, Proposition
3] and is given in [CMW].”

4.6. GR1; action on Lie bialgebra structures. The action of the Lie algebra of closed degree zero
cocycles GC3',, C GC3" on LieBo, by derivations may be integrated to an action of the exponential group

Exp GCgTCl on 36\800 by (continuous) automorphisms. Hence this exponential group acts on the set of Lﬁe\Boo
algebra structures on any dg vector space g, i. e., on the set of morphisms of properads

LieBo, — End,
by precomposition. Furthermore, it follows that the cohomology Lie algebra H°(GC3") = grt; maps into
the Lie algebra of continuous derivations up to homotopy H(Der(LieBs,)) and the exponential group
Exp H°(GCY") & GRT; maps into the set of homotopy classes of continuous automorphisms of LieBs,
4.6.1. Remark. Note also that one may define a non-complete version GC3';,,. of the graph complex GC3"
by merely replacing the direct product by a direct sum in (40). The zeroth cohomology of GCY', inc
complete version of the Grothendieck-Teichmiiller group. Furthermore GC3 ine acts on the non-completed

operad LieB, by derivations, using the formulas (42) of the previous subsection, and hence also on LieBB,
algebra structures. However, these actions can in general not be integrated, whence we work with the

is a non-

completed properad E/ie\Boo above.

Finally, let us describe the action GC3',; on Lie bialgebra structures in yet another form. We have a sequence
of morphisms of dg Lie algebras,

GCY — Def(Lies{2} — Gra’) — Def(Liea{2} 2 Endyicy)
where the first arrow is just the inclusion, and the second arrow is induced by the canonical representation

(36) and which obviously satisfies

po ( N ) = {, } € Hom (A?LieB, LieB[2]) C Def(Liex {2}~ Endiiep(g))-
1 2

7 A sketch of the proof was contained as an Appendix in the preprint version of this article, but removed following the
suggestion of a referee.
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The dg Lie algebra,
Def (Lieoo {2}~ Endyien(q)) = CE*(LieB(g)),
is nothing but the classical Chevalley-Eilenberg complex controlling deformations of the Poisson brackets (33)
in LieB(g). In particular for any closed degree zero element g € GC4", and in particular for representatives
of elements of grt; in GCY", we obtain a Lie, derivation of LieB(g). This derivation may be integrated
into a Lies, automorphism exp(adgy). For a Maurer-Cartan element +y in LieB(g) corresponding to a Ei/e\Boo
structure on g the series
v — exp(adg)y

—_—
converges and defines again a LieB structure on g.

4.6.2. Remark. By degree reasons the above action on ,@w structures maps LieB structures again to
LieB3 structures. In other words, no higher homotopies are created if there were none before.

4.7. Another oriented graph complex. We shall introduce next a new oriented graph complex and then
use Theorem 4.4.2 to partially compute its cohomology and then deduce formulae for an action of GRT; on
involutive Lie bialgebra structures.

Let 7 be a formal variable of homological degree 2. The Lie brackets [ , ]gra in GC§" extend hi-linearly to the
topological vector space GC§"[[A]].

4.8. Proposition. The element

By = W <>
k=1 o/

~——

k edges
is a Maurer-Cartan element in the Lie algebra (fGC§"[[R]], [, lgra)-
Convention: Here we adopt the convention that a picture of an unlabeled graph with black vertices shall
stand for the element of fGC5"/GCY" (i.e., a symmetrically labelled graph) by summing over all labelings of
vertices, and dividing by the order of the symmetry group of the graph. In particular this means that the

k-th term in the above formula for ®; carries an implicit prefactor % This convention will kill many many
prefactors arising in calculations.

Proof of Proposition 4.8.

®

o0 o0 o0 o0 1

1 _ k412 k12 (
En®] = 3 D AT D IS (‘,
k=11=1 k=k'+k' k=11=1 k=k'+k" (|X

L J

= 0.
O
Hence the degree one continuous map
dn: GCE[[A]]  — GCg"[[n]]
Tr — dpl' = [(I)h,F}gra

is a differential in GC§"[[A]]. The induced differential, d, in GC§" = GC§"[[A]]/AGCS [[R]] is precisely the
original differential (41).

4.9. Action on Lie’Boo. The dg Lie algebra (GC3"[[A]],dr) acts naturally on the properad LieBo, by
continuous properadic derivations. More precisely, let I' € GC3” be a graph. Then to the element ENT e

GC3"[[A]] we assign the derivation of Lie'Boo that sends the generator yufy, . to zero if k < N and to
(43) P - (BNT) = marke_n (pim,n - T)

where fim - I' is a series of graphs obtained attaching external legs to I' in all possible ways as in (42) and
the operation marky_n assigns weights to the vertices in all possible ways such that the weights sum to
k—N.
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4.9.1. Lemma. The above formula defines a right action of (GCS"[[h]],dr) on LieBos.

Proof sketch. The proof is similar to that of Lemma 4.5.1 after noting that
Hinn - (BVT @ RMT) = (i, - AVT) - RMT
for all M, N and I', IV € GC3". O

Again, by a change of sign the right action may be transformed into a left action and hence we obtain a map
of Lie algebras
Fy: GCS"[[A]] — Der(Lie*B) -

4.9.2. Remark. It can be seen that the map Fy, is a quasi-isomorphism, up to classes TK|[[A]] C Der(m@w)
where
mX

—

T= Z (m+n+2p2)h”>§<.
m,n,p

——

nx

The result will not be used in this paper, and the proof will appear elsewhere [CMW].”

