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Abstract: Using a technique of wheeled props we establish a correspondence
between the homotopy theory of unimodular Lie 1-bialgebras and the famous
Batalin-Vilkovisky formalism. Solutions of the so-called quantum master equation sat-
isfying certain boundary conditions are proven to be in 1-1 correspondence with rep-
resentations of a wheeled dg prop which, on the one hand, is isomorphic to the cobar
construction of the prop of unimodular Lie 1-bialgebras and, on the other hand, is quasi-
isomorphic to the dg wheeled prop of unimodular Poisson structures. These results allow
us to apply properadic methods for computing formulae for a homotopy transfer of a
unimodular Lie 1-bialgebra structure on an arbitrary complex to the associated quantum
master function on its cohomology. It is proven that in the category of quantum BV
manifolds associated with the homotopy theory of unimodular Lie 1-bialgebras quasi-
isomorphisms are equivalence relations.

It is shown that Losev-Mnev’s BF theory for unimodular Lie algebras can be
naturally extended to the case of unimodular Lie 1-bialgebras (and, eventually, to the case
of unimodular Poisson structures). Using a finite-dimensional version of the
Batalin-Vilkovisky quantization formalism it is rigorously proven that the Feynman
integrals computing the effective action of this new BF theory describe precisely homot-
opy transfer formulae obtained within the wheeled properadic approach to the quantum
master equation. Quantum corrections (which are present in our BF model to all orders
of the Planck constant) correspond precisely to what are often called “higher Massey
products” in the homological algebra.
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1. Introduction

The theory of operads and props has grown nowadays from a useful technical tool into
a kind of universal mathematical language with the help of which topologists, algebra-
ists, homotopy theorists and geometers can fruitfully communicate with each other. For
example, one and the same operad of little 2-disks (i) solves the recognition problem for
based 2-loop spaces in algebraic topology, (ii) describes homotopy Gerstenhaber struc-
ture on the Hochschild deformation complex in homological algebra, and (iii) controls
diffeomorphism invariant Hertling-Manin integrability equations [HeMa] in differential
geometry. It is yet to see whether or not basic concepts and constructions of theoretical
physics can be understood and developed in the framework of operads and props, but
the fact that space-time, “the background of everything”, can be turned into an ordinary
observable — a certain function (representation) on a prop — is rather intriguing.

This paper attempts to tell a story of the famous theoretical physics quantum master
equation,

1
RAT + 5{1“, ry=0, (D

in the language of wheeled prop(erad)s. It is shown that an important class of its solu-
tions (specified by certain boundary conditions in the quasi-classical limit) is controlled
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by a surprisingly simple wheeled prop of unimodular Lie 1-bialgebras and hence can
be understood as a class of strongly homotopy algebras. It is proven that the homotopy
classification of this class of quantum master functions is as simple as, for example,
the homotopy classification of strongly homotopy Lie algebras given in [Ko]. These
results allow us to compare the standard Feynman technique of producing new quantum
master functions (called often in physics literature “effective actions”) by integrating the
original ones along certain Lagrangian submanifolds with the purely properadic homoto-
py transfer method which uses Koszul duality theory, and conclude (in a mathematically
rigorous way) that they are identical to each other.

Here is adetailed description of paper’s content. Section 2 gives a self-contained intro-
duction into the theory of wheeled props, their bar and cobar constructions [Me3, MMS].
We introduce and study Koszul duality theory for quadratic wheeled properads' having
in mind applications (in § 4 and 5) of the Koszul duality technique to two example impor-
tant for us, the first of which controls the local finite-dimensional Poisson geometry, and
the other one the local geometry of master equation (1). The content of this theory is
standard (cf. [GeJo]):

e For any quadratic wheeled properad P there is a naturally associated Koszul dual
wheeled coproperad P which comes together with a canonical monomorphism of
dg coproperads, : : P+ — B(P), into the bar construction on P.

e The cobar construction, B¢(P~), is a dg free wheeled properad denoted in this paper
by Poo-

e There exists an epimorphism, Ps, — P, which is a quasi-isomorphism if P is
Koszul.

The main result in § 2 is Theorem 2.7.1 which, if reformulated shortly, says that given
an arbitrary (not necessarily Koszul) quadratic wheeled properad and an arbitrary dg
‘P-algebra V, then every cohomological splitting of V makes canonically its cohomol-
0gy, H(V), into a Poo-algebra; moreover, this induced Poo Structure is given precisely by
that sum of decorated graphs which describe the image of the canonical monomorphism
1 : PL — B(P). This result gives a conceptual explanation of the well-known “exper-
imental” fact that the homotopy transfer formulae of infinity structures can be given in
terms of graphs. A closely related result (for ordinary operads) has been obtained recently
in [ChLa]. The first explicit graphic formulae have been obtained by Kontsevich and
Soibelman [KoSo] who have rewritten in terms of graphs the homotopy transfer formu-
lae of [Mel] for the case when P is an operad of associative algebras. Another example
can be found in the work of Mnev [Mn] who treated the case when P is a wheeled operad
of unimodular Lie algebras. One more example of explicit transfer formulae (related to
the master equation (1)) is given below in § 6.

