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Abstract

We show the Koszulness of the properad governing involutive Lie bialgebras and also
of the properads governing nonunital and unital-counital Frobenius algebras, solv-
ing a long-standing problem. This gives us minimal models for their deformation com-
plexes, 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, that there is a highly nontrivial action of the Grothendieck—Teichmiiller
group GRT on (completed versions of) the minimal models of the properads govern-
ing 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 struc-
ture on a vector space, there is an associated homotopy Batalin—Vilkovisky algebra
structure on the associated Chevalley—FEilenberg complex.
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1. Introduction
The notion of a Lie bialgebra was introduced by Drinfeld in [8] in the context of the
theory of Yang—Baxter equations. Later, this notion played a fundamental role in his
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theory of Hopf algebra deformations of universal enveloping algebras (see [13] and
the 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 [36] on the vec-
tor space generated by all nontrivial free homotopy classes of curves on an orientable
surface. Chas [4] proved that such a structure is in fact always involutive. This exam-
ple 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 [5] to carry the structure of a graded involutive Lie bialgebra.
An involutive Lie bialgebra structure was also found by Cieliebak and Latschev [7] in
the contact homology of an arbitrary exact symplectic manifold, while Schedler [34]
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 [1] (see also [17]) 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 resolu-
tion is particularly nice and explicit if the properad happens to be Koszul (see [37]).
Koszulness of the prop(erad) of Lie bialgebras Lie8 was established independently
by Vallette [37] and Markl and Voronov [29], the latter following an idea of Kontse-
vich [23]. The proof of [29] 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, £ieB®, have been made since 2004. The
Koszulness proof of £ieB in [29] does not carry over to Lie®B since the additional
involutivity relation is not %-properadic in nature. The proof of [37] does not carry
over to Lie®°SB either since Lie®B is not of distributive law type. Motivated by some
computer calculations, the authors of [11] 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 (see, e.g., [6]).

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. This step allows us to incorpo-
rate 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 func-
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tor. 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 the Koszul duality theory of properads (see [37]), our result implies imme-
diately that the properad of nonunital Frobenius algebras is Koszul. By the curved
Koszul duality theory (see [18]), the latter result implies, after some extra work, the
Koszulness of the prop of unital-counital Frobenius algebras. These Frobenius prop-
erads also admit many applications in various areas of mathematics and mathematical
physics, for example, in representation theory, algebraic geometry, combinatorics,
and, recently, in two-dimensional topological quantum field theory.

Another main result of this paper is a construction of a highly nontrivial action of
the Grothendieck—Teichmiiller group GRT; (see [9]) on minimal models of the prop-
erads of involutive Lie bialgebras/Frobenius algebras, and hence on the sets of homo-
topy involutive Lie bialgebras/Frobenius structures on an arbitrary dg vector space g.
The Grothendieck—Teichmiiller group GRT; has recently been shown to include a
prounipotent subgroup freely generated by an infinite number of generators (see [2]);
hence our construction provides a rich class of universal symmetries of the aforemen-
tioned objects.

In Section 5 of this paper, we furthermore show that the Chevalley—Eilenberg
complex of an involutive Lie bialgebra carries a Batalin—Vilkovisky (BV) algebra
structure, that is, an action of the homology operad of the framed little disks operad.
This statement remains true (up to homotopy) for homotopy involutive Lie bialgebras.

Some notation

In this paper, K denotes a field of characteristic 0. The set {1,2,...,n} is abbreviated
to [n]. Its 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 #A4. If V = P, , Vi
is a graded vector space, then V [k] stands for the graded vector space with V[k]' :=
Vitk For v e Vi, 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 = 1—[;0=0 Vp. If a graded vector space U
comes with a direct sum decomposition U = @;c;o Up, then we call ]—[;‘;0 Uy the
completion of U (along the given decomposition). We define the completed tensor
product of two complete graded vector spaces V = ]_[ZOZO Vp, W = ]_[ZOZO W, as

o0 r
Vew =[]V, ® Wrp.
r=0p=0
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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 ) symmetric
product by &'V, For a finite group G acting on a vector space V', we denote via
VG 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 0 so that, for finite G, we have a canonical isomorphism Vg =~ Ve,

We use freely the language of operads and properads and their Koszul duality the-
ory. For a background on operads, we refer to [22], while the Koszul duality theory of
properads has been developed in [37]; note, however, that we always work with differ-
entials of degree +1 rather than —1 as in the aforementioned texts. For a properad P,
we denote by J{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 & in V' [—k]; in particular, &ndy {k} = Endy ;.
For € a coaugmented co(pr)operad, we will denote by Q(€) its cobar construction.
Concretely, Q(€) = Free(€[—1]) is a graded (pr)operad, where € is the cokernel
of the coaugmetation and Free(...) denotes the free (pr)operad generated by an S-
(bi)module. We will often use complexes of derivations of (pr)operads and deforma-
tion complexes of (pr)operad maps. For a map of properads f : Q(€)— P, we will
denote by

Def(2(€) 5 ) = [ Homs, s, (€(m.n). P (m,m)) )

m,n

the associated convolution complex. (It is naturally a dg Lie algebra; see [33].) We will
also consider derivations of the properad J°. However, we will use a minor variation
of the standard definition. First, let us define a properad & generated by & and one
other operation, say, D, of arity (1,1) and cohomological degree +1. On 1 we
define a differential such that whenever £+ acts on a dg vector space (V,d), then
the action restricts to an action of J on the vector space with modified differential
(V.d + D). Clearly, any J-algebra is a $ T -algebra by letting D act trivially, so that
we have a properad map £ — . Now, slightly abusively, we define Der($) as
the complex of derivations of $* preserving the map £+ — . Specifically, in all
relevant cases J = () is the cobar construction of a coaugmented coproperad €.
The definition is then made such that Der(#)[—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 € by the cokernel of the coaugmentation € 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(J#) can be easily transcribed into results about the ordinary derivations if
necessary.
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Note, however, that Der(J) 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 [26] for a short and clear review
of different approaches and [38] for an elementary introduction to operads), 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 nonnegative integers. A directed (m,n)-graph is a triple
(T, fin, fou), where I' is a finite one-dimensional CW complex whose one-
dimensional cells (“edges”) are oriented (“directed”), and

the set of all O-cells, v, of I
fin:[n] = which have precisely one ,
adjacent edge directed from v

the set of all O-cells, v, of "
out - [m] — which have precisely one
adjacent edge directed toward v

are injective maps of finite sets (called labeling maps or simply labelings) such that
Im fin N IM fou = @. The set, & (m, n), of all possible directed (m,n)-graphs carries
an action, (T, fin, fou) = (I, finoo ™!, fouwo1), 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, fou) to I'. For any I' € &°(m, n), the set

V(T) := {all O-cells of G} \ {Im fiy U Im fo}

of all unlabeled 0-cells is called the set of vertices of I". The edges attached to labeled
0-cells, that is, the ones lying in Im f;, or in Im fo, are called incoming or, respec-
tively, outgoing legs of the graph I". The set

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

is called the set of (internal) edges of I'. Legs and edges of I' incident to a vertex
v € V(I') 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 outgoing half-edges,
respectively. In all our pictures, the vertices of a graph will be denoted by bullets,
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Table 1. A list of $-algebras.

& Definition &-algebra Typical examples
4 The set of all possible N /
& . Prop
oriented graphs
1+ A subset & C & " consisting 4
& Properad

of all connected graphs

N
Asubset &, C &l ti
& 2.0 sul fse ’ 0 ¢ consisting Dioperad
of graphs of genus zero \T

A subset &2 C @g.oconsisting of
all (m, n)-graphs with the number

®2 of directed paths from input legs %—Prop
to the output legs equal to mn Va
and with at least trivalent vertices
BA A subset Q'S" C QSCT.O C(.)nsisting of graphs Operad
whose vertices have precisely one output leg
A subset &' C &+

& consisting of graphs whose Associative

vertices have precisely algebra

one input leg

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 direction of each edge in alll our

pictures is assumed to go from bottom to the top. For example, the graph €

QSO(Z, 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 upward.
Sometimes we skip showing explicitly labelings of legs (e.g., as 1n Table 1). Note that

elements of &© are not necessarily connected, for example, @; Y‘\ € 6°(4,4).
A directed graph I is called oriented if it has no wheels, that is, sequences of directed
2

edges forming a closed path; for example, the graph 1\(‘\2 is oriented, while the graph
1

Cf\gg is not. Let &1 (m,n) C &©(m,n) denote the subset of oriented (1, n)-graphs.

1 2
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We will work from now on in this section with the set &' := Llnnso &t (m,n) of
oriented graphs, although everything said below applies to the gener:il case as well
(giving us wheeled versions of the classical notions of prop, properad, and operad;
see [28], [31]).

2.1.2. Decorated oriented graphs

Let E be an S-bimodule, that is, a family {E(m,n)}, >0 of vector spaces on which
the group Sy, acts on the left and the group S, acts on the right, and both actions com-
mute with each other. We will use elements of E to decorate vertices of an arbitrary
graph I' € &1 as follows. First, for each vertex v € V(I') with ¢ input edges and p
output edges, we construct a vector space

E(Outy, Iny) := (Outy) ®s, E(p.q) Qs, (Iny),

where (Out,) (resp., (In,)) is the vector space spanned by all bijections [p] — Out,
(resp., In, — [g]). It is (noncanonically) 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(I") (of cardinality,
say, k),

X E(OUtv,Inv):( . E(OUti(l),Ini(l))®"‘®E(OUti(k)vIni(k)))

. Sk
veV(T) i:[k]— V()

into a representation space of the automorphism group, Aut(I"), of the graph I" which,
by definition, is the subgroup of the symmetry group of the one-dimensional CW-
complex underlying the graph I which fixes its legs. Hence with an arbitrary graph
e &' and an arbitrary S-bimodule E one can associate a vector space,

F(E)::( ® E(OutU,Inv)) ,

Autl
veV(T)

whose elements are called decorated (by E) oriented graphs. For example, the auto-

morphism group of the graph I' = Q isZysothat I'(E) = E(1,2) ®z, E(2,2). 1t

is useful to think of an element in I'(E) as of the graph I" whose vertices are deco-
rated by some elements ¢ € E(1,2) and b € E(2,1) and are subject to the following

relations: % = %:4 foraeSz,)t< QZ) = ﬁ?ﬁa = f?b for any A € K, and

ﬁzﬁaz = ﬁfb' + %j and similarly for b. It also follows from the definition that

% = %(12) , (12) S Sz.
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If E={E(m,n)}is a dg S-bimodule, that is, if each vector space E(m,n) is a
complex equipped with an (S,, x S,)-equivariant differential 8, then, for any graph
I € &°(m,n), the associated graded vector space I'(E) comes equipped with an
induced (S;; x S,)-equivariant differential (which we denote by the same symbol §)
so that the collection {D G e o (m.n) G (E)}m.n>0 is again a dg S-bimodule.

m output legs
p———

The 1-vertex graph &, , := >< € &1 (m,n) is often called the (m,n)-

n input legs
corolla. It is clear that for any S-bimodule E, one has €, ,(E) = E(m,n).

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

{MF {(P) —> J’(m,n)}rem(m,n), m,n >0,

which satisfy the following “associativity” condition,

AT = [Ty © L), (2)

for any subgraph y C I' such that the quotient graph I'/y (which is obtained from
I' by shrinking all the vertices and internal edges of y into a single internal vertex)
is oriented, and /L;, :I'(E) — (I'/y)(E) stands for the map which equals p,, on the
decorated vertices lying in y and which is identity on all other vertices of T".

If the S-bimodule & underlying a prop has a differential § satisfying, for any
I' € &9, the condition § o ur = pur o 8, then the prop & is called a differential.

As €, »(E) = E(m,n), the values of the maps ur can be identified with deco-
rated corollas, and hence the maps themselves can be visually understood as contrac-
tion maps, firewt onn) - L (P) = Cmn(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, {11 --- 1}, without vertices.

2.1.4. Props, properads, operads, and so on as &-algebras

Let = ]_[mn ®B(m,n) be a subset of the set QﬁT, say, one of the subsets defined in
Table 1. A subgraph y of a graph I" € & is called admissible if y € ® and I'/y € &.
A ®B-algebra is, by definition, an S-bimodule & = {# (m,n)} together with a family
of linear (Sy, X Sy)-equivariant maps, {ur : ['(P) — £ (m.n)}Geso (m,n). Parame-
terized by elements I' € &, which satisfy condition (2) for any admissible subgraph
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H C T'. Applying this idea to the subfamilies & C &© from Table 1 gives us, in
chronological order, the notions of prop, operad, dioperad, %-prop, and properad
introduced, respectively, in [16], [23], [25], [30], and [37].