4.10. Action on involutive Lie bialgebra structures. By the previous subsection the Lie algebra of
degree 0 cocycles in GC§"[[A]] acts on the properad LieBoo by derivations. The action may be integrated
to an action of the corresponding exponential group on E/z'eo\Boo by continuous automorphisms, and hence
also on the set of EeO\BOO algebra structures on some dg vector space by precomposition. Furthermore, the
cohomology Lie algebra H°(GCS"[[A]]) maps into the the Lie algebra of continuous derivations up to homo-
topy HO° (Der(EeO\B’OO)), while the the exponential group exp H°(GCS"[[h]]) maps into the set of homotopy
classes of continuous automorphisms of Ee‘)\lgoo. By precomposition, we also have a map of Lie algebras
HO(GCY[[A]]) — HO(Def(LieBoo — Endy)) for any Lie*Bo, algebra g and an action of exp H°(GC'[[A]]) on
the set of such algebra structures up to homotopy. Let us encode these findings in the following corollary.

4.10.1. Corollary. The Lie algebra H°(GCS[[R]]) and its exponential group exp(H®(GCS [[A]])) canonically
act on the set of homotopy classes of graded complete strong homotopy involutive Lie bialgebra structures on
the dg vector space g.

4.10.2. Remark. Note again that, analogously to Remark 4.6.1, we may define a non-complete version of
the graph complex GCg"[[A]] which acts on the non-complete properad Lie°Bo, by derivations, and hence
also on ordinary Lie bialgebra structures. However, these actions can in general not be integrated, whence

we prefer to work with the complete version of the graph complex and Eﬁs’o@.

Finally let us give yet another description of the action of GC5"[[#]] on involutive Lie bialgebra structures,
strengthening the above result a little. As usual, the deformation complex of the zero morphism of dg props,
InvLieB(g) := Def(Lie°Boo 2 Endgy) has a canonical dg Lie algebra structure, with the Lie bracket [ , |5
given explicitly by (30), such that the Maurer-Cartan elements are in 1-to-1 correspondence with Lie®By-
structures on the dg vector space g. The Maurer-Cartan element @y, in f{GCS"[[h]] corresponds to a continuous
morphism of operads,
on : Lie{2}[[h] — Gra[[A]],
given on the generator of Lie{2} by the formula

A(A)-E Q-0

The representation (36) of the operad Gra' in the deformation complex Def(LieBx RN P)[—2] extends h-

linearly to a representation pj of Gra'[[h]] in Def(Lie°Bso LN P)[—2] for any properad P. Furthermore it
is almost immediate to see that the action of Lie{2} on the latter deformation complex factors through the
map Lie{2} — Gra'[[h]].
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It follows that one has a morphism of dg Lie algebras induced by ¢y

(GCT[IH)], dn) — Def(ueoo{z}[m]mgr(ﬂ[[hﬂ) Ph Def (Ezeoo{Z}[[ ]]—]>€ndD) —: CE* (D)

from the graph complex (GC§"[[A]],dr) into the Chevalley-Eilenberg dg Lie algebra of D := Def(LieBs 5
P)[—2]. In particular this implies the following:

4.11. Theorem. HO( CS'l[R]],dr) ~ H (G 9" do) ~ grt, as Lie algebras. Moreover, H*(GCS'[[h]],dr) = 0
for all i < —2 and H=Y(GCS"[[h]], dn) =2 K, with the single class being represented by

> (k= nt= ()
k=2
kedgeb

Proof. First note that the element above is exactly d%q)h and the fact that it is closed follows easily by
differentiating the Maurer-Cartan equation

d d d
0= an —[®h, Pr)gra = 2[Ph, dh‘l’h]gra = 2dp, <dh ) .

It is easy to see that the cocyle %@h cannot be exact, by just considering the leading term in A, which is
given by the following graph.

y

Let us write
o0
dp = hldy.
k=1

Consider a decreasing filtration of GC$"[[A]] by the powers in A. The first term of the associated spectral
sequence is

=& & =EPHGCT, do)h”

i€Z p>0

with the differential equal to hd;. The main result of [W3] states that H°(GCS", dy) ~ grt;, HS"2(GCS", do) =
0 and H~Y(GCS",do) = K, with the single class being represented by (44). The desired results follow by
degree reasons: First, there is clearly no cohomology in & in degrees < —2, so that there can be no such
cohomology in GC3"[[A]]. The single class in & of degree —1 may, as we just saw above, be extended to a
cocycle in GC§"[[A]], and hence will be killed by all further differentials in the spectral sequence. Hence no
elements of degree 0 in & can be rendered exact on later pages of the spectral sequence. Hence the only
thing that remains to be shown is that the degree 0 elements in £ can be extended to cocycles, i.e., that
they are closed on all further pages of the spectral sequence. However, the differential on later pages will
necessarily increase the number of #’s occurring. Hence the differential on later pages will map the degree 0
part of & (i.e., grt;) into (subquotients of) H1=2P(GCS", dy) for p > 1. But by the aforementioned vanishing
result of [W3], there are no such classes, except possibly for p = 1, when H~(GC$",dy) = K. However,
the relevant cocycle is represented by 4 times the two-vertex graph (44), which cannot be "hit” because the
differential increases the number of vertices by one, and all elements of grt; are represented by graphs with
more than one (in fact, more than 6) vertices. (See also the following section.) O