In § 3 we introduce and study a category, Cat (BV), of (quasi-classically split) quan-
tum BV manifolds whose

e objects, M, are, roughly speaking, formal solutions of all possible quantum mas-
ter equations (1) with non-degenerate odd Poisson brackets { , } which satisfy in the
quasiclassical (limp_, ¢ +1limp_ ¢ dd_h) limit certain boundary conditions (see § 3.9 for
a precise definition); these boundary conditions imply that the tangent space, 7, M,
to the formal manifold M at the distinguished point comes equipped with an induced
differential d; if this induced differential vanishes, then M is called minimal; if, on
the other hand, d encodes the full information about the corresponding solution to

1 Koszul duality for wheeled operads has been studied earlier in [MMS].
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(1) and the complex (7, M, d) is acyclic, then such a quantum BV manifold M is
called contractible;

e morphisms are generated by symplectomorphisms, natural projections M| x My —
M, and quantum embeddings, M| — M| x M, depending on a choice of a
Lagrangian submanifold in M.

One has the following two results in the category Cat (BV):

(1) Every quantum BV manifold is isomorphic to the product of a minimal quantum
BV manifold and a contractible one.
(i) Quasi-isomorphisms are equivalence relations.

In § 4 the material of § 2 and § 3 is tied together. We introduce and study a wheeled
prop, U Lie' B, of unimodular Lie 1-bialgebras and prove that there is a one-to-one cor-
respondence between quantum BV manifolds and representations of the associated dg
free wheeled prop U Lie'Bso. We do not know at present whether or not the wheeled
prop(erad) U Lie' B is Koszul, i.e. whether or not the natural epimorphism,

ULie'Boo, §) —> (ULie'B, 0),

is a quasi-isomorphism. If it is, then the wheeled prop quantization machine of [Me4]
would apply to deformation quantization of unimodular Poisson structures.

Formal unimodular Poisson structures can be identified with a subclass of solutions,
", of the master equation (1) which are independent of /. Hence there is a canonical
epimorphism of dg wheeled props,

F: UﬁielBoo —> UPoisson,

where U Poisson is a dg prop whose representations in a vector space V are formal
unimodular Poisson structures on V vanishing at 0. It is proven in § 5 that F' is a quasi-
isomorphism.

Section 6 is inspired by the work of Mnev [Mn] on a remarkable approach to the
homotopy transfer formulae of unimodular L,-algebras which is based on the BV
quantization of an extended B F theory and the associated Feynman integrals. We apply
in § 6 Losev-Mnev’s ideas to unimodular Lie 1-bialgebras and show that the Feynman
integrals technique provides us with exactly the same formulae for the homotopy trans-
fer of U Lie' Boo-structures as the ones which follow from the Koszul duality theory for
quadratic wheeled properads developed in § 2. These results imply essentially that the
Ward identities in a certain class of quantum field theories can be interpreted as equations
for a morphism of certain dg wheeled (co)props.

A few words about notations. The symbol S, stands for the permutation group, that
is the group of all bijections, [n] — [n], where [n] denotes (here and everywhere) the
set{l,2,...,n}.IfV =@,z Viisa graded vector space, then V[k] is a graded vector
space with V[k]' := Vi*. We work throughout over a field K of characteristic 0 so
that, for an action of finite group G on a vector space V, the subspace of invariants,
{v e V]o(v) = v Yo € G}, is canonically isomorphic to the quotient space of coinvar-
iants, V/span{v — o (v)}yev.ocec, so that we denote them by one and the same symbol
Vi.
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2. Quadratic Wheeled Properads and Homotopy Transfer Formulae

2.1. Wheeled operads, properads and props [Me3, MMS, Me5]. Let &© be the family
of all possible (not necessarily connected) graphs constructed from the so called directed
(m, n)-corollas,

m output legs
e

"(—/
n input legs

by taking their disjoint unions, and gluing some output legs in such a union with the
same number of input legs. The glued legs are called the internal edges of the graph and
all the rest retain their name legs of the graph. Note that every internal edge as well as
every leg of a graph is naturally directed; unless otherwise explicitly shown, we tacitly
assume in all our pictures that the direction flow runs from the bottom to the top. We
have 6© = ]_[m,n>0 &O(m, n), where 8°(m, n) C SO is the subset of graphs having
m output legs and n input legs. We assume from now on that the input legs of each graph
G € 6O(m, n) are labeled by the natural numbers {1, ..., n} and the output legs are
labeled by {1, ..., m} so that each set &O(m, n) comes equipped with a natural action
of the group S, x S,. For example,

1 2
2 1
Cﬁ? e 6°(0,2), \(2\2 c602,2). C% \(2\4 c 602, 4).
) 37 2 1

1

Let E be an S-bimodule, that is a family, {E(p, q)} 4>0, of vector spaces on which the
group S, act on the left and the group S, act on the right and both actions commute
with each other. Fix an arbitrary graph G € &©(m, n) and denote by V (G) the set of

its vertices, that is the set of its generating corollas (2). For each v € V(G), denote
by In, (resp. Out,) the set of the input (resp. output) legs of the vertex v. Assume the
cardinality of /n, (resp. Out,) equals g (resp. p) and note that vector spaces,
(Iny)

__ | the g!-dimensional vector space spanned by all bijections In, — [g] ifg > 1
K ifg =0,
and

(Outy)

. [the p!-dimensional vector space spanned by all bijections [p] — Out, if p > 1
1K ifp=0

have, respectively, a natural left S,-module structure and a right S,-module structure.
Hence one can form a quotient,

E(Outy, Iny) := (Outy) ®Sp E(p,q) ®§q (Iny),

which is (non-canonically) isomorphic to E(p, g) as a vector space and which carries
natural actions of the automorphism groups of the sets Out, and I'n,. These actions



590 S. A. Merkulov

make a so called unordered tensor product over the set V(G) (of cardinality, say, N),

Q) E(Outy, Iny)

veV(G)