2.1.5. Basic examples of ®-algebras

(1) For any & and any vector space V, the S-bimodule &ndy = {Hom(V®",
V' ®m)\ is naturally a ®-algebra with contraction maps jLGeg being ordinary
compositions of linear maps; it is called the endomorphism &-algebra of V.

(ii)  With any S-bimodule, E = {E(m,n)}, there is associated another S-
bimodule, Free®(E) = {F®(E)(m,n)} with Free®(E)(m,n) =
Dres ¢n,ny I (E), which has a natural G-algebra structure with the contrac-
tion maps (g being tautological. The &-algebra Free® (E) is called the free
B-algebra generated by the S-bimodule E. We often abbreviate the notation
by replacing Free® by Free.

(iii)  Definitions of &-subalgebras, @ C P, of &-algebras, of their ideals, d C P,
and the associated quotient ®-algebras, J/d, are straightforward. We omit
the details.

2.1.6. Morphisms and resolutions of &-algebras

A morphism of ®-algebras, p : £; — P>, is a morphism of the underlying S-
bimodules such that, for any graph G, one has p o jig = jig o (0®), where p®6
is a map, G (1) — G (P,), which changes decorations of each vertex in G in accor-
dance with p. A morphism of &-algebras, » — &ndy, is called a representation of
the &-algebra & in a graded vector space V.

A free resolution of a dg ®-algebra & is, by definition, a dg free ®-algebra,
(F®(E),$), together with a morphism, 7 : (¥ (E),§) — £, which induces a coho-
mology isomorphism. If the differential § in & (&) is decomposable with respect to
compositions g, then it is called in [33, Section 5.1] a minimal model of P and is
often denoted by #. To ensure better properties, one may require in addition that
there is a filtration on the space of generators

(O}=EoCE C-C|JE.=E

n>0

such that §(E,) C ¥ (E,—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 O linear maps,

Aig—>gAg and [,]: A%g—g,
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such that

. the data (g, A) is a Lie coalgebra;
. the data (g, [, ]) is a Lie algebra;
. the compatibility condition,

Ala.bl =) a'®[a".b]+[a.b|®@D"—(-1)*P|([b.a"|@a" +b' ®[D".a)).
holds forany a,b e g. Here Aa =:) a’' ®a", Ab=:>_b'®b".
A Lie bialgebra (g, [, ], A) is called involutive if the composition map

v a2y Ly

a4 —> Za1®a//_> Z[a/’a//
vanishes. A dg (involutive) Lie bialgebra is a complex (g, d) equipped with the struc-

ture 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 0
equipped with a degree 0 skew-symmetric pairing,

o WW —K,
w1 @ wy — w(wy, wy) = —(—1)|w1”w2|w(w2, wi).

Then the associated vector space of “cyclic words in W”

Cyc* (W) := P W)y,

n>0

admits an involutive Lie bialgebra structure given by [4]:
[(w1 ® -+ ® Wn)z,. (V1 ®+++ @ Um)z, |

= Z To(w,vj))(w; @ QWi 1 QVj+1 @ @V QV -+
i€[n]

J€lm]

RUj—1 @Wit1 ® @ Wn)Z, 41
and
A(w; @+ ®wp)z,

= Ziw(wi»wj)(wi+l ® +®Wj-1)z;_;_
i#j

RWj+1 ® wi_l)an_/%»i—l .



THE FROBENIUS PROPERAD IS KOSZUL 2931

This example has many applications in various areas of modern research (see,
e.g., [11, [4], [7], [17D).

2.3. Properad of involutive Lie bialgebras

By definition, the properad of involutive Lie bialgebras £ie®8 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)}m n>1 with all
E(m,n) =0, except

1 2 2 1
E(2,1):=1; ® sgn, :span< \( =_ \?/ >,
1 1

1 1
E(1,2):=Sgn2®11=span<}\ =_/$\>
1 2 2 1

modulo the ideal generated by the following relations:
12 31 2 3

3 2 1

+ + =0,

SO T T

3 2 1
) 31 2 3
1 2 2 2 1 1
\f/ 1 1 2 2
A T 1 Tt , =0
1 2 1 2 2 1

b
O=o
[

3)

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

Recall (see [37]) that any quadratic properad J has an associated Koszul dual
coproperad &1 such that its cobar construction

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

(P, d) — (2,0).
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This map always induces an isomorphism in cohomology in degree 0. If, additionally,
the map is a quasi-isomorphism, then the properad J is called Koszul. In this case,
the cobar construction (1) gives us a minimal resolution of & and is denoted by
Poo- It is well known, for example, that the properad governing Lie bialgebras LieB
is Koszul (see [29]).

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

2.4. An explicit description of the dg properad Lie°B

The Koszul dual of £ie®B is a coproperad Lie’B' whose (genus-)graded dual,
(Lie®B')*, is the properad generated by degree 1 corollas,

1\(2 B _2\(1’ 1/1\2 N _2/1\1

1 1

with the following relations:

1 2 2
1L 2 2 3 1
Y(az_l?/ s = - _
bl b 2'
1 2 2 3 1 ) 1

Hence the following graphs

. (4)

where

é;:: : 5)

is the compositionof @ =0, 1,2, ... graphs of the form <>, form a basis of (Lie®B')*

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((£ie®B)7) =
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Free{(Lie°B)i[—1]) is a free properad generated by the following skew-symmetric
corollas of degree 3 —m —n — 2a:

12 m a(1) a(2) a(m)

>E’:< =(=1)°"" >}:< Yo €Sy, VT €Sy, (6)

12 n (1) 7(2) (n)

where m +n +a >3, m>1,n>1, a > 0. The nonnegative number a is called the
weight of the generating corollas (6). The differential in Q((£ie°B)Y) is given by’

D oD T

n a=b+c+I1—1 ml=I1ul,
[nl=J1uJy

(7

where the parameter / counts the number of internal edges connecting the two vertices
on the right-hand side. We have, in particular,

5@:0, 5@:0, 569
so that the map
7 Lie®Boo —> Lie®B, (8)

which sends to zero all generators of £ie®°B, except the following ones,

(a)- o ~(9)- v,

is a morphism of dg properads, as expected. Showing that the properad £ie®B is
Koszul is equivalent to showing that the map 7 is a quasi-isomorphism. As £ie®B
is nonpositively graded, the map = is a quasi-isomorphism if and only if the coho-
mology of the dg properad £ie®B o is concentrated in degree 0. We will prove this
property below in Section 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®Boo = {Lie°Boo(m,n)}m n>1 is spanned by ori-
ented graphs built from corollas (6). For such a graph " € £ie®B,, we set

TThe precise sign factors in this formula can be determined via a usual trick: the analogous differential in the
degree shifted properad Q((£ie®B)i){1} must be given by the same formula but with all sign factors equal
to +1.
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[T]:=g@)+w)eN,

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

IST{ = |IT°]].

Therefore, each complex (Lie®Bo(m,n),8) decomposes into a direct sum of sub-
complexes

Lie®Boo(m.n) =Y _ Lie*Boo(m.n)",

§>0

where Lie°Boo(m,n)®) C Lie®Boo(m,n) is spanned by graphs T' with | T'|| = s.

2.5.1 LEMMA
For any fixed 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 I’ is also finite, it must have a finite number of vertices of valence > 3 as
well. |

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

2.6. An auxiliary graph complex
Let us consider a graph complex,

c=@er

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-@ = > —©0 .

a=b+c
b>1,c>1
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2.6.1 PROPOSITION
One has H*(C) = span(@).

Proof

It is well known that the cohomology of the cobar construction Q(7¢(V)) of the
tensor coalgebra 7¢(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(7°¢(V)),
equals V. The complex C is isomorphic to Q(7¢(V)) for a one-dimensional vector
space V' via the following identification

@g y®a.

and hence the claim follows. ([

2.7. An auxiliary dg properad
Let & be a dg properad generated by a degree —1 corolla + and degree O corollas,

1\(2 — _z\ﬁ/l and 1/é’\2 = _2)’\1 , modulo relations

#zo, i—./é\—/é\:m \i/—J\O/—\O/‘:O )
A ! \ \ \

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

dA =0, d% =0 d+=<i>. (10)
|

2.7.1 THEOREM
The surjective morphism of dg properads,

V: Lie°Boo —> P, (11)

which sends all generators to zero except for the following ones,

() B)Y @t o

is a quasi-isomorphism.

Proof
The argument is based on several converging spectral sequences.
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Step 1: An exact functor. We define the following functor:
1
F : category of dg E—props — category of dg properads,

by
F(s)(m,n) = @ ( ® s(Out(v),In(v)) ® @HI(F,aF))

N Aut(T)’
reGr(m,n) vev(I)

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 conomology H (T, dI) to live in
cohomological degree 1. In particular, the graded symmetric product @ H ' (T, dT) is
finite-dimensional, and the square of any relative cohomology class vanishes. The
differential acts trivially on the H!(T,dI") part. Our functor F is similar to the
Kontsevich functor F discussed in full detail in [29], except for the tensor factor
OH (T, dT"). One defines the properadic compositions on F(s) as in the Kontsevich
case, with the tensor factors handled as follows. Suppose we compose elements corre-
sponding to graphs I'1, ..., ', to an element corresponding to a graph I'. We first map
the tensor factors using the natural maps H'(I';,dT;) — H!(T,dT"), and then mul-
tiply them. (To this end, note that if I C T is a subgraph, then one has a natural map
HY(I'",dT") — H' (T, dT"), and contractions of a graph do not change H (T, dI").)

Our modification of the Kontsevich functor allows treatment of properads
which might have #(1, 1) nonzero (which is strictly prohibited in the original Kont-
sevich approach; see steps 3 and 4 below).

2.7.2 LEMMA
The functor F is exact; that is, it preserves cohomology.

Proof
Since the differential preserves the underlying graph, we get
Ho(F(s)(m,n))
— 1
- P H(( &R 5(Out(v).In(v)) ® OH(T, ar))Am(F)). (13)

reGr(m,n) vev(T)

Since the differential commutes with elements of Aut(I"), Aut(I") is finite, and K is
a field of characteristic 0, by Maschke’s theorem, we have

13= P (H(® s(Out(v),In(v))®®H1(F,8F))) (14

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

Applying the Kiinneth formula twice, together with the fact that the differential is
trivial on H (T, 9T"), we get
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(14) = @ ( ® Ho(s(Out(v).In(v))) ® ©H (T, 3F))

reGr(m,n) vev(T)

= F(Ha(s))(m,n). O

Aut(T")

Step 2: A genus filtration. Consider the genus filtration of (£ie®8B o, §), and denote by
(gr&ie®B oo, &) the associated graded properad. The differential §2°" in the complex
grLie®B oo is given by the formula

1 2 m n
SWX =Y Y = = (15)
be Iml=Ijul, ’
b2 " b+c=a M=J1UJ3 g’

Ji

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

v:grdie®Boo —> grP. (16)

Thanks to the spectral sequence comparison theorem (see [39, p. 126]), we can prove
Theorem 2.7.1 if we show that the map v is a quasi-isomorphism of complexes. We
compute below the cohomology H ®(grie®B oo, §£"), which will make it evident that
the map v is indeed a quasi-isomorphism.

Step 3: An auxiliary prop. Let us consider a properad @ = F(£2 ! (%ieB',)), where
) 2
LieB 1 is the %—prop governing Lie bialgebras, and £ieB '% its Koszul dual. Explicitly,

@ can be understood as generated by corollas as in (6) with eithera =m =n =1 or
a =0 and m + n > 3 subject to the relations

To see this, note that for any graph I', H(T", dT") may be identified with the space of
formal linear combinations of edges of I", modulo the relations that the sum of incom-
ing edges at any vertex equals the sum of outgoing edges. Similarly, OFHY(T, o)
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 rep-
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resented 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 @, we see that the map v above

factors naturally through @, say, v : grfie®B oo La 4 gr®. Furthermore, we claim
that the right-hand map ¢ is a quasi-isomorphism. First note that gr®? = F(LieB ! ).