4.11.1. Remark. The above result in particular provides us with an action of the group GRTy on the set

of homotopy classes of EBO\BOO -structures on an arbitrary differential graded vector space g.
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4.11.2. Iterative construction of graph representatives of elements of grt;. The above Theorem
4.11 says that any degree zero graph I' € GC3" satisfying the cocycle condition, dpI'g = 0, can be extended
to a formal power series,

Tp=Tog+hly +hTo+...,

satisfying the cocycle condition diI';, = 0. Let us show how this inductive extension works in detail. The
equation d7 = 0 implies, for any n > 0, Zn:i;»j d;d; = 0, which in turn reads,
i,j>0

2 =0
dody +didg = 0
dody +dodg +d3 = 0 ete.

Thus the equation doI'g = 0 implies
0 =dydol'y = —dpdiTg

The oriented graph d;I'g € GC$" has degree —1 and H'(GC$",dy) = K. Since the one cohomology class
cannot be hit (its leading term has necessarily only two vertices), there exists a degree —2 graph I'; such
that d1F0 = —doFl so that

dp(To + A1) = 0 mod h?

Assume by induction that we constructed a degree zero polynomial,
Lo+ hl'y + ...+ A"T, € GCS[[R]]
such that
(45) dp(To + ATy + ...+ h"T,,) = 0 mod A",
Let us show that there exists an oriented graph I';, 11 of degree —2n — 2 such that
dp(To + ATy + ...+ h"T,, + BT, 1) = 0 mod A" 2.

or, equivalently, such that

(46) dolpy1 +dnpaTo+ Y diT; =0.
n4l1=i+j
i,j>1

Equation (45) implies, for any j < n,
dolj +d;To+ Y dTy=0.

ji=p+q
p,g=>1
We have
0 = dopidolo = —dodnialo— Y did;To
n4l=itj
i,j>1
= —dodn+1F0+ Z didon—F Z dldpl“q
ntl=i+j n+l=it+p+gq
i,j>1 i,p,q>1
= —dodn+1F0— Z dodirj— Z didqu—l— Z didqu
ntl=itj ntl=it+ptaq ntl=itptaq
@5 =1 i,p,q=1 ip,g=>1

= —do | dpt1l0 + Z d;T';

n4l=itj
i,j>1

As H=1727(GCY",dy) = 0 for all n > 1, there exists a degree —2 — 2n graph I', ;1 such that the required
equation (46) is satisfied. This completes an inductive construction of I'y; from T'y.
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4.12. Deformations of Frobenius algebra structures. Note that the complexes Def(FrobS, — Frob®)

and Def(LieBy — @) are isomorphic. (This is because deformation complexes of Koszul dual properads
are isomorphic, up to completion issues due to dualizing infinite dimensional vector spaces.) We hence have
a zigzag of (quasi-)isomorphisms of complexes

Der(Frob2,) — Def(Frobl, — Frob°)[1] = Def(LieBas — LieB)[1] + Der(LieBos).
In particular we obtain a map®
grt, — H(Der(LieBo)) = H(Der(Frob2)).

Hence we obtain a large class of homotopy non-trivial derivations of the properad FrobS, and accordingly a
large class of potentially homotopy non-trivial universal deformations of any FrobS, algebra.

4.12.1. Remark. From the above map grt, — H°(Der(FrobS,)) we obtain a map grt;, — H*(Def(FrobS, —

End,)) for any FrobS, algebra A, and hence a large class of universal deformations of FrobS, structures on
A.

Next consider the Frobenius properad Frob and let Frob be its genus completion. Analogously to section 4.2
let Frobs be the completion of Frobs, with respect to the total genus and let Der(Frobs,) be the continuous

derivations. Note that the complex Def(Frobs, — .ﬁa)) is isomorphic to the complex Def(Lie®B — EeO\B)
We hence obtain a zigzag of quasi-isomorphisms

Der(Frobs,) — Def(Frobe — Frob)[1] = Def(Lie®Bo — Lie’B)[1] + Der(Lie*Bos ).
In particular we obtain a map
grt, — HO(Der(LieBoo)) 2 HO (Der(Froba)).
Consider the explicit construction of representatives of grt;-elements of section 4.11.2. The A"-correction

term I';, to some graph cohomology class I' of genus ¢ has genus g + n. It follows that the map gtt; —
H°(Der(Frobs)) in fact factors through HY(Der(Frobs,)) and in particular we have a map

get; — HO(Der(Froby,))
and hence a map from grt; into the deformation complex of any Frob., algebra.

4.12.2. Remark. From the map grt; — H°(Der(Frobs,)) we obtain a map grt, — H'(Def(Frobs, —
End4)) for any Frob., algebra A, and hence a large class of universal deformations of Frobs, structures on
A.