= @ E(Outi1y, Inj1)) ® ... ® E(Outyny, Injvy)) |,
i{l.... N}=>V(G) Sy

into a representation space of the automorphism group, Aut(G), of the graph G which s,
by definition, the subgroup of the symmetry group of the 1-dimensional C W-complex
underlying the graph G which fixes its legs. Hence with an arbitrary graph G € O and
an arbitrary S-bimodule E one can associate a vector space,

G(E) = (®veV(G)E(0utU’ Inv))AutG ’

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

group of the graph G = is Zy so that Go(E) = E(1, 2) ®z, E(2,2). Itis useful
o2

to think of an element in Go(E) as the graph Gy whose vertices are literarily decorated

by some elements a € E(1,2) and b € E(2, 1); this pictorial representation of Go(E)

is correct provided the relations,

= ac—, 0 €,
b ob
r 2 1 2
a ra a
2 o2 2
ay+ap ag an
b = p+ p and similarly for b
2 1 12

2

are imposed. It also follows from the definition that

a a
h= b(12) (12) € Zo».
1 2 2 1

Thus one can define alternatively G ( E) as aquotient space, Hvev(c) E(Outy, Iny)/ ~,
with respect to the equivalence relation generated by the above pictures.

Note that if E is a differential graded (dg, for short) S-bimodule, then, for any graph
G € 8O(m, n), the associated graded vector space G (E) comes equipped with an ind-
uced S;, X S,-equivariant differential so that the collection, {D; €& (m.n) G(E)}m.n>0,
is again a dg S-bimodule. The differential in G(E) induced from a differential § on E
is denoted by 8 or, when no confusion may arise, simply by &.
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Definition 2.1.1. A wheeled prop is an S-bimodule P = {P(m, n)} together with a
Sfamily of linear S, X Sy -equivariant maps,

{/JLG . G<P> - P(mv n)}GeQ§O (m,n),m,n>0 >
parameterized by elements G € &©, which satisfy the condition

WG = UG/H © Wy (3)

for any subgraph H C G. Here G/H is the graph obtained from G by shrinking the
whole subgraph H into a single internal vertex, and iy, : G(E) — (G/H)(E) stands
for the map which equals |Lg on the decorated vertices lying in H and which is identity
on all other vertices of G.

If the S-bimodule P underlying a wheeled prop has a differential § satisfying, for any
G € &0, the condition 8o jug = G 08¢, then the wheeled prop P is called differential.

Remarks 2.1.2. (i) 1f &, , denotes (m, n)-corolla (2), thenthe S, xS,-module &,, , (P)
is canonically isomorphic to P (m, n). Thus the defining linear map g : G(P) —
P(m, n) associated to an arbitrary graph G € & (m, n) can be interpreted as a
contraction map, g : G(P) — €, ,(P), contracting all the internal edges and
all the internal vertices of G into a single vertex.

(ii) Equation (3) implies u¢ = /G o uc for any graph G € O, which in turn
implies that ng,, ,: P(m,n) — P(m, n) is the identity map.

(iii) Condition (3) can be equivalently rewritten as the equality, wG, g, o M/H] = UG/H,©
u},z, for any subgraphs H, H» C G, i.e. itis a kind of associativity condition for
the family of contraction operations {ug}.

(iv) Strictly speaking, the notion introduced in §2.1.1 should be called a wheeled prop
without unit. A wheeled prop with unit can be defined as in §2.1.1 provided one
enlarges the family of graphs &© by adding the following graphs without vertices,

thg =111 -1 00---O, p,g=0,p+q =1,

p q

to the family 30( p, p) (see [MMS]). The S-bimodule spanned by such graphs
without vertices has an obvious structure of wheeled prop with unit called the
trivial wheeled prop t. Similar to the case of an associative algebra, any wheeled
prop, P, without unit can be made into a wheeled prop, P* := P x t, with unit by
taking the free product of P and t. All the unital wheeled props we study in this
paper are obtained in this trivial way from non-unital ones prompting us to work in
this paper with non-unital props only. A small bonus of this choice is that one can
avoid bothering about (co)augmentation (co)ideals when dealing with bar-cobar
constructions of wheeled (co)props (see § 2.4 below)

Definitions 2.1.3. A wheeled properad, P = {P(m, n)}, is defined exactly as in §2.1.1
except that the graphs G and H are required now to belong to the subfamily, Qﬁg), of
&0 consisting of connected graphs.

A wheeled operad is a wheeled properad P = {P(m, n)} with P(m,n) = 0 for
m > 2.
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2.1.4. Generating compositions Associativity equations (3) imply that for an arbitrary
wheeled properad P the defining family of contraction maps, {G : G(P) = P}, 0>

is uniquely determined (via iteration) by its subfamily, {G : G(P) — P}, g0 , where
gen

60 69 consists of graphs of the form,

NG

gen

/ and (ii
P d (i) >@ &)

i.e. of one-vertex graphs with precisely one internal edge (forming a loop) and of con-

nected two vertex graphs with precisely one internal edge. The set of graphs Q5§)en lies

behind the notion of a quadratic wheeled properad introduced below in §2.6.1.
Generating compositions of a wheeled prop are given by graphs shown above and

the extra ones,
having two vertices and no internal edges.

2.1.5. An endomorphism wheeled prop(erad) For any finite-dimensional vector space
V the S-bimodule Endy := {Hom(V®", V®™)} is naturally a wheeled prop(erad) with
compositions defined as follows:

e for graphs G of the form (4)(i) the associated composition ug : G(Endy) — Endy
is the ordinary composition of two linear maps;

e for graphs G of the form (4)(ii) the associated composition /¢ is the ordinary trace
of a linear map;

e for graphs G of the form (5) the associated composition ¢ is the ordinary tensor
product of linear maps.