The %—prop LieB 1 is Koszul; that is, the natural projection 2 ! (LieB',) — LieB !
2

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

Step 4: The map p : grlie®Bo, — Q is a quasi-isomorphism. Consider a filtration of
grfie®Boo given, for any graph T, by the difference a(I") — n(T"), where a(T") is the
sum of all decorations of non-bivalent vertices, and n(I") is the sum of valences of
non-bivalent vertices. On the zeroth 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 such that every edge has either a
decoration @ or no decoration. The differential acts by

an

The complex we obtain is precisely

D (@ Q%(éﬁiei)"l)(Out(v),In(v))®®C*(F,8F))

N Au(T)’
reGr(m,n) vev(I)

where C*(T", 0T") are the simplicial cochains of I" relative to its boundary; the differ-
ential in this complex is given by the standard differential in C* (T, aT"). Indeed, we
may identify C%(T",dT") = K[V(I')] and C }(T, dT") 2= 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 @ corresponds to the cochain representing
the edge. The differential d on C!(I,dT") is the map dual to the standard bound-
arymap 0 : C1(I,d") = K[E(T')] — Co(T',dI") = K[V(I')]. It is given, on a vertex
ve V(), by

— ’r_ "
dv = E e, E ey,

e, €0ut(v) ey, €In(v)
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where Out(v) is the set of edges outgoing from v and In(v) is the set of edges ingo-
ing to v. This exactly matches the differential (17) on the first page of the spectral
sequence. As H°(T",dI") = 0, and since the symmetric product functor ® is exact,
we obtain @ on the second page of the spectral sequence,

H*(gr&ie®Beo)
B (Q 2y ies))(Outw). In(v)) & OH' (T, 0T))

reGr(m,n) vev(T)

= F(Q (ieB'))) = 0,

Il

Aut(I")

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

2.8. Auxiliary complexes

Let 4, be the quadratic algebra generated by xi,...,x, with relations x;x;4+; =
Xiy1x; fori =1,...,n—1. We denote by D,, = A}, the Koszul dual coalgebra. Note
that +, and D, are weight-graded and that the weight k component of D, D,(,k)

. . . 1 2
is zero if k > 3, while D,(,) = span{xy,...,X,} and D,S) = span{u; o = X1 X3 —
X2X1,U2,3 = X2X3 —X3X2,...,Up—1,n = Xp—1Xn — xnxn—l}-

2.8.1 PROPOSITION
The algebra A, is Koszul. In particular, the canonical projection map

Ap :=Q(Dp) — Ay

from the cobar construction of Dy, 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 are particularly interested in the subcomplex A,ll’1 """ Uof A, that is spanned by
words in x; and u; ;11 such that each index occurs exactly once. Since A,l,’1 """ lisa
direct summand of A,,, its homology also vanishes in positive degree.

Let us define a Lie algebra &£, = Lie(xy,...,X,)/[xi, Xi+1] and a complex L, =
Lie(xX1,..., Xn, U125 ... Un—1,n), With dx; =0 and d(u; ;1) = [xi, xi+1]. Here Lie
stands for the free Lie algebra functor.

2.8.2 LEMMA
The projection map L, — £, is a quasi-isomorphism.
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Proof

It is clear that H°(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

@(iie(xl, e Xp,UL2, . ,un_l,n))
= @(Ln) —> ASS(Xl, o XpsUL2, . aun—l,n) = An.

This map commutes with the differentials, and therefore we have an isomorphism
in homology He(®(L,)) = He(Ap). Since O is an exact functor it commutes with
taking homology, and since the homology of A, vanishes in positive degree by Propo-

sition 2.8.1, the result follows. O
Let us define Ay, ... 5, as the coproduct of A4,,,..., A, in the category of asso-
ciative algebras; Ap, ., consists of words in xll,le,...,x,il,xf, .. ,x,zlz, co Xt
1 1 2 -
s X U g Uy g S UT 5y Uy g We o define  similarly Ly, n,
and £, n,-
2.8.3 LEMMA

The homology of An,,...n, vanishes in positive degree.

Proof
Let /I,, C A, be the kernel of the natural augmentation such that 4, ~ K & /I,, as
complexes. Similarly, define /f,,l,m,nr. The complex /I,,l,m,nr splits as

finl,...,nr =® @ /Injl ®"‘®1‘Injr,

k=1 j1seJk
where the second sum runs over all strings (/1. ..., jk) € [F]** such that no adja-
cent indices j;, ji+1 are equal. Since no A,; has homology in positive degrees by
Proposition 2.8.1, neither has Ay, .. », . O

2.8.4 LEMMA

Themap Ly, ... .n, = &n,,...n, IS a quasi-isomorphism.

r r

TLet 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 U g is the free associative algebra in the same generators. This is precisely our
situation.
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Proof
The same argument from Lemma 2.8.2 holds. O

L.,
Ly C Lnl,...,nr and inl oony C éﬁnl,...,nr
spanned by Lie words in which each index occurs exactly once.

We define the subcomplexes L, 1

2.8.5 COROLLARY

The map Lyll’l';lf.l,n, —» éC,l,’l';jj.l,n, is a quasi-isomorphism.

2.9 MAIN THEOREM

The properad Xie°B is Koszul; that is, the natural surjection (8) is a quasi-
isomorphism.

Proof
The surjection (8) factors through the surjection (11):

7 Lie®Boy —> P L5 Lie°B.

In view of Theorem 2.7.1, the main theorem is proved once it is shown that the mor-
phism p is a quasi-isomorphism. The latter statement is, in turn, proved once it is
shown that the cohomology of the nonnegatively graded dg properad & is concen-
trated in degree 0. For notational reasons it is suitable to work with the dg prop, & &,
generated by the properad & . 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 prop generated by a degree 1 corolla +, degree 0 corollas

1 2 2 1
\n( =— \n( and /L\ =— /g\ , modulo the first three relations of (3) and the
1 2 2 1
following ones:
N/
izo, i —o,  § =o (18)
/N \

The latter prop can in turn be identified with the following collection of graded vector
spaces:

W(n.m) := @(&LieP(n.N) ® VEN ® LieCP(N.m))
N

where V is a two-dimensional vector space Vo @ V1, where Vy = span(|) and V; =
span(+). The isomorphism W(n,m) — PP (n, m) is realized in the more or less obvi-

ous way, by mapping LieP(n,N) — PP(n,N), LieCP(N,m) — PP (N,m) and
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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 P5 (n,m), given by the for-
mula (10).
Let us consider a slightly different complex

Vam = @D (LieP(n, N) ® VEN @ AssCP(N,m))

N
=P P (LieP(n.N) @ VEN ® AssC(n1)
N N=nj+-+nm

® - ® AssClnm))s,

iy X XS, *

(20)

where AssCP is the prop governing coassociative coalgebras, and AssC(n;) =
AssCP(nj, 1) = K[Sy;].

The operad Ass = €om o Lie = P (Como cfie)(k) is, as an S-module, naturally
graded with respect to the arity in €Com. This decomposition induces a multigrad-
ingin Vim = @k, .. k) Vaskr ...k 1L is clear that this decomposition is actually a
splitting of complexes and that 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.

There is a natural identification LieP(n,N) = ((Lie(y1....,yn))®") b1
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.

The space (LieP(n, N) ® AssC(n1) ®--+Q AssC(nm))s,, x--x Sy, 1s isomorphic
to LieP(n, N), but there is a more natural identification than the one above; namely,
the y; can be gathered by blocks of size n j, according to the action of S x --- x Sy,
on LieP(n, N), and can be relabeled accordingly:

yl,yz,...,yN->yll,...,y,h,ylz,...,yﬁz,...,y{”,...,y,',"m.
Since V =V @ V7, there is a natural decomposition of
V®N:@V€1‘ ®...®VE’1’1 ®V€%®...®V€%2 ®"'®Ve’l" ®'"®V€Tm’
€

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

Y hm

(£ieP(n,N) ® VEN @ AssC(n1) ® -+ ® AssC(nm))g

ny X+XSpm

=P (tiePn. Ny @ Vi ®-- @ Ve,
€

R AssC(n1) -+ ® eA)SSC(”m))Snl

X+XSpm,

€
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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 prod-
uct of free Lie algebras

. 1 1 m m
((élize()cl,...,xﬁl,...,x1 T N T YR /1 S

2 ®ny1,..., 1
“1,2’--"“%",,,—1,;7,,,)) ) )

where 71; = n; + Z;”:l e;. and where the superscript will indicate that each index
occurs exactly once. We assume that bases of the one-dimensional spaces Vp, V)
have been fixed. Then, using the bases we may identify

LieP(n,N) ® VE} Q- QVen = LieP(n,N).

Now, an element X € £ieP(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
fieP(n,N) =~ LieP(n,N) ® VG} Q- ® Ve
—>((é€ie(x11,...,x,~1 e XX U s U

uiz,.“’um ))®n)1 ..... 1 (2])

fim—1,fm

is then realized by sending X € LieP(n,N) to X(y{,....¥p, .- Y7oyt )
where

. . P . T j—l [ .
x; ifel, =0,withj =j + 3 €

ut. . if €& = 1, with same /.
J.j+1 J

For example, consider the following element of (£ieP(2,5) ® V&> ® #ssC(3) ®

AsSC(2))s3x5,:
% FieP(2,5)
— Qo— —X — y®s
/

‘ ‘ AssC(3) ® AssC(2).

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 fac-
tors from left to right. Then the element in the picture is mapped to the expression
[[x1, “%,3]’ 1@ [xg, ”%,3]'
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With the map (21), the total space
Vnm—@@ @ (LieP(n.N)® Ve, @ -+ @ Ve, ® hssC(ny) @ -+
€ N=ni+-+nm,

® AssC(nm))

X xSnk

can be seen as a sum of spaces of the form

((éﬁie(xll,...,x}”,...,xf",...,x;’l"m,
1 1 2 ®ny1,...,1
U gse s Uiy “1,2v~--’“ﬁmm—1,ﬁm)) ) .

Under this identification, the differential sends the elements u’, 410 [xé , x; 41
and it is zero on the elements x* Iz Then the differential preserves the 7i;, and therefore
it preserves this direct sum.

We conclude that the complex V,, , splits as a sum of tensor products of com-
plexes of the form L p’l"" ,pi» 50 from Corollary 2.8.5 we obtain that its cohomology
is concentrated in degree 0. 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 ~Asse, algebras, one is often interested in a version of the
properad Lie®$B in which degrees of Lie and co-Lie operations differ by an even
number,

d eN.

The arguments proving Koszulness of Lie®B work also for such degree-shifted ver-
sions of &£ie®B. The same remark applies to the Koszul dual properads below.

One may also consider versions of the properad fieB, 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 £ieB.

2.11. Properads of Frobenius algebras
The properad of nonunital Frobenius algebras $rob; in dimension d is the prop-
1

1 2 2
erad generated by operations \( = (—1)4 \( (graded cocommutative comultipli-

cation) of degree d and /g\ = /$\ (graded commutative multiplication) of degree
1 2 2 1
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0, modulo the ideal generated by the following relations:

1 2 2
1. 2 2 3 1
\C%S — 1%/ , }%\3 — 1/5)\ , X — \{g\z. (22)
1 2 2 3 7 2 1

For the purposes of this article, we will define the properad of nonunital Frobe-
nius algebras to be

Frob := Frob,.
For example, the cohomology H (%) 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 £ie°SB, up to a degree shift:

Lie®B' = Frob*{1}.

By Koszul duality theory of properads (see [37]), one hence obtains from Theo-
rem 2.9 the following result.

2.11.1 COROLLARY
The properad of nonunital (symmetric) Frobenius algebras Frob is Koszul.

By adding the additional relation
5
(=0
7

(which is automatic for d odd) to the presentation of Frob;, we obtain the prop-
erad(s) of involutive Frobenius algebras ¥ robz. They are Koszul dual to the oper-
ads governing degree-shifted Lie bialgebras (see Remark 2.10), and in particular
LieB' = (Frob3)*{1}. It then follows from the Koszulness of £ieB (and its degree-
shifted relatives) that the properads ?robz are Koszul, as noted in [19], [37], and [20].