5. Involutive Lie bialgebras as homotopy Batalin-Vilkovisky algebras

Let g be a Lie bialgebra. Then it is a well known fact the Chevalley-Eilenberg complex of g (i.e., the cobar
construction of the Lie coalgebra g) CE(g) = ®°g[—1] carries a Gerstenhaber algebra structure. Concretely,
the commutative algebra structure is the obvious one. To define the Lie bracket (of degree -1) it is sufficient
to define it on the generators g[—1], where it is given by the Lie bracket on g.

Similarly, if g is an Lie°B algebra, then CE(g) = ®*g[—1] carries a natural Batalin-Vilkovisky (BV) algebra
structure. The product and Lie bracket are as before. The BV operator A is defined on a word z; - - - x,, as

A(ml .. .:En) e Z(_l)i""] [xl7x]]x1 .. .‘%i e i‘] S/
i<j
The involutivity condition is needed for the BV operator to be compatible with the differential. Now suppose
that g is a LieBB,, algebra. We call it good if for any fixed m only finitely many of the generating operations
fm.n € Hom(g®™, g®™) are non-zero. Then one may define the Chevalley complex CE(g) = ®*g[—1] of g
as a Lies coalgebra. It is known (see, e. g. Remark 1 of [W3]) that CFE(g) = ®*g[—1] carries a natural
homotopy Gerstenhaber structure. In this section we show that similarly, if g is a good Lie°B,, algebra,
then the Chevalley-Eilenberg complex C'E(g) carries a natural homotopy BV algebra structure.

8In fact, the first arrow is an injection and almost an isomorphism by Remark 4.5.2.
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5.1. The order of an operator. Let V be a graded commutative algebra. For a linear operator D : V. — V
define a collection,

FD. "V — \%4
MNe...Q0v, — Fé)(vl,...,vn)

of linear maps by induction: F® = D,

FnD+1(v1)"-7vn717vnavn+1) = FnD(U17"-avn717’U’n'U’n+1)_FnD(’U17'-'7’U’n)"UTL+1

_(_1)|vr,Lan+1|F£(v1, e Un—1,Un41) - Un.
The operator D is said to have order < n if FP ; =0.

The operators FP are in fact graded symmetric; moreover, if D is a differential in V' (that is, |D| = 1 and
D? = 0), then the collection, {F,” : "V — V},>1 defines a Lies-structure on the space V[—1] (see [Kr]).
Indeed, consider a graded Lie algebra,

CoDer(®°2'V) = H Homg (®"V, V),

n>1

of coderivations of the tensor coalgebra ®°*=1V. As the differential D : V — V is a Maurer-Cartan element
in this Lie algebra and the multiplication i : ®2V — V is its degree zero element, we can gauge transform
D

)

oo

D FP = Der =3 %[...[[D,u],u],...,,u],

n=0

into a less trivial codifferential whose components the associated components,

1
FP = {FnDJrl :n'[...[[D,,u],,u],...,u]:®”+1V—>V}

n>0

coincide precisely with the defined above tensors F/?H which measure a failure of D to respect the multipli-
cation operation in V. There is a standard symmetrization functor which associates to any A, algebra an
associated Lies algebra; as the tensors 7 are already graded symmetric [Kr], the collection {F2,;},>1
gives us a Lies structure in V[—1] as required. (Some of these arguments appeared also in [DCPT, Ma2].)

5.2. Batalin-Vilkovisky algebras. A Batalin- Vilkovisky algebra is, by definition, a graded commutative
algebra V equipped with a degree —1 operator A : V' — V of order < 2 such that A% = 0. Denote by BV the
operad whose representations are Batalin-Vilkovisky algebras. This is, therefore, a graded operad generated

by corollas,
(# and /&\ = /K
172 2

of homological degrees —1 and 0 respectively, modulo the following relations,

2

2 ) |
o AN = Ci =Y Foo -2 L
1 2 2 3 /O\ 3 n=0 VAN n=0 cn(2)

1 2 ¢r()y (@)
(1)

where ( is the cyclic permutation (123). A nice non-minimal cofibrant resolution of the operad BY has been
constructed in [GTV]. We denote this resolution by BVX in this paper, K standing for Koszul. The minimal
resolution, BV, has been constructed in [DCV].
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5.3. An operad BV, A BV ™-algebra is, by definition [Kr], a differential graded commutative algebra
(V,d) equipped with a countable collections of homogeneous linear maps, {A, : V =V, |Ay] =1 —2a}4>1,
such that each A, is of order < a + 1 and the equations,

(47) Zn: Ao Ap_q =0,

hold for any n € N, where Ag := —d.

Let BVSS™ be the dg operad of BVSS™-algebras. This operad is a quotient of the free operad generated by

one binary operation in degree zero, A = /cg\ , and a countable family of unary operations, { %} } (of
1 a>1

homological degree 1—2a), modulo the ideal I generated by the associativity relations for the binary operation

/g\ and the compatibility relations between the latter and unary operations encoding the requirement that

each unary operation @é is of order < a 4+ 1 with respect to the multiplication operation. The differential

0 in the operad BV™ is given by

(48) 61}\2:0, ) #a) =

b,e>1

®

There is an explicit morphism of dg operads (see Proposition 23 in [GTV])?,
BVE — BVE™,

which implies existence of a morphism of dg operads BV., — BV™. The existence of such a morphism
follows also from the following Theorem whose proof is given in Appendix B.