For an arbitrary graph G € &© the associated composition pg : G(Endy) — Endy
is defined as an iteration of the above “elementary” compositions, and it is easy to see
that such a ¢ is independent of a particular choice of an iteration; this independence
means, in fact, that associativity conditions (3) are fulfilled. The prop(erad) Endy is
called the endomorphism wheeled prop(erad) of V. Note that if V is a complex, then
Endy is naturally a dg prop(erad).

2.1.6. A free wheeled prop(erad) Given an arbitrary S-bimodule, E = {E (m, n)}, there
is an associated S-bimodule, FO(E) = {FO(E)(m, n) := Dieso (m.n) G(E)}, which
has a natural prop structure with the contraction maps ug : G(F O(E)) —» F O(E)
being tautological. The wheeled prop F O(E) is called the free wheeled prop generated
by an S-bimodule E.

A free wheeled properad, ]—'CO(E ), generated by an S-bimodule E is defined as in
the previous paragraph but with the symbol &© replaced by 69.
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2.1.7. Prop(erad)s, dioperads and operads Consider the follows subsets of the set &O:

(a) &7 is a subset of B consisting of directed graphs with no wheels, i.e. directed
paths of internal edges which begin and end at the same vertex;

b) &l :=6"n 9,
(c) 63’0 is a subset of 052 consisting of graphs of genus zero;

(d) ngper is a subset of 610 built from corollas (2) of type (1, n) only, n > 1.

Let & be any one of these families of graphs. Then one can define an &* -algebra as in
§2.1.1 by requiring that all the graphs G, H and G/ H involved in that definition belong
to the subset & (cf. [Me5]). Then:

(a) an &1- algebra is called a prop [Mc];

(b) an 052 -algebra is called a properad [Val,

(c) an Qﬁg’o-algebra is called a dioperad [Gal];
(d) an Qigper-algebra is called an operad [May].

A quadratic & -algebra is defined (in all the above cases) as a quotient of a free
®Y -algebra, F¥ (E), by the ideal generated by a subspace R C &Y, (E), where &Y,

gen gen
is the minimal subset of &” whose elements generate all possible compositions, jig,
via iteration (cf. §2.1.4). We apply the same minimality principle for the definition of a
quadratic wheeled properad in § 2.6 below.

2.2. Morphisms of wheeled props. One can make dg wheeled prop(erad)s into a cat-
egory by defining a morphism, f : P; — P,, as a morphism of the underlying dg
S-bimodules, {f : Pi(m,n) — Pa(m, n)}m.n>0, such that, for any graph G € &0, one
has foug = g o (f®9), where f® means amap, G(P;) — G (P,), which changes
decorations of each vertex in G in accordance with f.

Definition 2.2.1. A morphism of wheeled prop(erad)s, P — Endy, is called a repre-
sentation of the wheeled prop(erad) P in a graded vector space V.

Definition 2.2.2. A morphism of dg wheeled prop(erad)s, Py — P, is called a quasi-
isomorphism, if the induced morphism of cohomology prop(erad)s, H(P1) — H(P>),
is an isomorphism.

2.2.3. A useful fact If P is an arbitrary wheeled prop(erad) and P; is a free wheeled
prop(erad), FO(E), generated by some S-bimodule E, then the set of morphisms of
wheeled prop(erad)s, { f : P1 — P>}, is in one-to-one correspondence with the vector
space of degree zero morphisms of S-bimodules, {f|g : E — P»}, i.e. f is uniquely
determined by its values on the generators. In particular, the set of morphisms, F O(E) -
P2, has a graded vector space structure for any P».

Definition 2.2.4. A free resolution of a dg wheeled prop(erad) P is, by definition, a
dg free wheeled prop(erad), (FO(E), ), generated by some S-bimodule E together
with an epimorphism, w : (F O(E), 8) — P, which is a quasi-isomorphism. If the
differential § in F Oy is decomposable with respect to the compositions [Lg, then
7 (FO(E), 8) — P is called a minimal model of P.
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2.3. Coprop(erad)s. A wheeled coproperad is an S-bimodule P = {P(m, n)} together
with a family of linear S,, x S,-equivariant maps,

{AG : P(mv n) - G<P>}Ge®9(m,n),m,n30 )

parameterized by elements G € 69’ which satisfy the condition
Ag = A}_I o Ag/H (6)

for any connected subgraph H C G. Here A, : (G/H)(E) — G(E) is the map which
equals A i on the distinguished vertex of G/H and which is identity on all other vertices
of G. Wheeled coprops are defined analogously.

If the S-bimodule P underlying a wheeled coprop(erad) has a differential § satisfy-
ing, for any G € &0, the condition Ag 0§ = 8¢ o Ag, then the wheeled coprop(erad)
P is called differential.

For any S-bimodule, E = {E(m, n)}, the associated S-bimodule, F O(E ), has a natural
coproperad structure with the co-contraction map

A= > A FOUE)— > GFUE) = FOFOE))
Ge®BO (m,n) Ge®O (m,n)

given, on an arbitrary element g € G(E) C F O(E), by [MMS],

Ag = Z 8f

f:Edg(G)—{0,1}

where the sums run over markings, f : Edg(G) — {0, 1}, of the set, Edg(G), of
internal edges of G by numbers 0 and 1, and g s is an element of F O(]—" O(E )) obtained
from g by the following recipe:

(i) cutevery internal edge of the graph G marked by 0 in the middle; let Gy, ..., Gy,
for some k > 1, be the resulting connected components of G; the vertices of the
latter graphs inherit E-decorations, and hence the marking f defines elements
81 € GI(E>7 ..., 8k € Gk(E),

(ii) let G’ be the graph with k-vertices obtained from G by shrinking each subgraph
G1, ..., Gy into a single vertex; then g ¢ is, by definition, the decorated graph g
viewed as an element of G’ (FO(E)), i.e. it equals G’ with vertices decorated by
elements g1, ..., gk € ]—'O(E).