The properad ucFrob of unital-counital Frobenius algebras is, by definition, a
quotient of the free properad generated by degree 0 corollas (L (unit), C" (counit),

1 2 2 1
\( = \( (graded cocommutative comultiplication), and /{ = /L\ (graded
1 2 2 1

commutative multiplication) modulo the ideal generated by the relations (22) and the

O\(—zo, (/é\—zo, (23)

where the vertical line ‘ stands for the unit in the properad Frob. Similarly, one defines

additional relations

a properad uFrob of unital Frobenius algebras, and a properad cFrob of counital alge-
bras. Clearly, ufrob and cFrob are subproperads of ucFrob.
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2.11.2 THEOREM
The properads u¥rob, cFrob, and ucFrob are Koszul.

Proof

By curved Koszul duality theory (see [18]), it is enough' to prove Koszulness of the
associated quadratic properads, qufrob, gcFrob, and qucFrob, obtained from uFrob,
cFrob, and ucFrob, respectively, by replacing inhomogeneous relations (23) by the
following ones (see [18]),

N =0, A =0,

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

coCom
qu¥rob = span < %} > @ Frob,

(24)

o
qgcFrob = span qz) @ Frob

Com

and

o coCom o
qucFrob = span < ? > @ span < @? > @ span @ @ Frob, (25)
e

om

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

Consider, for example, the properad gcFrob (proofs of Koszulness of properads
qu¥Frob and qucFrob can be given by a similar argument). Its Koszul dual properad
ch‘7r0b! =: qcLie®B is generated by the properads Lie®B and (c") modulo the fol-
lowing relation:

()
))\:O'

*More precisely, one also has to check the technical Conditions (I) and (II) of [18, Section 4.1]. Condition (I)
is obvious in our case. For Condition (II), let us temporarily use the notation of [18, Section 4.1]. Condition (II)
then states that (R)=? := (R) N F(V)=2 = R, with F(V)=2:={I & V & F (V)@ }. This is equivalent
to saying that the image of ¥ (V)=2 in P (i.e., F (V)=2/(R)=?) is isomorphic to ¥ (V)=2/R. But we have
an explicit basis of & 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 yields a basis of ¥ (V)=2/(R)=2.
Hence we only need to check that the same elements also form a basis of % (V)=2/R, a fact which is again
essentially obvious.
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We have

qctie®B' = (qcFrob)* {1} =~ span< @ > ® Lie°B',

Siel

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

e f

12 n o(1) 0(2) o(n)

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

' p - zz

a=b+c+l—1 [ Jl qu

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

Q(gcie®B") — gcLie®B

which is a quasi-isomorphism if and only if gc£ie®B is Koszul. Thus to prove Koszul-
ness of gcfie®B, it is enough to establish an isomorphism H *(Q(gcLie®B')) =
qcXie® B of S-bimodules.

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 & of Section 2.7, together with an additional
generator of arity (0, 1), in pictures T, with the additional relations

}i:o, 1=o0.

The map Q(gcie®B') — gcLie®B clearly factors through P,
Q(qcLie®BY) > P — qcdieB, 27

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 proved
by copying the proof of Theorem 2.7.1, except that now the functor F' (as in Sec-
tion 2.7) is applied not to the cobar construction 2 1 (éﬁiei)"%), but to 2 ! (qccfiejs"%).

Here
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) LieB1(m,n) ifm#O0,
qcéCzei?%(m,n)z K 2

ifm=0,

is the %-prop governing Lie bialgebras with a counit operation killed by the cobracket.
More specifically, gc£ieB', (m,n) is the same as LieB', (m,n) in all arities (m,n)
2. 2
with m,n > 0, but gcLieB', (0,n) is one-dimensional, the extra operations corre-
2

sponding to corollas

One can check' that the %-prop gcLieB', is Koszul, that is, that
2
H(Q%(qcéﬁiei)"%)) >~ qcéCiei)’%.

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 0 cohomology of P is qcLie®B, so it will suffice to show that H >0(3§) =0.
First, let PP be the prop generated by the properad P. Asa dg S-bimodule, it is
isomorphic to (see (19))

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

SN XSar’

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

Vim = EP (£LieP(n,N) @ VEN @ KEM & AssCP(N + M. m))
N,M

SNXSM

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,
and hence PP also cannot have cohomology in positive degrees. Hence we can con-
clude that the properad gcLie®8B is Koszul. O

TThe piece of the %—prop Q 1 (gefieB'))) involving the additional generators is isomorphic to the complex
2

(E Il‘ieJr ,d Il‘ieJr) from [31, p. 344]. According to [31], its cohomology is one-dimensional.
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3. Deformation complexes

As one application of the Koszulness of £ie®8B and Frob, we obtain minimal mod-
els Lie°Boo = Q(Lie®B) = Q(Frob*{1}) and Frobs, = Q((Lie®°B)*{1}) of these
properads, and hence minimal models for their deformation complexes and for the
deformation complexes of their algebras.

3.1. A deformation complex of an involutive Lie bialgebra
According to the general theory (see [33]), Lie®B -algebra structures on a dg vector
space (g, d) can be identified with Maurer—Cartan elements

M€ (InvLieB(g)) := {I" € InvLieB(g) : || = 3 and [T, I'|cg = 0}
of a graded Lie algebra,’
InvLieB(g) := Def(Lie*B oo —> Endy)[—2]. (28)

which controls deformations of the zero morphism from £ie®°B, to the endomor-
phism properad éndy = {Hom(g®", g®™)}. As a Z-graded vector space InvLieB(g)
can be identified with the vector space of homomorphisms of S-bimodules

InvLieB(g)
= Homg ((Lie®B)', Endy)[-2]

= 1_[ Homs,, xs, (sgn, ®sgn,,[m + n + 2a — 2], Hom(g®", g®™))[-2]

a=0.m.,n>1
m+n+a=3

= [[ Hom(e"(g[-11).0™(gl-11))[-2a]
renazs

c O*(gl-1] @ o* [~ 1] ® K[-2]) ~ K[[n", v, 1],

where £ is a formal parameter of degree 2 (a basis vector of the summand K[—2]
above), and, for a basis (eq,e3,...,¢€;,...) in g and the associated dual basis (el,
e2,...,e',..) in g* we set o := se, ¥; 1= se;, where s : V — V[—1] is the sus-
pension map. Therefore, the Lie algebra InvLieB(g) has a canonical structure of a
module over the algebra K[[A]]; moreover, for finite-dimensional g, its elements can
be identified with formal power series,’’ £, in variables ¥;, 7, and %, which satisfy

the “boundary” conditions

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

TTIn 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 com-
pleted tensor product), and also a category of graded vector spaces which are direct limits of finite-dimensional
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f(wvn’h)|\ﬂi=0=07 f(‘ﬁ’ nvh)|ni=O=O’ f(W, ’7’71)|h=0613, (29)

where / is the maximal ideal in K[[v;,7]]. The Lie brackets in InvLieB(g) can be
read off either from the coproperad structure in (Lie®B)" or directly from the for-
mula (7) for the differential, and are given explicitly by (see [11])

[f.gln:=f*ng— (=D Elgx, £ (30)

where (up to Koszul signs)

o f g
=y — *— ‘
f*ng 1 Z it -+ ik Ay, -+ AW,

k=0 ST
is an associative product. Note that the differential dy in g gives rise to a quadratic
element Dy =3}, ; :I:a”w, n’ of homological degree 3 in K[[1', ;, }]], where d‘

are the structure constants of d in the chosen basis, dg(e;) =: ) _; dl.j ej.
Finally, we can identify Lie®Boo structures in a finite-dimensional dg vector
space (g.dy) with a homogeneous formal power series

[:= Dy + f eK[[n', i, bl

of homological degree 3 such that

oo

hk 1 okT okT
[, = Z Z T a%mwik:(), 31)

..... ik

and the summand f satisfies boundary conditions (29).
For example, let

(A:V > APV A2V = V)

be a Lie bialgebra structure in a vector space V' which we assume for simplicity to be
concentrated in degree 0. Let Ci’; and <I>” be the associated structure constants

[xi, x;] = Z ij Xk
kel

A(xg) =: Z O xi Ax;j.
ijel

Then it is easy to check that all the involutive Lie bialgebra axioms (3) get encoded
into a single equation T' %, T =0for I':=3", ., o, (C vin'n! + @} nkyiv;).

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” formulas to work.
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Note that all the above formulas taken modulo the ideal generated by the formal
variable A give us a Lie algebra

LieB(g) := Def(LieBoo —> Endy)[~2] = K[[v;. 7' ]] 32)

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

i) 0f 0g 4 of 0g
o) = 2L TS Al L TS 33
{f.g} le( A vt = B VAl s (33)
for any f,g € K[[y;,n']]. Formal power series, f € K[[/;,7']], which have homo-
logical degree 3 and satisfy the equations

{(ff1=0.  fWDly=0=0.  f¥.0lyi= =0,

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

3.2. Deformation complexes of properads

The deformation complex of a properad  is by definition the dg Lie algebra Der ()
of derivations of a cofibrant resolution  — . (See the remarks at the end of the
Introduction for our slightly nonstandard definition of Der(...), and [35, Section 5.1]
for similar considerations in the operadic setting.) It may be identified as a complex
with the deformation complex of the identity map PP (which controls deforma-
tions of J-algebras) up to a degree shift:

Der(P) = Def(£ — P)[1].

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

Def(P — £) — Def(P — P). (34)

The zeroth cohomology H 0(Der(!/s)) is of particular importance. It is a differ-
ential graded Lie algebra whose elements act on the space of ﬂs—algebra structures on
any vector space. We will see in the examples we are interested in that this dg Lie
algebra is very rich and that it acts nontrivially in general.

Using the Koszulness of the properads £ie8 and Frob® from [29] and [23] and
the Koszulness of £ie®B and Frob from Theorem 2.9 and Corollary 2.11.1, we can
write down the following models for the deformation complexes:
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Der(£ieBoo) = [ ] Homs,xs,, (Frob3)*{1}(n.m), LieBoo(n.m))[1]

n.m=>1

l—[ (LieBoo(n,m) @ sgn, @ sgnm)snxs’" [3—n—m],

n.m=>1

I

Der(£ie°Boo) = [ | Homs,xs,, ((Froby)*{1}(n,m), Lie*Boo(n,m))[1]

n.m>1

~ 1_[ (Lie®Boo(n,m) ® sgn, ® sgnm)gn Sz —p — m][[H]],

n.m=>1

Der(Frobs,) = 1_[ Homs,, xs,, ((Lie® B2)*{1}(n,m), Frobos(n,m))[1].

n.m>1

Der(Frobg,) = H Homg,, xs,, ((LieB2)*{1}(n, m), Frobs, (n,m))[1].

n.m=>1

Here £ is a formal variable of degree 2, and Frob5 / Lie® B, and Frob3 | LieB, are
analogues of (involutive) Frobenius/Lie bialgebras properads with the (2,1)-
generator placed in degree 0 and the (1, 2)-generator placed in degree 2. Each of the
models on the right has a natural combinatorial interpretation as a graph complex (see
also [29, Section 1.7]). For example, Der(£ie83 o) 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(£ie®°Bs) 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(Froby,).

N

T \
<N ST =8gp T EY /7

r
£)
AN roEX
Figure 1. A graphical interpretation of an example element of Der(&£ieB ) (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 indicated by the
picture.
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Q3
!A@ 8F=8ﬂg°$wrizhﬁ+k—l% izhp-kk—l;,?kr
S )

Figure 2. A graphical interpretation of an element of Der(£ie®Boo), and the pictorial description
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 % as prefactor. Note that the
power of A counts the number of loops added to the graph, if we count a vertex decorated by p
as contributing p loops.

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(LieBoo — LieB) = 1_[ Homsg, «s,,, ((%obg)*{l}(n,m), LieB(n, m))

n,m

~ H(:ﬁieﬁB(n,m) ® sgn, ® sgnm)S"XSm [2—n—m],

n,m

Def(Lie°Boo — Lie°B) = [ | Homs, xs,, (Frobs) *{1}(n.m). £ie°B(n.m))

n,m

i~ H(éﬁie°$ (n,m) ® sgn, ® sgnm)S” XSm 2 —n —m][[R]],

n,m

Def(Frobe, — Frob) = | | Homs,, xs, ((Lie® B2)*{1}(n.m), Frob(n,m)),

n,m

Def(Frobg, — Frob®) = [ | Homs, xs,, ((LieB2)*{1}(n.m). Frob® (n,m)).

n,m

Note, however, that in passing from Der(...) to the (quasi-isomorphic) simpler com-
plexes Def(...) above we lose the dg Lie algebra structure, or rather there is a differ-
ent Lie algebra structure on the above complexes. The above complexes may again
be interpreted as graph complexes. For example, Def(£ieB o — LieB) 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 ver-
tex 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,xs,, (LieB*{1}(n,m),
Frob® (n,m)) is just a completion of
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Homs,, xs,, ((Frob®)*{1}(n, m), LieB(n,m))
= (Frob®(n,m) ® sgn, ® sgn,,) ®s, xs, LieB(n,m)[n —m].