5.3.1. Theorem. The dg operad BVSE™ is formal with the cohomology operad H®(BVSS™) isomorphic to the
operad, BV, of Batalin-Vilkovisky algebras, i.e. there is a canonical surjective quasi-isomorphism of operads,

w: BV — BY
which sends to zero all generators @b with a > 2.

5.4. From strongly homotopy involutive Lie bialgebras to BV ,-algebras. We call a Lie°B,, algebra
g good if for any fixed m and k only finitely many of the operations ,ufihn € Hom(g®", g®™) are non-zero. In
this case we define the Chevalley-Eilenberg complex CE(g) = ®*(g[—1]) of g as an Liey, coalgebra. More
concretely, for a finite dimensional g we may understand the Lie°3,, algebra structure as a formal power
series 'y = T'r(v3, 1, h) as explained in section 3.1. Using similar notation, we may understand the space
CE(g) as the space of polynomials in the variables 1;. Then the differential Ay on CE(g) is given by the

formula
8F A 0

0= |ﬁ 77—081/}

5.4.1. Proposition. Let g be a good Lie®By, algebra, with the Lie®Bo, algebra structure being defined a
power series T, = (i, n%, h) as explained in section 3.1. Then there is a natural BVS™ algebra structure
p on the complex CE(g) given by the formulas:

p (A) := the standard multiplication in ®°®(g[—1])[[h]]
and, for any a > 1,

8”+1Fh 8k
p( Cé)‘ Z plkl Z 5;7;157711. anzk‘h ' =00, - Oy,

ptk=a+1
k>1,p>0

9We are grateful to Bruno Vallette for pointing out this result to us.
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Proof. 1t is clear that A, := p @é is an operator of order < a + 1 with respect to the standard

multiplication in the graded commutative algebra ©®(g[—1]). The verification that the operators {A,}q>0
satisfy identities (47) is best done pictorially. We represent the expression on the right hand side by the

(8)- 2. O

at1=p+k of

k>1,p>0
21,p>0 ,
k edges

Then we compute

® @
p<5d?> - ZP( )zz Sy i o | (1
e st KoL a0 151450 @> @D

-y Yy ¥ v &

a=b+tec btl=p+k ctl=q+l k=k/+k/’ <§l
b,e>1 E>1 1>1 o

a=p+q+k/+k/ +1—2
p,q, k! k' >0,k'+K1>1,
K/ 4k +p>2,14+q>2

Here we hide the binomial prefactors in the notation by assuming that a picture is preceded by a factor
m where G is the symmetry group of the picture. Note that terms with &’ = 0 can be dropped from the
sum on the right-hand side by symmetry. Indeed, the piece &' = 0 of the sum is symmetric under interchange
of (p, k") and (q,!), and can hence be written as a linear combination of anticommutators of anticommuting
operators. Pictorially, the signs are best verified by thinking of the vertices in the pictures to be odd, so
that in particular graphs which have symmetries acting by an odd permutation on the vertices vanish, and
we have

1)=0 and —0.
We hence find
4 o) ¥ 4
a=p+q+k/+k/"+1-2 (1
Pk >0,k 121, o
k' 4k +p>2,14+q>2
On the other hand'®
()
op < Cé ) = s (%
a+;+k (oD
k>1,p>0 1
© 0!

s ¢

at+1=p+k
k' k! =k>1

at+l=p+k (k} atl=p+k <§k
k>1 k>1

o (&)

a+l=p+k’/+E/
p+1=p’+p" +1
K/ 1>1

=0by Tp#p Ty =0

There are several cancellations in this expression. First, the terms with &’ = 0 from the second sum cancel
the fourth sum by the same symmetry argument as above. The remaining terms of the second sum, and the

10Ty see the vanishing of the first term in the second line, consider the (zero) differential operator
F = ((Cr#n Th) *n f)yizo

for f € K[[1*, h]]. The depicted terms then correspond to the coefficient of A% of this vanishing differential operator.
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third sum together kill those terms of the first sum for which either p” =0, ¥ =1orp' =0,1=1, k¥ =0.

We hence find that
w(©)-

Comparing this formula with (49), we see that both expressions agree, up to a relabelling of the summation
indices. U

a=p’+p' +14+k/ +k' -2
K 1>1
!l +k'>2,p' +I+k! >2

APPENDIX A. PROOF OF PROPOSITION 2.8.1

In this section we show that the quadratic algebra A, of section 2.8 is Koszul. In fact, we will show
the equivalent statement that the Koszul dual algebra B, = A is Koszul. Concretely, B,, is the algebra
generated by V =Kz & - - - © Kz, with relations z;z; =0 if ¢ — j| # 1 and z;2,41 = —@ip124.

We denote by C,, ®, By, the Koszul complex of B, (see [LV] for details), i. e., the complex (C,, ® B,,,d = d,;),
where C,, = Bi is the coalgebra generated by the elements x; in degree 1, with quadratic corelations
R = span({z;z; | |i — j| # 1} U {@izip1 + xi412:}) and the differential is induced by the degree —1 map
K : Cp — B, that is zero everywhere except on V| where it identifies V' C C,, with V' C B,,. Informally, the
differential acts by “jumping” the tensor product over the x; on its left, producing a sign coming from the
degree in C,.

Notice that B,, and C,, are weight graded and the weight &k component of B,,, By(Lk) is zero if k > 3.