The wheeled coprop (F O(E), A) is called the free coprop generated by the S-module
E.

One can show analogously that F, CO (E) has a natural coproperad structure A; the data
(fLQ(E ), A) is called the free coproperad generated by the S-module E. We denote it
by .7-"8 (E) (to avoid confusion with the natural properad structure in fco (EY).

2.4. Bar construction. With an S-module E = {E(m, n)} one can associate two other
S-bimodules,

WE =:{E(m,n) ® sgn,[—nl}, wlE = {E(m,n) ® sgn,[nl]},
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where sgn,, stands for the 1-dimensional sign representation of S,,. We shall show in
this subsection that for any properad P the associated free coproperad,

B(P) := Fw™'P),

co

comes canonically equipped with a differential, §p, encoding all the generating prope-
radic compositions {pg : G(P) — P}, g0 - For this purpose let us consider a family
gen

of graphs, QS?, obtained from the family of directed connected graphs @? by inserting
into each input leg and each internal edge of a graph G € (’59 a black (1, 1)-corolla, +,
and denoting the resulting graph by G,. For example,

12 12

if G= then G, =
P

1 2 1 2

The automorphism group of such a graph G, is defined as in § 2.1 with an extra assump-
tion that the colour is preserved. Then, obviously, Aut(G) = Aut(G,).

Let 1 stand for the unit in the field K, and 1 for its image under the isomorphism
K — K[1]. The vector 1 has degree —1. For an arbitrary S-bimodule E and an arbitrary
graph G € (’59 we denote by G, (E) the vector space spanned by the graph G, whose
white vertices are decorated by elements of E and the special black (1, 1)-vertices are
decorated by 1.

Lemma 2.4.1. For any S-module E there is a canonical isomorphism of S-modules,
FOwW'Ey= @ Gu.E).
G.e@? (m,n)

Proof. It is enough to show a canonical isomorphism S,, x S,-modules, G(W~!E) =
G.(E) for an arbitrary graph G € QSS)(m, n). The graph G, is obtained from G by
replacing each constituting (m, n)-corolla of G as follows:

m output legs m output legs
—_—— —_—~——
n input legs n input legs
It is obvious that €, ,4(E) = le,n(w_lE) as S, x S,-bimodules. If we set

E(Outy, In,) = 1 for every black vertex v in G,, then ®v€V(G.) E(Outy, Iny) =

Rvev(6) w~'E(Out,, In,) and the claim follows finally from the isomorphism
Aut(Ge) = Aut(G). 0O

Corollary 2.4.2. For any wheeled properad ‘P there is a canonical isomorphism of
S-modules,

BP)= B G.(P) ()
Goe®?

The r.h.s of (7) is denoted sometimes by Be(P).
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Fact 2.4.3. Let P be an arbitrary wheeled properad. The S-module € G.ees? Go(P) can
be made naturally into a complex with the differential,

a

113 "

a.edge

which is equal to zero on all white vertices and all black vertices attached to legs, and
which deletes a black vertex lying on every internal edge and contracts the associated
internal edge with the help of the corresponding composition in P; equation 82, = 0
follows then from associativity conditions (3). More precisely, one defines §p g for some
g € G (E) = (®v€V(G') E(OQuty, Iny)) aut(G.) as follows: choose first a representa-
tive, g € E(Outy,, Iny,) ® ... E(Outvp, Invp), of the equivalence class g associated
with some ordering of all vertices in G, apply then §p to the vertices of g in the chosen
order, and finally set pg = 7w (§pg), where r is the natural surjection

7w E(Outy,, Iny,) ® ... ® E(Outy,. Iny,) — ( Q) E(Outy, Iny)) aur(G.)-
veV(G,)

The result does not depend on the choice of a section, g — g, of 7 used in the definition.
For example, if

for some a € E(2,2),b € E(1,2),c € E3,2),

then, ordering the vertices from the bottom to the top, we obtain that §p g is the equiva-
lence class (in the unordered tensor product) of the following graph:

1 2 1 2 1 2
Cc n b es3 éq
(_1)a+b % _ (_1)a+bc 12% + (_1)a+b _ (_l)tl+C ,
1 2 a a
7 s P P
1 2 1 2 1 2 1 2

where e] (= (b)><a) € E(2,3), etc. Applying §p again and using associativity
relations (3), one easily concludes that 8%, =0.
Isomorphism (7) induces a differential in the free coproperad B(P) which we denoted

by the same symbol ép. It obviously respects the coproperad structure in B(P). If P is
a differential operad with differential d, then the sum d + §p is a differential in B(P).

Definition 2.4.4. The dg coproperad (B(P), d + ép) is called the bar construction of
a dg properad (P, d).