Specifically, the completion is with respect to the genus grading of £Lie8, 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®Boo — Lie®B) and
Def(Frobs, — Frob) are the same up to completion issues. Here the differential
does not preserve the genus but does preserve the quantity (genus)-(/-degree). Hence
it suffices to discuss one of each pair of deformation complexes. We will discuss
Def(LieB oo — LieB) and Def(L£ie®B o, — 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 com-
plexes to the computation of the cohomology of M. Kontsevich’s graph complex. By
a result of one of the authors (see [41]), the degree 0 cohomology of this graph com-
plex agrees with the Grothendieck—Teichmiiller Lie algebra grt;. This will allow us
to conclude that the Grothendieck—Teichmiiller group universally acts on £ie®Bso-
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
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 profi-
nite Grothendieck—Teichmiiller group GT plays an important role in number theory
and algebraic geometry. The prounipotent Grothendieck—Teichmiiller group GT (and
its graded version GRT) over a field of characteristic 0 appeared in Pavel Etingof’s
and David Kazhdan’s solution of Drinfeld’s quantization conjecture for Lie bialge-
bras. 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. Because the Grothendieck—Teichmiiller group unifies different fields, its
appearance in a mathematical theory is oftentimes followed by a breakthrough in that
theory. We refer to Furusho’s lecture note [14] for precise definitions and references.
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 prounipo-
tent, it is of the form exp(grt;) for some Lie algebra grt,, whose definition can be
found, for example, in [41, Section 6]. Therefore, understanding representations of
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GRT] is the same as understanding representations of the Grothendieck—Teichmiiller
Lie algebra grt;.

4.2. Completed versions of Lie°B and LieB

The properads LieB and Lie®B are naturally graded by the genus of the graphs
describing the operations. We denote by é@ and FieB the completions with
respect to this grading. Similarly, we denote by ége?Boo the completion of LieBoo
with respect to the genus grading. The natural map @OO — FieB is a quasi-
isomorphism. Furthermore, we denote by mw the completion of £ie®B, with
respect to the genus plus the total weight-grading, that is, with respect to the grading
|- || described in Section 2.5. Then the map moo — %ie°B is a quasi-
isomorphism.

We call a continuous representation of FieB (resp., M’) a genus complete
(involutive) Lie bialgebra. Here the topology on FieB (resp., m’) is the one
induced by the genus filtration (resp., the filtration | - ||). For example, the involu-
tive 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 denote by Der(ﬂ@oo) (resp., Der(@ 00)) the
complex of continuous derivations. The subproperads LieBo, C @w and
Lie®Boo C mw are dense by definition and hence any continuous derivation is
determined by its restriction to these subproperads. It also follows that the above com-
plexes of derivations are isomorphic as complexes to Def(£ieB oo — FieB o0)[1] and
Def(£ie®Boo — mo@)[l]. Finally, we note that the cohomology of these com-
plexes is merely the completion of the cohomology of the complexes Der(Lie8 o)
and Der(£ie®°B ), since the differential respects the gradings.

4.3. An operad of graphs §ra’
A graph is called directed if its edges are equipped with directions as in the following
examples:

./. ./.
./ \. L) ./ \. L
NS VAN

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 / > 0, let GZ, ! stand for the set of connected oriented
graphs, {I"}, with n vertices and / edges such that the vertices of I" are labeled by
elements of [n] :={1,...,n}; that is, an isomorphism V(I") — [n] is fixed. We allow
graphs with multiple edges between two vertices throughout.
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Let K(GZ ;) be the vector space over a field K of characteristic 0 which is
spanned by graphs from G',I ;» and consider a Z-graded S,-module

grat(n) == PK(G! )[21].
=0

For example, o >sisa degree —2 element in §ra'(2). The S-module, §ra’ :=
{ﬁra(n)T}nzl, is naturally an operad with the operadic compositions given by

o; : 6ral n)® €ra’ (m) —%ra' (m+n-—1),

ner— Y I (35)

i
FGGFI B

T
n+m—1#E()+#E(T2)
fying the condition: the full subgraph of I" spanned by the vertices labeled by the set

{i,i +1,...,i +m — 1} is isomorphic to I';, and the quotient graph I'/ I, (which is
obtained from I" by contracting that subgraph I'; to a single vertex) is isomorphic to
I'; (see, e.g., [32, Section 7] or [41, Section 2] for explicit examples of these kind of
operadic compositions). The unique element in GI’O serves as the unit in the operad
gral.

where G’fl I, is the subset of G consisting of graphs, I', satis-

4.3.1. A representation of §ra' in LieB(g)
For any graded vector space g, the operad §ra® has a natural representation in the
associated graded vector space LieB(g) (see (32)),

p: Gra® (n) —>Endyiep(q) (n) = Hom(LieB(g)®", LieB(g)). 6
' —&r
given by the formula
®r : ®"LieB(g) — LieB(g),
V1@ ®yYn — Pr(y1.....7n)

=u(( TT 2)n@.merw.ne-—nw.n),

ecE(T)

where, for an edge e = ¢_.4 connecting a vertex labeled by a € [n] and a vertex
labeled by b € [n], we set
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Ac(Y1®@Y2Q - @ yn)

et (=D 1yl +lyasilH-+vp-1Dy, & ... ® nga; @ 0Mg..xy,

ant
. fora <b,
- Ziel(_l)llﬁi|(|)’b|+|)’b+1|+“'+|1/a—l|+|77i|)y1 R ® ‘3% R ® g% ® QY
forb <a,

and where pu is the standard multiplication map in the ring LieB(g) C K[[;, n']]:
w : LieB(g)®" — LieB(g),
Y1®Y2& - ®VYn — V1V2 " Vn-

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

4.3.1 Remark

The above action of §ra’ on Def(LieB oo 2 &ndy)[—2] only uses the properadic
compositions 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(£ieB oo N P)[-2] = l_[(ﬂ)(m,n) ® sgn,, ® sgnn)SmXS” [-m —n]

m,n

for any properad #. To give a more concrete description of the action, let us iden-
tify (S;, x S, )-coinvariants with invariants by symmetrization, and let us describe an
action on the space of coinvariants

H(?(m,n) ® sgn,, ® Sgnn)gmxs,, [-m —n]

m,n
instead. Specifically, let I € §ra’ () be a graph with n vertices, and let

xj € (P(mj,nj) ®sgn, ®segn, )

S XSp
for j =1,...,n. If some vertex j of I' has more than n; outgoing or more than m ;
incoming edges, then we define the action to be trivial: I'(xq,...,x,) = 0. Other-

wise, we want to interpret the directed graph I' as a properadic composition pattern.
For notational simplicity, we assume that the x; are actual elements of & (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 (say, k; many) incoming half-
edges at j to {1,...,m;} and an injective map from the set of (say, /; many) outgoing
half-edges at j to {1,...,n;} is fixed. Denote the collection of those maps (for all ;)
by f for convenience. Then we may define
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n n

Fy(xnxn) € P (3 0mj —kj). Y (nj — 1,,-))
j=1 =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

F(xl,...,x,,):=Zﬂ:rf(x1,...,x,,),
S

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 x; 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.

4.4. An oriented graph complex

Let Lie{2} be a (degree-shifted) operad of Lie algebras, and let £ieoo{2} be its min-
imal resolution. Thus £ie{2} is a quadratic operad generated by a degree —2 skew-

1)\2 B _2)\1

symmetric binary operation

modulo the Jacobi relations

+ +
S AT A o (37)
1 2 3 1 2 3

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

E(n):=sgn,[3n —4] = < //i\ =(=D°

9
1 2 3 n-1on omo@ " 0(")>U€Sn

and equipped with the following differential:

o | Z (71)0(11u12)+\11\|12| %\ (38)

NS < AN
2 3 ‘n-1n [n]=I1UIy o
#I11>2,#13>1 W-’Il

where o (17 U I,) is the sign of the shuffle [n] — [I; U I5].

4.4.1 PROPOSITION (see [40, Section 2.1])
There is a morphism of operads
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¢ Lie{2) —> Gra’

given on the generators by
1 2 2 1
— *—0 — 0—0,

Proof
Using the definition of the operadic composition in §ra’, we get

— 1 2 3 _ 2 1 3 + 2 1 3 _1 2 3
@ 3] = e—=e—o —>e0——>0 o< 0o >0 o< o >0
1

2

(A A A)

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

which implies

fGCY := Def(Lieo (2} —> Gra’),

which controls deformation theory of the zero morphism (see [33]). As a graded vec-
tor space,

fGCY = HHomgn En), ‘graT(n) )-1]= nng(n)Sn [3—3n], (40)

n>2 n>2

so that its elements can be understood as (K-linear series of) graphs I' from §ra®
whose vertex labels are skew-symmetrized (so that we can often forget numerical
labels of vertices in our pictures), and which are assigned the homological degree

IT| = 3#V(T') — 3 — 2#E(D),

where V(I') (resp., E(I")) stands for the set of vertices (resp., edges) of I".
The Lie brackets, [, ]gra, in f{GCS' can be read either from the differential (38) or,
equivalently, from the following explicit Lie algebra structure (see [21]) associated

with the degree-shifted operad ﬁrag{S} (and which makes sense for any operad):

[,L]:P®P—P,

(a € P(n),b € P(m)) —> [a,b]: Zao bh—(— 1)'“”b|Zbo a,

i=1 i=1
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where P :=[],5, gra® (n)[3 — 3n]. These Lie brackets in P induce Lie brackets,
[, ]gra, in the subspace of S-coinvariants (see [21]). By the isomorphism of invariants
and coinvariants, we obtain a Lie bracket on the space of invariants

PS:= ] #ra" (n)[3 - 30 =1GCY

n>1

via the standard symmetrization map P — P,
The graph

1 2 2 1
—>0'—0—>0 — 6—>0

is a degree 2-3 —3 — 2 =1 element in f{GCY', which, in fact, is a Maurer—Cartan

element

[e—>e, e—>e] = skew-symmetrization of the RHS in (39) =0,

which represents the above morphism ¢ in the Lie algebra fGCS'. This element makes,
therefore, {GCY into a differential graded Lie algebra with the differential

dl :=[e—>e.T] 41)

gra’

Let GC§' be a subspace of fGCS' 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 [41] differs slightly from the one here, as all bivalent vertices
are allowed in that work. However, it is easy to check that this extra condition does
not change the cohomology.

The cohomology of the oriented graph complex (GCY',d) was partially com-
puted in [41] and [42].

4.4.2 THEOREM ([42, Theorem 1], [41, Theorem 1, Proposition 3.4])

(1) H°(GCY,d) = grty, where gty is the Lie algebra of the prounipotent
Grothendieck—Teichmiiller group GRT introduced by Drinfeld in [9].
(i) H YGCY,d) =K. The single class is represented by the graph O

(iiiy H'(GCY,d)=0foralli <-2.
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4.5. Action on Ee?;’oo

There is a natural action of GC$' on the properad @)’m by properadic derivations.
Specifically, for any graph I we define the derivation F(I") € Der(EZ’BOO) sending
the generator pp, , of FieB oo to the linear combination of graphs

mx
N

N/
Pma-T=>" T . 42)

/7 \\
——
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 (42) defines a right action of GC5 on LieB .

Sketch of proof

We denote by e the pre-Lie product on the deformation complex Def(£iexn{2} 2
gra') D GCY, so that the Lie bracket on GCS' may be written as [, '] =T o T &
I eT for I, T € GC3'. Note that

[mpn- (Do) =(uk ,-T)- T,

where it is important that we excluded graphs with bivalent vertices with one incom-
ing and one outgoing edge from the definition of GCY'. It follows that the formula
above defines an action of the graded Lie algebra GC3'. We leave it to the reader to
check that this action also commutes with the differential. ]

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:GCf — Der(ége?%’oo).