The result will follow from the acyclicity of the Koszul complex, which will in turn be shown by constructing
a contracting homotopy h.

Let I > 1 and let w be a word of length [ — 1 on the variables x; and 1 < a,b < n be indices such that
la — b = 1. We define a degree 1 map h: V® @ B — V®+1 @ BY for n > 1 by

Gk (wrpr, ® xp — WTETy @ x,) if [k —al #1 and |k —b] #1

hwzy @ zaxp) = 2

(wa t) (—D'wzpz, @ T if |k—b=1
Notice that all the cases are covered because |a —b| = 1 A |k —b] =1 = |k — a| # 1. Moreover, due to the
anti-symmetry in BY, it |k —a| = 1 we have h(wzy, @ z423) = —(—1) ! wapr, @ 4.

If | = 0 we define h: B,(f) - V® Br(Ll) using the first formula from above, i. e., we consider the non-defined
differences to be different from 1 and ignore the non-existent variables.

A.0.2. Lemma. The map h restricts to a function C,(Ll) ®Br(l2) — OS*”@B,(P that satisfies dh = idc")®B‘2)‘

Proof. Recall that Ci” =V, and CY) =, ,,1_ VE*RVE for | > 2.
First notice that » maps V®*RV®? ®B§L2) to V®a Ry ®b+1 (X)B,(Ll)7 since it leaves the elements in R unaltered.
It is also clear by the construction of A that the image of an element of V& ® B lands in V®!"1R @ B,

therefore h restricts indeed to a map C,(Il) ® B,SQ) — C’SH) ® By(ll).
To check the identity dh = idc<z>®B<2) suppose first that both |k — a| and |k — b| are different from 1:

1 1 1
dh(wxy ® x.xp) = id((—l)lkaxa @ xp — (=D wzpry @ 24) = S WTk ® TaXp — S WTk ® TpTaq = WTE @ TqTp.
If |k — b = 1, dh(wzg @ Tqxp) = d((—1)'wrrr, ® T3) = WTK @ To1p and an analogous calculation holds if
|k —al =1.
O

To define h: Cle) ® Bgl) — Cy(f“) ® BSLO) = C(H‘l), as before we define it on V® @ B,(Ll) and we verify that
it restricts properly.
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Let [ > 2 and let us denote by w some word on z; of length | — 2. We define h: V& @ B{Y — V&1 by
(=D wzpzaxy if la—b] #1

(721)lwzk(xaxb +apz,) ifla—bl=1,la—k|#A1and [b—k| #1

0 ifla—bl=1and |b—Fk|l=1

(=D lwzy,(zexp + 2p24) if la—bl=1and |a—k| =1

h(wzrpx, ® xp) =

Interpret this definition for [ < 2 in the following way: Whenever some difference is not defined because a or
k are not defined, take the case in the definition where the absolute value of the difference is different from
1 and ignore the non-existent variables.

A.0.3. Lemma. h restricts to a function C'g) ® B,(ll) — C’,(JH) that satisfies dh + hd = ide@B(l).

Proof. Notice that by construction, the image of h sits inside V®/='R. The R part in V®*RV®? ig left
unaltered by h if b is at least 1 hence VE*RVE @ BY is sent to VO RV @b+1,
Let us suppose that [ is at least 2 and let us check that V®!=2R @ B{" is sent to VEI—2RV:

Let w be a word in the variables x; of length | — 2. V® 2R ® BS) is spanned by elements of the form
WLET, ® Tp, with |k — a| # 1 and elements of the form w(zpz, + xqxk) @ Tp, with |k —a| = 1.

Let us consider first the first type of elements. If |a — b| # 1, h(wzpre @ xp) = (—1) wrrrezy, € VOI2RV.
If, on the other hand, |a — b| = 1, then either |b — k| = 1 and the image via h is zero or |b— k| # 1 and both
summands of h(wziz, ® zp) = #kaxaxb + %kaxbxa belong to V&' ~2RV .

Let us now consider the elements of the form w(zyz, + z,2) ® xp with |k —a| = 1. If both |b— k| and |b—al
are different from 1, then h(w(zpzq + Toxr) @ 1) = (=1 w(2p2, + T02k)Tp is in VEI72RV,

Otherwise, let us assume without loss of generality that |b — a| = 1 (and therefore |b — k| # 1). Then

h(w(xgxe+rar)xy) = (—l)l(ka(xaxb+xbxa)+wxaxkxb) = (—l)l(w(xkxa+xaxk)xb—|—kaxbma) e VeI2RY.

Let us now show the homotopy equation. As before, we consider a generic element wzyz, @, € VO ® BS)

and we divide the verification into various cases.

If |a — b # 1,
dh(wzpre @ xp) + hd(wWrpr, ® Tp) = WL, @ Tp + 0.
Ifla—bl=1and |a—k|# 1 and |b— k| # 1,

1 1
(dh + hd)(wzrz, @ xp) = i(kaxa ® xp + wWrEpTy ® T4) + i(kal'a ® Tp — WTRTp ® Ty) = WITETe Q Tp.