This notion was first introduced in [MMS] but with a different S-module structure and
Z-grading on B(’P). We shall be most interested below in the situations when d = 0.
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2.5. Cobar construction. If (C, d) is a dg coproperad, then its cobar construction is, by
definition, a free wheeled properad, B°(C) := ]-"CO(WC ), equipped with a differential,
d + d¢, where 9¢ is the differential encoding the co-composition maps Ag : C — G(C)
in a way dual to the definition of dp in § 2.4 (see [MMS]). Let @9 be a family of graphs
obtained from QﬁLQ by inserting into each input leg and each internal edge of a graph
G e 69 a white rhombic (1, 1)-corolla, <}, and let us denote the resulting graph by G.,.
Then, by analogy to §2.4.2, we have a canonical degree 0 isomorphism of S-modules,

B¢(C) = EB G+ (C), ®)

Goeeig)

where in the r.h.s. we used s(1), s being the isomorphism K — K[—1], to decorate
special {>-Vertices. The differential ¢ is, by definition, equal to zero on the special white
rhombic corollas while on ordinary (decorated by C) vertices it is equal to the map
2606 :C— 2, 6, G (C) with the sum running over all possible graphs of the

form (4); the unique internal edge in the image of the map >_; Ag is then decorated by
<} so that d¢ increases the number of rhombic white vertices by one.

In the case when C is the bar construction, (C = B(P), d +§p) on some dg properad
(P, d) one has a natural epimorphism of dg properads,

71 (BS(B(P)), 8 :=d +8p + dpip)) —> (w(w*‘P) =P, d) ,

which is a quasi-isomorphism [MMS]. If we now apply constructions (7) and (8) to
B¢(B(P), we shall get decorated graphs whose internal edges are decorated by either
black vertices or simultaneously by black and white rhombic vertices. As white rhombic
and black corollas placed on the same edge “annihilate” each other with respect to their
total impact on graph, we have a degree 0 isomorphism of S-bimodules,

B‘B(P)= P G. (P

60669_

where, by definition, &, _ is a family of graphs obtained from graphs in (’59 by inserting
into some (possibly, none) internal edges black (1, 1)-corollas; thus every internal edge
of a graph G from &, _ is either straight or equipped with the black (1, 1)-corolla, and
every input or output leg of G is straight. Then the differential dpp) gets a very simple
interpretation — it eliminates, in accordance with the Leibnitz rule, each black corolla
making the corresponding edge straight; on the other hand, the differential 6 contracts
(again in accordance with the Leibnitz rule) each internal edge decorated by the black
corolla and performs a corresponding to this contraction composition in the original
properad P.

2.6. Quadratic wheeled (co)properads and Koszul duality. Koszul duality for ordinary
quadratic operads was introduced in [GiKa], for dioperads in [Ga], for ordinary prop-
erads in [Va] and for wheeled operads in [MMS]. In this section we extend the idea to
arbitrary quadratic wheeled properads.

For a graph G € &© with p vertices and ¢ wheels (that is, closed paths of directed
internal edges) set ||G|| := p + ¢ and call it the weight of G. For an S-module E set
.7-'(%(E ) to be a submodule of the free properad ff)(E ) spanned by decorated graphs
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of weight A. Note that properadic compositions {ug : G(}"CO(E)) — ‘7:cO<E>}GeQ50
are homogeneous with respect to this weight gradation. Note also that the quadratic

subspace fg)(E ) C fp(E ) is distinguished as it is spanned,

FO(E)= D G(E

Ge@(goe,,

by the minimal set of graphs (4) which generate all possible wheeled properadic com-
positions.

Definition 2.6.1. A wheeled properad P is called quadratic if it is the quotient, P :=
}'CO(E Y/ 1, of a free wheeled properad ( generated by some S-bimodule E) by the ideal,

1, generated by some subspace R C .7:(2)( )

An obvious dualization of the above definition gives the notion of a quadratic
coproperad.
Any quadratic (co)properad, P, comes equipped with an induced weight gradation,

P = 2,51 Pu), where P is the image of ]—'(A)( ) under the natural surjection
FO(E) — P. Note that P(jy = E and Py) is given by an exact sequence

0— R — F

(2)( ) — Py — 0. )

The subspace B(P(1)) C B(P) is obviously a sub-coproperad, but, in general, it is not
preserved by the bar differential dp. It is not hard to check that an S-bimodule P! defined
by the exact sequence,

0 — P' — B(Pay) <5 BP)11,
is a sub-coproperad of B(P(1)) so that the natural composition of inclusions,
1: Pt — B(Puy) — B(P), (10)
is a monomorphism of dg wheeled coproperads.

Definition 2.6.2. The coproperad P’ is called Koszul dual to a quadratic wheeled pro-
perad P.

Definition 2.6.3. A quadratic wheeled properad P is called Koszul, if the associated
morphism of dg coproperads, 1 : Pi —> B(P), is a quasi-isomorphism.

As the cobar construction functor B€ is exact [MMS], the composition

B¢ (l)

7 : Pog 1= BE(P)) =5 BY(B(P)) > P

is a quasi-isomorphism if P is Koszul; then the dg free wheeled properad P, gives us
a minimal resolution of P.
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2.6.4. Remark on notation In general (i.e. if P is not Koszul), the dg properad B¢ (P')
is only an approximation to the genuine minimal wheeled resolution of P (if it exists
at all); it is, however, associated canonically to P, and, slightly abusing tradition, we
continue denoting it in this paper by Pso even in the cases when P is not Koszul.

Note that B(P(1) is the free co-properad generated by the S-module w=!P(j) =
w~! E. By the definition of the bar differential 3p, the image, 1, of the degree 0 map
op : B(P1)) — B(P)[1]is spanned by graphs with all (except one!) vertices decorated
by the w™ ! P and with the exceptional vertex decorated by w™ 1 Py[1]. Thus we have
an exact sequence,

0— Pl — FS(W%E) — 19 — 0.