Interpreting the right-hand side as a graph complex as in Section 3.2, the map F sends
a graph T’ € GCJ' to the series of graphs

mX
\\---//
+ Z Z r .
m,n /7 \\

——
nx
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4.5.2 Remark
It can be shown that the map F : GCS' — Der(£LieB) is a quasi-isomorphism, up to
one class in Der(£ieB ) represented by the series

mX

mzm(m+n—2)>%<.

nx
The result will not be used directly in this paper. The proof is an adaptation of the
proof of [42, Proposition 3] and is given in [31.F

4.6. GRT; action on Lie bialgebra structures o
The action of the Lie algebra of closed degree 0 cocycles GCS'; C GC3' on LieBoo
by derivations may be integrated to an action of the exponential group Exp Gcgfd on

LieB o by (continuous) automorphisms. Hence this exponential group acts on the set
of LieB o algebra structures on any dg vector space g, that is, on the set of morphisms
of properads

SEZBOO — End,,

by precomposition. Furthermore, it follows that the cohomology Lie algebra
H°(GCY') = grt; maps into the Lie algebra of continuous derivations up to homo-
topy H°(Der(ZieB o)) and the exponential group Exp H %(GCY) =~ GRT; maps into
the set of homotopy classes of continuous automorphisms of SEZBOO.

4.6.1 Remark

Note also that one may define a noncomplete version GC%'

3,inc
GC3' by merely replacing the direct product by a direct sum in (40). The zeroth coho-
mology of Gcgfim is a noncomplete version of the Grothendieck—Teichmiiller group.
Furthermore, GC3'; . acts on the noncompleted operad £ieB« by derivations, using
the formulas (42) of Section 4.5, and hence also on £ieB algebra structures. How-
ever, these actions can in general not be integrated, whence we work with the com-

pleted properad éEeE;’oo above.

of the graph complex

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

TA sketch of the proof was contained as an appendix in the preprint version of this article but was removed
following the suggestion of a referee.
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GOY —> Def(tiews (2} — Frat)—Def(Licuo (2} > Endiiene),

where the first arrow is just the inclusion, and the second arrow is induced by the
canonical representation (36) and which obviously satisfies

pog ( N ) — (.} € Hom(A2LieB, LieB[~2]) C Def(Licoo{2} ~> Endiisn(y))-
17 2
The dg Lie algebra
. {.} o/l
Def(Lieoo{2} — Endlies(y)) =: 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 0 element
g € GCY, and especially for representatives of elements of grt; in GCY', we obtain
a Lieg, derivation of LieB(g). This derivation may be integrated into a Liey, auto-
morphism exp(ady). For a Maurer—Cartan element y in LieB(g) corresponding to a
FieB oo Structure on g, the series

y —> exp(adg)y

—_—
converges and redefines another £ie8 o, structure on g.

4.6.2 Remark

By reasons of degree, the above action on éEeE)’oo structures maps FieB structures
again to FieB structures. In other words, no higher homotopies are created if there
were none before.

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

Let /i be a formal variable of homological degree 2. The Lie brackets [, g in
GCY' extend h-linearly to the topological vector space GC§[[7]].

4.8 PROPOSITION
The element

D = 3 Rt e
EPILN)

is a Maurer—Cartan element in the Lie algebra (fGCS[[R]], [, Igra)-
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Convention

Here we adopt the convention that a picture of an unlabeled graph with black vertices
will stand for the element of f{GC3/GCY' (i.e., a symmetrically labeled 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 kth term in the above formula for
®;; carries an implicit prefactor % This convention will kill many prefactors arising
in calculations.

Proof of Proposition 4.8
We have

K

ihmlﬂ 3 (.

1
2

WK

(@, @] =
11=1 k=k/+k (!

>
Il

|
e

Hence the degree 1 continuous map

dp, : GC[[R]] — GCI[[R]].
T —> dpT =[5 Ty

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

4.9. Action on égeo\i)’oo -

The dg Lie algebra (GC3[[1]]. d) acts naturally on the properad £ie®Bo by con-
tinuous properadic derivations. More precisely, let I' € GC3' be a graph. Then to the
element AVT e GCS'[[R]], we assign the derivation of ;@w that sends the gener-
ator y,’,iln to zero if k < N and to

pk - (BN T) = marke_y (jmn - T), 43)

where (m , - I is a series of graphs obtained attaching external legs to I' in all possible
ways as in (42), and the operation marky_ assigns weights to the vertices in all
possible ways such that the weights sum to k — N.

4.9.1 LEMMA -
The above formula (43) defines a right action of (GCS'[[R]], dr) on Lie°Boo.
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Sketch of proof
The proof is similar to that of Lemma 4.5.1 after noting that

ik - (NT @ BMTYy = (uk, - BN T) - RM T
forall M, N and I, € GCY. 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:

Fn: GC[A]] — Der(£ie°Boo).

4.9.2 Remark
It can be seen that the map Fj, is a quasi-isomorphism, up to classes TK[[A]] C
Der(£ie®Byo), where

mxX
——
T = Z (m+n+2p—2)h”EZi.
m,n,p
——
nx

The result will not be used in this paper, and the proof will appear elsewhere (see [3]).

4.10. Action on involutive Lie bialgebra structures
By the previous section, the Lie algebra of degree 0 cocycles in GC§[[7]] acts on

the properad mo@ by derivations. The action may be integrated to an action of
the corresponding exponential group on Qﬁ/ie°\i>‘°o by continuous automorphisms, and
hence also on the set of Q‘EeQ\B oo algebra structures on some dg vector space by pre-
composition. Furthermore, the cohomology Lie algebra H°(GCY'[[A]]) maps into the
Lie algebra of continuous derivations up to homotopy H O(Der(@w)), while the
exponential group exp H°(GCS[[A]]) maps into the set of homotopy classes of con-
tinuous automorphisms of Eé’\i?oo. By precomposition, we also have a map of Lie
algebras H°(GCS[[n]]) — HO(Def(mw — End,)) for any Fie°Bos algebra g
and an action of exp H°(GCS'[[1]]) on the set of such algebra structures up to homo-
topy. 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 .
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4.10.2 Remark

Note again that, analogously to Remark 4.6.1, we may define a noncomplete version
of the graph complex GC{'[[72]] which acts on the noncomplete properad £ie®B oo
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 (f/ie°\£oo.

Finally, let us give yet another description of the action of GC5'[[12]] on involutive
Lie bialgebra structures, strengthening the above result a little. As usual, the defor-

mation complex of the zero morphism of dg props InvLieB(g) := Def(Lie°B oo LY
&nd) has a canonical dg Lie algebra structure, with the Lie bracket [, ] given explic-
itly by (30), such that the Maurer—Cartan elements are in one-to-one correspondence
with Lie®B oo-structures on the dg vector space g. The Maurer—Cartan element @, in
fGCY'[[A]] corresponds to a continuous morphism of operads

on - Lie(2}[[N]] — Gra'[[7]]

given on the generator of £ie{2} by the formula

w(A)2(d-d

The representation (36) of the operad §ra' in the deformation complex
Def(LieB oo 5 P)[-2] extends h-linearly to a representation py of §rat[[h]] in

Def(£ie®B o 2 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'[[1]].

It follows that one has a morphism of dg Lie algebras induced by ¢,

(GCY[[R]]. dr) —> Def(Lies{2}[[AI] AN graT[[h]])

21, Def(Licoot2} [[1]] 2 Endp) =: CE*(D),

from the graph complex (GC{'[[%2]]. d1) into the Chevalley—Eilenberg dg Lie algebra
of D := Def(LieB o 5 P)[—2]. In particular, this implies the following.

4.11 THEOREM
We have H°(GCS[[h]].dr) ~ H°(GCY,do) =~ gtt, as Lie algebras. Moreover,
H'(GCY[[R]],dr) = 0 for all i <—2 and H~Y(GCY[[R]],dr) = K, with the single
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class being represented by

i::(k—l)hkz @ .

o
k=2 \ ,
k edges

Proof
First note that the element above is exactly % @}, and the fact that it is closed follows
easily by differentiating the Maurer—Cartan equation

0= Lo, Oplara = 2[c1>h, %cbh]gm - 2dh(%¢>h).

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

o

Let us write

oo

dy = Z 14,
k=1

Consider a decreasing filtration of GC5[[R]] by the powers in /. The first term of the
associated spectral sequence is

e =Pe. &= H T (GCT.do)h”

i€z =0

with the differential equal to hd;. The main result of [42] states that H°(GCY', do) ~
grty, H=72(GCY,dy) = 0, and H™'(GCY, dp) = K, with the single class being
represented by (44). The desired results follow by reasons of degree. First, there is
clearly no cohomology in & of degree < —2, so that there can be no such cohomology
in GC§[[R]]. The single class in &; of degree —1 may, as we just saw above, be
extended to a cocycle in GC§'[[/]], 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 O elements in &; can be extended to cocycles, that is, that they are
closed on all further pages of the spectral sequence. However, the differential on later
pages will necessarily increase the number of A’s occurring. Hence the differential
on later pages will map the degree 0 part of &; (i.e., grt;) into (subquotients of)
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H'72p (GCY', dp) for p > 1. But by the aforementioned vanishing result of [42], there
are no such classes, except possibly for p = 1, when H~!(GCY, dy) = K. However,
the relevant cocycle is represented by £ times the 2-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 multiple (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 GRT} on the set
of homotopy classes of £ie®Bo-structures on an arbitrary differential graded vector
space g.

4.11.2. Iterative construction of graph representatives of elements of grt;
The above Theorem 4.11 says that any degree 0 graph I' € GCY' satisfying the cocycle
condition dyT"g = 0 can be extended to a formal power series

Fh=F0+hF1+h2F2+"'

satisfying the cocycle condition d; ', = 0. Let us show how this inductive extension
works in detail. The equation d? = 0 implies, for any n > 0, Y 4=i+; did; =0,
i,j=0 ’

which in turn reads
d; =0,
dody + d1do =0,
dodr + drdy + d12 =0 and so on.

Thus the equation doI"y = 0 implies
0= d1d0F0 = —dodl Fo.

The oriented graph d; g € GCS" has degree —1 and H~!(GCY, dy) = K. Since the
one cohomology class cannot be hit (its leading term has necessarily only two ver-
tices), there exists a degree —2 graph I'y such that d; g = —dyI'; so that

dy(To + A1) = 0 mod 72
Assume by induction that we constructed a degree 0 polynomial
Lo+ Al + -+ 1"T, € GCY[[R]]
such that

dpn(To + ATy + -+ 4+ B'T,) = 0 mod A" 1. (45)
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Let us show that there exists an oriented graph I', 4 of degree —2n — 2 such that
dp(To+ ATy + -+ W'Ty, + A", 1) = 0 mod A" 12
or, equivalently, such that

doTni1 +dn1To+ Y diT;=0. (46)
n+1=i+;j

i.j=1

Equation (45) implies, for any j <n,

doT; +d;To+ Y  dpTy=0.

Jj=p+aq
p.g>1
We have
0=dy+1dolo = —dodp+1To — Z did;To
ndl=idtj

i.j=1

= —dodp+1T0 + Z didol'; + Z did,Ty

n+l=i+j n+l=i+p+q
i.j=1 i.p.g=1
= _dodn—i-lFO — E dodirj — E d,-d,,Fq + E d,-dqu
n+l=i+j n+l=i+p+q n+l=i+p+q
i.j=1 i.p.g=1 i.p.g=1
= —do(dn+1F0 + E diFj).
n+l=i+;j

i,j=1

As H™172"(GCY', dp) = 0 for all n > 1, there exists a degree —2 — 2n graph 4
such that the required equation (46) is satisfied. This completes an inductive construc-
tion of I'y;, from Ty.

4.12. Deformations of Frobenius algebra structures

Note that the complexes Def(FrobS, — Frob®) and Def(LieBoo — :EZB) are iso-
morphic. (This is because deformation complexes of Koszul dual properads are iso-
morphic, up to completion issues due to dualizing infinite-dimensional vector spaces.)
We hence have a zigzag of (quasi-)isomorphisms of complexes

Der(Frobg,) — Def(Frobg, — Frob®)[1]
~ Def(LieBoo — FieB)[1] < Der(LieBoo).
In particular, we obtain a mapT

1n fact, the first arrow is an injection and almost an isomorphism by Remark 4.5.2.
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grt; > H%(Der(LieBoo)) = H(Der(Frob,)).