If o — bl =1and |[b— k| =1,

(dh + hd)(wzkzr, @ xp) = 0+ wrpe, ® Tp.
Ifla—bl=1and |a—k| =1,

(dh + hd)(wzkz, @ xp) = (WTET, @ Tp + WTETp @ Ty) — WTETp @ Ty = WKL ® T
The cases with [ < 2 can be easily checked. O

With the construction of the map h finished, Proposition 2.8.1 follows from the next Lemma that, together
with the previous Lemmas in this section, shows that h is a contracting homotopy.

A.0.4. Lemma. It holds hd = ideL®B;0).

Proof. If | < 2 the statement is clear. Let [ > 2 and let w be a word in the variables x; of length [ — 2.
It suffices to check the equation on elements of the form wz,x;, with |a — b| # 1 and on elements of the form
w(Taxp + Tp2y), wWith |a — b = 1.
For the first type of elements it is clear that hd(wx,xp) = wreTp.
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For the second type of elements, if [ is at least 3 and w = w'xy, with both |a — k| and |b— k| different from 1,

1 1
hd(w(z,xp + 2p24)) = §w(mamb + xpxg) + §w(xba:a + xqwp) = w(TaTp + Tp2y)-

The same calculation holds if [ = 2.
For the remaining case where (without loss of generality) |a — k| = 1, we have

hd(wz,xp + wapx,) = w(zexy + Tpze) + 0.
|

A.1. Remark: After the submission of this manuscript Jan-Erik Roos has communicated to us a nicer
and shorter proof of the Koszulness of the algebras A,. If one uses the ordering of the generators
X9, L1, Ty X3y .., Lok, Lop—1 (for n = 2k even) or xa, T1,x4,T3,. .., Lok, Top—1T2k+1 (for n = 2k + 1 odd)
instead of the standard ordering, then there is a finite quadratic Grobner basis. Alternatively, one can see
using the above ordering of the generators that the relations form a confluent rewriting system and hence
A, is Koszul.

APPENDIX B. COMPUTATION OF THE COHOMOLOGY OF THE OPERAD BV™

B.1. An equivalent definition of the operad BY. Let L£° be an operad generated by two degree —1
corollas, dp and /60{ = ﬁ , subject to the following relations,

& & o
gzo’ g+£+%:0’ N+t gt g =0
a /N /N

Let Com be the operad of commutative algebras with the generator controlling the graded commutative

multiplication denoted by A Define an operad, BV, of Batalin-Vilkovisky algebras as the free operad
generated by operads £ and Com modulo the following relations,

| | ® ) )
(50) J’K:%— N -/ ; 4N\ - @/\,— @/\2:0

ST AT ® NN
In fact, the second relation in (50) follows from the previous ones. We keep it the list in order to define,
following [GTV], an operad ¢BV as an operad freely generated by £° and Com modulo a version of relations
(50) in which the first relation is replaced by the following one,

/Af\ . C?l\ . /l\@ -

Being a quotient of a free operad, the operad BY inherits an increasing filtration by the number of vertices
in the trees. It is clear that there is a morphism,

g:qBY — gr(BV),
from ¢gBYV into the associated graded operad.

B.2. Proposition [GTV]. The morphism g : gBY — gr(BV) is an isomorphism.

B.3. Remark. The relations in the operad ¢BY are homogeneous. It is easy to see that, as an S-module,
gBYV is isomorphic to Com o L°, the vector space spanned by graphs from Com whose legs are decorated with
elements from £°.
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B.4. An auxiliary dg operad. For any natural number a > 1 define by induction (over the number,
k=1,2,...,a+ 1, of input legs) a collection of a + 1 elements,

2 k=2 k-1 102 k=2 Kk

of the operad BV2™. If p : BVS™ — Endy is a representation, then, in the notation of §5.1,

(A )

2 k=1 k

Note that FkA“ identically vanishes for k > a + 2 as the operator A, is, by its definition, of order < a + 1;
this is the reason why we defined the above elements of BV™ only in the range 1 < k < a+ 1: for all other
k these elements vanish identically due to the relations between the generators of BYSI™.

Consider next a free operad, £, generated, for all integers p > 0, k > 1 with p + k > 2, by the symmetric

corollas
/ﬂ\ = //éi\ VoeS,y,

(1) o(2) (k)

of homological degree 3 — 2k — 2p, and equipped with the following differential

! /ﬂ\ >

p=q+r
[k]=I1UIq

Representations, p : L3, — Endy, of this operad in a dg vector space (V, d) are the same thing as continuous
representations of the operad Lies{1}[[71]] in the topological vector space V[[7i]] equipped with the differential

—d+ Y WA, A, ::p( é) )

p>1

where the formal parameter 7 is assumed to have homological degree 2.

B.4.1. Proposition. The cohomology of the dg operad LS, is the operad L° defined in §B.1, i.e. LS is a
manimal resolution of L°.

Proof. The dg operad £5_{1} is a direct summand of the graded properad grLie°Bo, associated with the genus
filtration of the properad Lie°B,, . Hence the required result follows from the proof of Proposition 2.7.1. O
We are interested in the operad £, because of the following property.

B.4.2. Lemma. There is a monomorphism of dg operads,

X : LS, — BYe™

(AL )= B

k-1 k

given on generators as follows,

Proof. For notation reason, we prove the proposition in terms of representations: for any representation
p: BVE™ — Endy we construct an associated representation p’ : £ — Endy such that p’ = po x.