Asw ! FO

) (E) = }"(% (W™ E)[—1], we can rewrite (9) as follows:

0— wIR[] — ]—"(%(W_IE) — wPg[1] — 0, (11)
and conclude that 7°° is the co-ideal of fc.cg(w”E) cogenerated by quadratic
co-relations W_17?(2)[1]. Hence we proved the following

Proposition 2.6.5. For any quadratic wheeled properad P the associated Koszul dual
wheeled coproperad P’ is quadratic.

Remark 2.6.6. If the S-bimodule E = {E(m, n)} is of finite type (i.e. each E(m, n) is
finite-dimensional), then it is often easier to work with the wheeled properad P' :=
(Phy*, the ordinary dual of the coproperad P'. It is a quadratic wheeled properad gener-
ated by the S-bimodule,

EY = {E(m, n*® sgn,,[—n]} ,
with the relations, R+, given by the exact sequence,
1 O
0 — R — F5
where R are the quadratic relations for P.

(EY) — WR*[-1] — 0, (12)

Remark 2.6.7. Definition 2.6.1 implies that there exists a canonical wheelification func-
tor,

¢, . Category of quadratic . Category of quadratic wheeled
(co)dioperads (co)properads (13)
D — DO

which is, by definition, identity on the (co)generators and the quadratic (co)relations of
the dioperad D. It is worth noting that, in general, (D))© # (DO)i, implying that (D©) 4,
may be substantially larger than (Duo)©, where Do stands for the cobar construction
on the Koszul dual co-dioperad D' in the category of dioperads; we refer to [MMS]
for explicit examples of this phenomenon for the cases D = Ass and D = Comm, the
operads of associative and, respectively, commutative algebras. In the case of the operad
of Lie algebras one actually has an equality, (Li eNO = (LieO)i (see [Me3]).

The wheelification functor does not, in general, preserve Koszulness: a Koszul dio-
perad, D, may have a non-Koszul wheelification, D©. We give an explicit example of this
phenomenon in § 4. It is worth noting in this connection that the functor O applied to the
three classical operads Ass, Comm, and Lie does preserve Koszulness (see [Me3,MMS]
for the proofs).
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2.7. Homotopy transfer formulae. Let (V,d) and (W, d) be dg vector spaces equipped
with linear degree 0 maps of complexes, i : W — V and p : V — W, such that the
compositioni o p : V — V is homotopy equivalent to the identity map,Id : V — V,

Idy =iop+doh+hod, (14)

via a fixed homotopy & : V — V[—1]. Without loss of generality we may assume that
the data (i, p, h) satisfies the so called side conditions [LaSt],

poi=1Idy, poh=0, hoi=0, hoh=0.

When W is the cohomology of the complex V the above data is often called a cohomo-
logical splitting of (V, d).

Theorem 2.7.1. Let P be a quadratic wheeled properad, and p : P — Endy an arbi-
trary ‘P-algebra structure on the complex V. For any element G € WP/ (m, n) let

G(i, h, p, p) € Endw(m, n),
be a linear map W®" — W®" defined as follows:

(1) considerthe image, 1(G), of G under the canonical inclusiont : WP’ — WB4(P);
(i1) decorate the input legs of each graph summand in the image 1(G) with i, the output
legs with p, and the special vertices, e, lying on the internal edges with h,
(iii) replace a decoration, e, of every non-special vertex in 1(G) by p(e), and finally
(iv) interpret the resulting decorated graph as a scheme for the composition of maps
i, h, p(e) and p.

Then the family of maps,
{G — G(lv h5 P, p) € EndW}GEWP/ ’
defines a representation of the dg free wheeled properad P in the dg space W.

Proof. Any morphism, Pss = FO(WP1) — Endy, of wheeled properads is uniquely
determined by its values on the generators, i.e. by a morphism, W~!'Pi — Endy of
S-modules. Define such a morphism, poo : Poo — Endyw, by setting

Poo(G) :=G{i, h, p, p).

This morphism gives a representation of the dg properad P, if and only if it respects
the differentials, i.e.

Poo(9p(p)G) = d(G (i, h, p)),

where dp(p) is the differential in B¢(B(P)) restricted to the subcomplex B¢(P7), and d
is the differential in Endy (induced by the differential d in W and denoted by the same
letter).

Let us assume, for an illustration, that
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for some a, b € P. Then

p(a)
G(i,h,p,p)="h h
@\
i

and, using (14), we obtain

P P P P
p(a)( pla)
d(G(i, h,p,p) = (1’1 o= (=)’ n 1d
,o(b)‘ p(b)
P l p P l P
‘ pla) pla) _
(=1 ; W+ (=D ,

P
o] o]
i i
= p(@pG) + p(dpP)G)
= p@pP)G).

In the above calculation we used

— the identification of dp with a machine deleting the black vertices and contracting
the associated internal edge (so that the first two terms in the above sum of 4 graphs
are precisely p(dpG(i, h, p, p))),

— the identification of dp(p) with a machine deleting the black vertices without sub-
sequent contraction of the associated internal edge (so that the last two terms in the
above sum are precisely p(dp(pyG(i, h, p, p))), and

— the fact that, by definition of Pi, one has p(dpG) = 0 for any G € wWP'.

The pattern exposed above is universal, i.e. it does not depend on the particularities of
G. This simple calculation proves the claim. O

Remarks 2.7.2. (i) The above arguments work for any dg sub-coproperad of B(P),
not only for Pi.
(i) Theorem 2.7.1 gives a conceptual explanation of the well-known “experimen-
tal” fact that homotopy transfer formulae are given by sums over certain families
of decorated graphs. Moreover, it follows that these sums describe essentially a
morphism of coproperads P! — B(P). This fact prompts one to think about the
following two closely related problems:
= Given a quadratic (wheeled) properad, construct a quantum field theory whose
Feynman perturbation series for the effective action gives precisely the
homotopy transfer formulae, i.e. a morphism of (wheeled) coproperads. This
idea was first proposed by A. Losev.
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< Given a quantum field theory, find dg (wheeled) props such that Feynman’s
perturbation series for certain expectation values can be interpreted as their
morphism.