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

4.12.1 Remark

From the above map grt; — HO°(Der(Frobl,)), we obtain a map grt; —
H ' (Def(Frob., — Endy)) for any FrobS, algebra A, and hence a large class of
universal deformations of FrobJ, structures on A.

Next, consider the Frobenius properad Frob, and let Frob be its genus com-
pletion. Analogously to Section 4.2, let 3'/7";1700 be the completion of Frobs, with
respect to the total genus, and let Der(ﬁ;bw) be the continuous derivations. Note
that the complex Def(Frobo, — fr;b) is isomorphic to the complex Def(£ie®B s —
ége°\£). We hence obtain a zigzag of quasi-isomorphisms:

Der(Frobe) — Def(Frobey — Frob)[1] = Def(Lie®Boo — Lie°B)[1]
<« Der(@’o@).
In particular, we obtain a map
grt; — HO(Der(mw)) ~H° (Der(?/r;boo)).

Consider the explicit construction of representatives of gtt;-elements of
Section 4.11.2. The A"-correction term I, to some graph cohomology class I' of
genus g has genus g + n. It follows that the map gvt; - H O(Der(?/r;boo)) in fact
factors through H °(Der(Frobso)), and in particular we have a map

grt, > H O(Der(%oboo)),

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(Froboo—
End,)) for any Frobo, algebra A, and hence a large class of universal deformations
of Frob, 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 that the Chevalley—Eilenberg
complex of g (i.e., the cobar construction of the Lie coalgebra g) CE(g) = ©°g[—1]
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carries a Gerstenhaber algebra structure. Specifically, the commutative algebra struc-
ture 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 a £ie®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 x1 --- X, as

AQer-sxn) ==Y (=D [rioxjlxg i &5

i<j

The involutivity condition is needed for the BV operator to be compatible with the
differential. Now suppose that g is a LieB algebra. We call it good if, for any
fixed m, only finitely many of the generating operations i, » € Hom(g®", g®™) are
nonzero. Then one may define the Chevalley complex CE(g) = ©°g[—1] of g as a
Lieoo coalgebra. It is known (see, e.g., [42, Remark 1]) that CE(g) = ©°g[—1] carries
a natural homotopy Gerstenhaber structure. In this section, we show that, similarly, if
g is a good Lie®B oo algebra, then the Chevalley—Eilenberg complex CE(g) carries a
natural homotopy BV algebra structure.

5.1. The order of an operator
Let V be a graded commutative algebra. For a linear operator D : V' — V, define a
collection

FP.@"V—V,
V@@ vy — EP(v1,...,0,)

of linear maps by induction: F ID =D,

Fn[_)g_l(vl, coes Un—1,Vn, vn+l)
= FnD(Ul,...,Un_l,vn -vn+1) — FnD(Ul,...,Un) *Un+1
— (—1)|U"HD"+1|FnD(U1,. . Un—1, Un+1) < Up.

The operator D is said to have order < n if Fnl?i-l =0.

The operators FnD are in fact graded symmetric; moreover, if D is a differential
in V (i.e., |D| = 1 and D? = 0), then the collection {F,? : "V — V},>; defines a
Lieoo-structure on the space V[—1] (see [24]). Indeed, consider a graded Lie algebra

CoDer(®°*='V) =~ l_[ Homy (®"V, V)

n>1

of coderivations of the tensor coalgebra ®°*=!V . As the differential D : V — V is a
Maurer—Cartan element in this Lie algebra and the multiplication w : @2V — V isits
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degree 0 element, we can gauge transform D,
1
D._ - —
D— F" :=e¢ “De“—Zn—![...[[D,,u],u],...,u],
n=0

into a less trivial codifferential whose associated components

1
FD={FnDﬂ:E[...[[D,/L],pc],...,pc]:®”+1V—>V}

n>0

coincide precisely with the above defined tensors F,2 ; which measure a failure of
D to respect the multiplication operation in V. There is a standard symmetrization
functor which associates to any 4, algebra an associated Lieo, algebra; as the ten-
sors anrl are already graded symmetric (see [24]), the collection {Fnal}nzl gives
us a fiex, structure in V[—1], as required. (Some of these arguments appeared also

in [10], [27].)

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

C# and 1/(%\2 - 2/4\

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

2
A Z §§<\"<3) o Z °<\<m> '

1/ \2 3 n=0 /' \ n=0 CP @)

o) )
(1)

where  is the cyclic permutation (123). A nice nonminimal cofibrant resolution of the
operad BV has been constructed in [15]. We denote this resolution by ii"VoIg in this
paper, K standing for Koszul. The minimal resolution, 8V, has been constructed
in [12].

5.3. An operad BVY"
A BV"-algebra is, by definition (see [24]), a differential graded commutative alge-
bra (V,d) equipped with a countable collection of homogeneous linear maps {A, :
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V>V,

A4l =1—2a},>1 such that each A, is of order < a + 1 and the equations
n
Y Agohp =0 47)
a=0

hold for any n € N, where Ay := —d.
Let BV" be the dg operad of BV "-algebras. This operad is a quotient of

the free operad generated by one binary operation in degree 0, /&\ = /L\ , and
2 21

a countable family of unary operations, {@}azl (of homological degree 1 — 2a),
modulo the ideal / 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 @ be of order < a + 1 with respect to the
multiplication operation. The differential § in the operad BV¢o" is given by

51}\2:07 1) %) = Z ) (48)

a=b+c
b,e>1

There is an explicit morphism of dg operads (see [15, Proposition 23])"
BVE — BVL.

which implies the existence of a morphism of dg operads 8Vo, — BVI™. The exis-
tence of such a morphism follows also from the following theorem, whose proof is
given in Appendix B.

5.3.1 THEOREM

The dg operad BVY" is formal with the cohomology operad H®(BVY") isomor-
phic to the operad, BV, of Batalin—Vilkovisky algebras; that is, there is a canonical
surjective quasi-isomorphism of operads

7 BYY — BV
which sends to zero all generators @ with a > 2.

5.4. From strongly homotopy involutive Lie bialgebras to BVso-algebras

We call a Lie°Boo algebra g good if for any fixed m and k, only finitely many
of the operations /L’,‘”’n € Hom(g®", g®™) are nonzero. In this case, we define the
Chevalley—Eilenberg complex CE(g) = ©°(g[—1]) of g as a fie, coalgebra. More

TWe are grateful to Bruno Vallette for pointing out this result to us.
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concretely, for a finite-dimensional g we may understand the £ie®B, algebra struc-
ture as a formal power series I'y, = 'y (¥;, ', 1) as explained in Section 3.1. Using
similar notation, we may understand the space CE(g) as the space of polynomials in
the variables ;. Then the differential Ag on CE(g) is given by the formula

_ o, 0
Ag = Z ani ‘h=nf=0 i '

i

5.4.1 PROPOSITION

Let g be a good Lie®B o, algebra, with the Lie®Boo algebra structure being defined
as a power series Ty, = Tw(Yi, ', h) as explained in Section 3.1. Then there is a
natural BV" algebra structure p on the complex CE(g) given by the formulas

,o( })\) := the standard multiplication in ©*(g[—1])[[%]]

and, forany a > 1,

(O)= ¥ o5 Y g ”
p := 7 r . .
ptk—a+1 plk! ioik OPhON' -~ O’ Th=ni=0 0V, --- Iy
k>1,p>0

Proof

It is clear that A, := p( @) is an operator of order < a 4 1 with respect to the stan-
dard multiplication in the graded commutative algebra ©*(g[—1]). The verification
that the operators {A,},>0 satisfy identities (47) is best done pictorially. We repre-
sent the expression on the right-hand side by the picture

(0)- = &

k edges

Then we compute
(00)

—EM(@—ZZ IR NGIEING)

a=b+c a=b+c b+l=p+k c+l=qg+l
b,c>1 be>1 k>1,p>0 1>1,g>0 1 1

SN |

a=btec btl=p+k ctl=q+l =K'+ k"
b,e>1 k>1 >1

a=p+q+k!+k' +1-2
p,q,k’ k! >0,k +k 1>1,
K/ +k"+p>2,1+q>2
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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 k&’ = 0 can be dropped from the sum on the right-hand side by symmetry.
Indeed, the piece k" = 0 of the sum is symmetric under interchange of (p,k”) and
(¢.1), and can hence be written as a linear combination of anticommutators of anti-
commuting operators. Pictorially, the signs are best verified by thinking of the vertices
in the pictures as being odd, so that, in particular, graphs which have symmetries act-
ing by an odd permutation on the vertices vanish, and we have

We hence find
-
”( 2 (49)
a=p-+q+k/+k"+1-2 (\
p,a, k20K 121, O
K +k" +p>2,1+q>2
On the other hand, "
®
" ( ® > - 200
a+1=p+k of
k>1,p>0 1
a+1=p+k/+k" a+l=p+k
pt1=p/+p/' 41 kK =k>1
K 1>1

=0by 'y %, Ty =0

I ©)
} Z <§ Z @?

There are several cancellations in this expression. First, the terms with kX’ =
from the second sum cancel the fourth sum by the same symmetry argument as above.

TTo see the vanishing of the first term in the second line, consider the (zero) differential operator
F e (Cr*n Th) 5 f),i—o

for £ € K[[¥', h]]. The depicted terms then correspond to the coefficient of A% of this vanishing differential
operator.
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The remaining terms of the second sum together with the third sum kill those terms
of the first sum for which either p” =0,k =1or p’=0,1 =1, k” = 0. We hence
find that

a=p/+p/' +1+k+k"" —2
k' 1>1
Pk >2,p" +I+E >2

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

Appendices

A. Proof of Proposition 2.8.1

In this section, we show that the quadratic algebra #4,, of Section 2.8 is Koszul. In fact,
we show the equivalent statement that the Koszul dual algebra B, = AL is Koszul.
Specifically, B, is the algebra generated by V = Kx; & --- @ Kx, with relations
XiXj = 0if |i —j| ;ﬁ I and XiXi4+1 = —Xj4+1Xi.

We denote by C,, ®, B,, the Koszul complex of B,, (see [22] for details), that is,
the complex (C, ® By,,d = d,), where C,, = B}, is the coalgebra generated by the
elements x; in degree 1, with quadratic correlations R = span({x;x; | [i — j| # 1} U
{XxiXjt1 + Xi+1x;i}), and the differential is induced by the degree —1 map « : C, —
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,,.

Note that B,, and C,, are weight-graded and that the weight k component of B,
B,(,k) 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 4.

Let [ > 1, let w be a word of length / — 1 on the variables x;, and let 1 <a,b <
n be indices such that |a — b| = 1. We define a degree 1 map h: V® ® B,Ez) —
yel+t g B forn > 1 by

(G
>~ (WXEXg @ Xp — WX Xp @ Xg)
if |k —a| #1and |k —b| # 1,
(=D wxexs ® xp
if |k —b| =1.

h(wxg @ xgxp) =
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Note that all the cases are covered because |a — b| =1 A |k —b|=1=
|k — a| # 1. Moreover, due to the antisymmetry in B,(,z), if |k —a| = 1, we have
h(wxg @ xgxp) = —(—1) wxgxp ® xq.

If ] =0, we define h: B,(,Z) -V e® B,Sl) using the first formula from above;
that is, we consider the nondefined differences to be different from 1 and ignore the
nonexistent variables.

A.0.1 LEMMA

The map h restricts to a function C,fl) ® B,(lz) — C,SIH) ® B,(,l) that satisfies dh =
idCr(,])®By(,2)'
Proof

Recall that C{V =V, and G = (M, peyn VERV® for [ > 2.

First note that 47 maps V®* RV ®? @ BP to V@ Ry ®+1 g B ince it leaves
the elements in R unaltered. It is also clear by the construction of 4 that the image of
an element of V® ® B,(,z) lands in V®'-1R ® B,(,l); therefore / restricts indeed to a
map C,fl) ® B,(,Z) — C,SIH) ® B,(,l).

To check the identity dh = idc,(,”®B,§2” suppose first that both |k —a| and |k — b|
are different from 1:

1
dh(wxg ® Xgxp) = Ed((—l)lkaxa ® xp — (=) wxpxp @ x4)
1

1
= wak R XgXp — wak R XpXg = WXE Q XgXp.