Let {Ay:V = V[l —2a],p: ©2V — V},u>1 be a BV -structure in a dg vector space (V,d). Then
Ac=—d+) kA,

a>1
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is a degree 1 differential in the graded vector space V[[1]], h being a formal parameter of homological degree 2.
As explained in §5.1, this differential makes the graded commutative algebra (V[[A]], ) into a Lieo{1}[[A]]
algebra over the ring K][h]], with higher Lie brackets given by,

1

P = gy A i) = (kh_th S 7N W

k—1 brackets - k—1 brackets

It is well-known that Lie-algebra structures are homogeneous in the sense that if {p, }r>1 is a Lies-algebra
structure in some vector space, then, for any A € K, the collection {\" "1, },,>1 is again a Lie-algebra
structure in the same space. Therefore, the rescaled collection of operations,

. 1 i
Ep = = SOl [ Appkens sl ]
i
k—1 brackets

also defines a continuous representation of Lies{1}[[#]] in the dg space (V[[A]], A), and hence a representation
of LS, in the space (V,d) given on the generators as follows,

(2 ) = b B

k—1 brackets

Asp ( ) equals ﬁ [ [[Ap+k—1,4], 4], - .., p] as well, the proof is completed. |

k—1 brackets

Finally we can give the proof of Theorem 5.3.1.

Proof of Theorem 5.3.1. The map 7w obviously induces a morphism of operads,
[7] : HY(BVE™) — BY.
Therefore to prove the theorem it is enough to show that [r] induces an isomorphism of S-modules.

Denote the following (equivalence class of a) graph in BV™ by

b
= N
N

O,
k>2 legs /.

k legs
and call it a dashed square vertex. Consider an operad, O, freely generated by the operad Com and a countable

family of unary operations, { (é } of homological degree 1 — 2a equipped with the differential (48), the
1

a>
properad BVS™ is the quotient of O by the ideal encoding the requirement that each unary operation Qé

is of order < a4 1 with respect to the multiplication operation. Let t(!) be any tree built from the following
“corollas”,

= %} with £ >1,a>1
12 k //\
(where we assume implicitly that for ¥ = 1 the L.h.s. corolla equals %) ) and let t(2) be any graph obtained
by attaching to one or more (or none) input leg of a dashed square vertex a tree of the type t™), e.g.
|
() = J
PZAN

HORAOS o

The family {t(1),¢(2)} forms a basis of O as an S-module.
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Define for any a, k > 1 a linear combination,

| |

1 2 1 3
52 ﬂ — #@ _ - N+ S SN+,
( ) AN /) \ U%k (k; — 1)o<k) U%k 2'(k — 2)' ) o)

(1) o(2) o (k—1) 12 o (k—2)

and consider (i) a set {T(l)} of all possible trees generated by these “square” corollas, e.g.

and also (ii) a set {T®} of all possible trees obtained by attaching to (some) legs of a dashed square vertex
trees from the set {7}, e.g.
\
(2) — k
= N

0 o

Formulae (52) define a natural linear map of S-modules,
o : span(T(l),T(2)> — span(t(l),t(2)> =0.

The expressions (52) can be (inductively) inverted,

|
1 2 1 3
(53) ‘ = ﬂ +Z(k_1)y/z@m _Zzl(k_z)!%\ T

k=1 ok oESE oESE

a(1) o (2) o(k-1) I o (h-2)

and hence give us, again by induction, a linear map
¢ = span(tM 2y — span(T™, T3y
as follows. On 1-vertex trees from the family {t(),+()} the map ¢ is given by

S # B
G < //k\ ) = //k\ s < /\ > = the r.h.s. of (53).

Assume that the map 1 is constructed on n-vertex trees from the family {t(l),t(z)}. Let t be a tree with
n + 1-vertices. The complement to the root vertex of t is a disjoint union of trees, {¢'}, with at most n
vertices. To get 1(t) apply first ¢ to the subtrees ¢’ to get a linear combination of trees, > ¢, where each
t" is obtained by attaching to (some) input legs of a one-vertex tree v from {t(), ¢} an element of the
set {TM T3}, finally, apply 9 to the root vertex v of each summand ¢. By construction, ¢ o ¢ = Id and
¢ o 1) = Id so that the map ¢ is an isomorphism of S-modules,

>~ span(TM, 7)),

The ideal I in O defining the operad BVS2™ now takes a very simple form — this is an S-submodule of O

spanned by trees from the family {T(l),T(z)} which contain at least one “bad” square vertex

with a < k— 1. If {T(l),Tf)} C {TM, TP} is the subset of trees containing no bad vertices, then we can
write an isomorphism of S-modules,

BY™ = gpan <TJ(r1)> @ span <TJ(F2)> .

The sub-module span <TS)> is the image of the dg operad £ under the monomorphism x (see Lemma
B.4.2) so that the above sum is a direct sum of complezes and we get eventually an isomorphism of complexes,

com m~~v <&
BY™ =2 Como L,
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with the above splitting corresponding to the augmentation splitting of the operad Com,
Com = span (1) @ Com.
Therefore, by Proposition B.4.1 and Remark B.3,
H*(BYL™) = Como L° = ¢BV.
By Proposition B.2, we get isomorphisms of S-modules,
H*(BYVX™) =2 Gr(BY) 2 BY
which completes the proof of the Theorem. O
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