If [k —b| =1, dh(wxg ® xaxp) = d((—1) wxrxe ® xp) = Wxg ® XgXp. An
analogous calculation holds if |k —a| = 1. O

To define 7: C @ BV = ¢tV @ B — CU+D 45 before we define it on
V® @ BSY and verify that it restricts properly.

Let [ > 2, and let us denote by w some word on x; of length [ — 2. We define
h: Ve @ BV — y®+l by

(=D wxgxaxp if la —b| # 1,

(—2_1)’ka(anb + xpxg) ifla—bl=1,|la—k|#1and
h(wxgxg ® xp) = |b—k|#1,

0 ifla—b|=1and |b—k|=1,

(=D 'wxg (xaxp + xpxs) ifla—b|=1and |a —k|=1.

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
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the absolute value of the difference is different from 1 and ignore the nonexistent
variables.

A.0.2 LEMMA

We have that h restricts to a function C,fl) ® B,El) — C,ng) that satisfies dh + hd =
idC,(ll)®B;(11).

Proof

Note that, by construction, the image of A sits inside V®/~'R. The R part in
V' ®2 R ®b is left unaltered by £ if b is at least 1; hence V®4 RV ®b @ BV is sent to
y®apy®b+1

Let us suppose that / is at least 2, and let us check that V®' 2R ® B,(,l) is sent to
VeI2RY.

Let w be a word in the variables x; of length / — 2. We have that V& 2R ® B."
is spanned by elements of the form wxgx, ® xp, with |k — a| # 1, and by elements
of the form w(xgx, + XqXx) ® xp, with |k —a| = 1.

Let us consider first the first type of elements. If |a — b| # 1, h(wxgx, @ xp) =
(=) wxgxaxp € VOI2RV.

If, on the other hand, |a — b| = 1, then either | — k| = 1 and the image via &

is zero, or |b — k| # 1 and both summands of A(wxix, ® xp) = ﬂkaxaxb +

2
#kaxbxa belong to V®!~2RV .

Let us now consider the elements of the form w(xzx,; + Xqxx) ® xp with |k —
a| = 1. If both |b — k| and |b — a| are different from 1, then h(w(xgxg + XaXk) ®
xp) = (=D w(xgxy + XaXp)Xp isin VI 2RV

Otherwise, let us assume without loss of generality that | —a| = 1 (and therefore

b —k| # 1). Then

h(w(xXgXa + XaXk) ® Xxp)
= (=1 (wxg (xaxp + XpXa) + WXaXkXp)

= (—l)l(w(xkxa + XaXk)Xp + WXk XpXg) € VeI-2Ry.

Let us now show the homotopy equation. As before, we consider a generic ele-
ment wxgx, @ xp € VO @ B,(ll) and we divide the verification into various cases.
If la —b| # 1,

dh(wxgx, ® xp) + hd(wxgxg ® xp) = WxEx, ® xp + 0.

Ifla—b|=1and |a —k|# 1and |b—k| # 1,
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(dh+ hd)(wxgx, @ xp)

1 1
= E(kaxa ® Xp + WXxEXp @ Xg) + E(kaxa ® Xp — WXEXp @ Xg)

= WX Xq Q Xp.
Ifla—b|=1land |b—k|=1,
(dh + hd)(wxrx, @ xp) =04+ wxpx, @ Xp.
Ifla—b|=1and|a—k|=1,

(dh + hd)(wxixg Q@ xp) = (WXEXq @ Xp + WXEXp ® Xg) — WXEXp @ Xg

= WXkXg ® Xp.

The cases with / < 2 can be easily checked. O

With the construction of the map % finished, Proposition 2.8.1 follows from the
next lemma, which, together with the previous lemmas in this section, shows that 4 is
a contracting homotopy.

A.0.3 LEMMA
It holds that hd = idC,€®Br(,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 wx, xp, with |a —b| # 1,
and on elements of the form w(x,xp + XpX,), wWith |a —b| = 1.

For the first type of elements, it is clear that hd (wxgxp) = WX4Xp.

For the second type of elements, if / is at least 3 and w = w’x; with both |a — k]|
and |b — k| different from 1, then

1 1
hd (w(xaxp +xpxa)) = Ew(xaxb +XxpXq) + Ew(xbxa +XaXp) = W(XgXp +XpXa).

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

hd(wxgxp + Wxpxe) = wW(XgXp + XpXg) + 0. O

A.l Remark
After the submission of this manuscript, Jan-Erik Roos provided us with a nicer and
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shorter proof of the Koszulness of the algebras «+,. If one uses the ordering of the
generators X, X1, X4, X3, ..., X2k, Xo—1 (for n = 2k even) or x5, X1, X4,X3,..., X2k,
Xok—1Xok+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.

B. Computation of the cohomology of the operad BV:"

B.1. An equivalent definition of the operad BV
Let £° be an operad generated by two degree —1 corollas, @ and Q = Q,

subject to the following relations:

e ke p A

B A A
AN A

Let €om be the operad of commutative algebras with the generator controlling the
graded commutative multiplication denoted by /g\ Define an operad BV of Batalin—
Vilkovisky algebras as the free operad generated by operads £ and €om modulo the
following relations:

;@ = /Af\ - g{i\ - /L}P,

50
A AL A -
4N = .= , = 0.
AN AT A

In fact, the second relation in (50) follows from the previous ones. We keep the rela-
tion in order to define, following [15], an operad ¢ BV as an operad freely gener-

ated by £¢ and €om modulo a version of relations (50) in which the first relation is
replaced by the following one:

/%)\ B ?{l\ B /L@ -

Being a quotient of a free operad, the operad BV inherits an increasing filtration by
the number of vertices in the trees. It is clear that there is a morphism
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g:qBY — gr(BY)

from ¢ BV into the associated graded operad.

B.2 PROPOSITION ([15, Theorem 7])
The morphism g : q BY — gr(BYV) is an isomorphism.

B.3 Remark

The relations in the operad ¢ BV are homogeneous. It is easy to see that, as an S-
module, g BV is isomorphic to €om o £°, the vector space spanned by graphs from
€om whose legs are decorated with elements from £°.

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
K (51)

of the operad BV™. If p : BVL™ — Endy is a representation, then, in the notation

of Section 5.1,
p( ﬂ ) -

2 k=1

Note that F, kA” identically vanishes for k > a + 2 as the operator A, is, by its defini-
tion, 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 BV™.

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

AT LA, Toes

of homological degree 3 — 2k — 2 p, and equipped with the following differential:
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Representations, p : £5 — &ndy, of this operad in a dg vector space (V. d) are the
same thing as continuous representations of the operad Lieso{1}[[A]] in the topologi-
cal vector space V[[/]] equipped with the differential

—d+ Y WA, A, :=p< @)

p>1
where the formal parameter £ is assumed to have homological degree 2.

B.4.1 PROPOSITION
The cohomology of the dg operad £3, is the operad £° defined in Section B.1; that
is, éCgo is a minimal resolution of £°.

Proof

The dg operad £ {1} is a direct summand of the graded properad gr&ie°B asso-
ciated with the genus filtration of the properad £ie®°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,

1L, —> BV,

given on generators as follows:

Proof
For notational reasons, we prove the proposition in terms of representations: for
any representation p : BVIZ™ — &ndy, we construct an associated representation
p 1L — Endy such that p’ = po y.

Let{Ag:V = V[1=2a],u: OV — V}4>1 be a BV -structure in a dg vector
space (V,d). Then

Ai=—d+) h'A,

a>1

is a degree 1 differential in the graded vector space V[[A]], i being a formal param-
eter of homological degree 2. As explained in Section 5.1, this differential makes
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the graded commutative algebra (V[[A]], i) into a Liexo{1}[[h]] algebra over the ring
K][[R]], with higher Lie brackets given by

1
FA = "D [ [[A pdop]oooo ]
k—1 brackets
hkfl 00
- m;hl) ["'[[Ap-i-k—lvﬂ]sl/v],...,p,]‘

k—1 brackets

It is well known that Liexo-algebra structures are homogeneous in the sense that if
{in}n>1 is a Liexo-algebra structure in some vector space, then, for any A € K, the
collection {A" !, },>1 is again a Lieso-algebra structure in the same space. There-
fore, the rescaled collection of operations

oo

A 1
FkA = m;’hl’ [...[[Ap+k_1,ﬂ],ﬂ],...,ll]

k—1 brackets

also defines a continuous representation of Lieoo{1}[[7]] in the dg space (V[[A]], A),
and hence a representation of £ in the space (V,d) given on the generators as
follows:

, 1
P ( //Q\ ) = m["'[[Ap-i-k—lwu“]’ﬂ]"'wﬂ]'

12 k—1
k—1 brackets

Asp ( ) equals ﬁ [...[[Ap4k—1, ] u, ..., 1] as well, the proof is com-

k=1 k

k—1 brackets
pleted. ([

Finally, we can give the proof of Theorem 5.3.1.

Proof of Theorem 5.3.1
The map 7 obviously induces a morphism of operads:

[7]: H*(BVY") — BV.

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
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k = o/é)\
/1N SN
[ o
k>2 legs VZRN

k legs

and call it a dashed square vertex. Consider an operad, O, freely generated by the
operad €om and a countable family of unary operations, {@}azl of homological
degree 1 —2a equipped with the differential (48); the properad BV™ is the quotient
of @ by the ideal encoding the requirement that each unary operation @ be of order
<a + 1 with respect to the multiplication operation. Let (1) be any tree built from
the following “corollas,”

/ = é@ withk >1,a>1

k
12k VRN

(where we assume implicitly that for k = 1 the left-hand side corolla equals @), and

let ® be any graph obtained by attaching to one or more (or none) input legs of a
dashed square vertex a tree of the type 1D, for example,

\
t(2) — k

(1)

The family {t(V,t®} forms a basis of @ as an S-module.
Define for any a,k > 1 a linear combination

1 2
= @ J— - /
A /?'-x 2 G A

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

1 3
T2 2!(/{—2)!/'\»«@ T

oESE

(52)

o(k-2)

and consider (i) a set {7 (D} of all possible trees generated by these “square” corollas,
for example,
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and also (ii) a set {7} of all possible trees obtained by attaching to (some) legs of
a dashed square vertex trees from the set {71}, for example,

|
2 k
T = N

Formulas (52) define a natural linear map of S-modules:
¢ :span(TD, T@) — span(rV, 1 @) = 9.

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

\

1 2

B - A FEa G
1k 1 k +0;Sk (k - 1)%’(’”

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

\
1 3 (53)
N - I
Z 2!(]?_2)!%’0*1)0%) + ’

oESE

12 o (k-2)

and hence give us, again by induction, a linear map
¥ :span(tW, 1@y — span(T®, 7®)

as follows. On 1-vertex trees from the family {t(", 1®)} the map ' is given by

oy = the RHS of (53).
¢<//.€-\> SN w( >

12k

Assume that the map  is constructed on n-vertex trees from the family {r®, )},
Let ¢ be a tree with n + 1 vertices. The complement to the root vertex of ¢ is a
disjoint union of trees, {¢'}, with at most n vertices. To get ¥ (¢), apply first ¥ to
the subtrees ¢’ to get a linear combination of trees, Y  ¢”, where each t” is obtained
by attaching to (some) input legs of a 1-vertex tree v from {t(", 7} an element of
the set {71, 7@}: finally, apply ¥ to the root vertex v of each summand ¢”. By
construction, ¥ o ¢ = Id and ¢ o ¥ = Id so that the map ¢ is an isomorphism of
S-modules

O = span(TV, T7@),
The ideal / in @ defining the operad BV now takes a very simple form—this is
an S-submodule of @ spanned by trees from the family {7V, 7®} which contain at

least one “bad” square vertex witha <k —1.1f {TS), TJ(FZ)} c{TW, 7@}

»
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is the subset of trees containing no bad vertices, then we can write an isomorphism of
S-modules:

BV = span(TJ(rl) ) D span(Tf)).

The submodule span(TJ(rl)) is the image of the dg operad £%, under the monomor-
phism y (see Lemma B.4.2) so that the above sum is a direct sum of complexes, and
we get eventually an isomorphism of complexes,

BV =~ Como £,

with the above splitting corresponding to the augmentation splitting of the operad
Com:

€om = span(1) & Com.
Therefore, by Proposition B.4.1 and Remark B.3,
H*(BVL™) =~ Como £° = qBV.
By Proposition B.2, we get isomorphisms of S-modules,
H®*(BVL") = Gr(BYV) = BV,
which completes the proof of the theorem. O
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