A simple and beautiful example where both problems have been successfully addressed
was constructed by Mnev in [Mn]. Another example is studied in § 6 of this paper.
A much less trivial example is given by the works of Kontsevich [Ko] and Cattaneo
and Felder [CaFel] which imply that the quantum Poisson sigma model on the 2-disk
describes a morphism of certain dg wheeled props (see [Me4] for their explicit construc-
tion).

In the rest of the paper we apply the above theory to a rather simple quadratic wheeled
properad, U Lie' B, of unimodular Lie 1-bialgebras. Remarkably, representations of the
associated dg wheeled prop, U Lie' B, are in one-to-one correspondence with so called
(quasi-classically split) quantum BV manifolds, interesting structures which one encoun-
ters in the Batalin-Vilkovisky quantization of certain gauge systems.

3. Geometry of Quantum Batalin-Vilkovisky Manifolds

3.1. Z-graded formal manifolds. Batalin-Vilkovisky (shortened, BV) formalism [BaVi]
is one of most effective and universal methods for perturbative quantization of field the-
ories with gauge symmetries. The first attempt to understand the BV formalism as a
geometric theory was done by Schwarz who introduced and studied in [Schw] a cat-
egory of so called SP-manifolds to understand BV structures. We adopt, however,
in this paper a slightly different picture of BV geometry based on semidensities and
Khudaverdian’s laplacian [Kh]. When one works in a fixed background the difference
between these two pictures is not principal, but we are going to concentrate in this sec-
tion on morphisms and equivalences of BV structures, and in this case the difference
becomes decisive.
First we note that

(i) “manifolds”, i.e. spaces of fields, used in the BV quantization are often pointed,
the distinguished point is called a vacuum state;

(i) to make sense of perturbation series around the vacuum state one is only interested
in a formal neighborhood of that state in the space of fields, not in the global
structure of the latter.

Of course, one can try to ignore the formal nature of the perturbation series and accept a
genuine smooth supermanifold as a toy model for a space of fields. However, the formal

nature of the basic notions and operations used in the BV formalism resurrects again
r

. V) .
when one attempts to make sense of expressions of the type e =, where the function
in the exponent,

F'x,h) =Tox)+ 1 x)h+...+T, )W +...

is a formal power series in a parameter (“Planck constant”) /. One can try to ignore this
issue as well, and set 2 = 1. This is what is often done in many papers on geometric
aspects of the BV formalism. We, however, can not afford setting the formal parameter
to 1 in the present paper as without / no link between BV manifolds and the homotopy
theory of unimodular Lie 1-bialgebras holds true. Therefore right from the beginning we
shall be working in the category of formal 7Z-graded manifolds in which one can easily
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T'(x,h)

make a coordinate independent sense of functions of the type e 2 by demanding, for
example, that I'g(x) € Z, where 7 is the maximal ideal of the distinguished point. Let
us give precise definitions.

The category of finite-dimensional 7Z-graded formal manifolds over a field K is, by
definition, the category opposite to the category whose

e objects are (isomorphism classes) of completed finitely generated free Z-graded com-
mutative K-algebras; every such a K-algebra R has a natural translation invariant
adic topology defined by the condition that the powers, {Z"},>1, of the maximal
ideal Z C 'R form a basis of open neighborhoods of 0 € R;

e morphisms are (isomorphism classes of) continuous morphisms of topological
K-algebras.

Thus, every Z-graded formal manifold M corresponds to a certain isomorphism class,
O, of completed free finitely generated algebras of the form K[[x!, ..., x"]], where
formal variables x¢ (called coordinates) are assigned some degrees x| € Z. The iso-
morphism class, O v, of K-algebras is called the structure sheaf” of the manifold M.
A representation of O 4 in the form K[[x, ..., x,]] is called a coordinate chart on M.
Such a representation is not canonical: a coordinate chart is defined up to an arbitrary
(preserving Z-grading) change of coordinates of the form

o
x4 — X0 = ¢%(x) = Zd),‘jlmbkxb' ... xP% for some B,.5, €K, (15)

k=1
where ¢Zl form an invertible matrix. Such changes form a group of formal diffeomor-
phisms, Diff (M), and the Constitution of (formal) Geometry says that every construction
on a Z-graded formal manifold M must be invariant under this group. There are, unfor-
tunately, not that many Diff (M)-invariant constructions possible in nature, and their
study is the major theme of geometry rather than algebra. This is why we use geometric

terminology and intuition throughout this section.

A smooth map, ¢ : M — N, of formal graded manifolds is the same as a mor-
phism, ¢* : Onr — Oy, of their structure sheaves. It is given in local coordinates
by formulae of the type (15) with ¢Z1 not necessarily forming an invertible matrix. A
smooth invertible map is called a diffeomorphism. The tangent sheaf, Tp4, of a Z-graded
manifold M is, by definition, the Z-graded O »-module of derivations of the structure
sheaf, that is, the module of linear maps X : Opq — O satisfying the Leibnitz con-
dition, X (fg) = (X (f)g + (DI £X (g). It is a free O p4-module generated, in a
coordinate chart {x?}, by partial derivatives, d/9x?. Elements of 7, are called smooth
vector fields on M. Every vector field X € 7 is given in a coordinate chart as a linear
combination,

3
X = Zx“(x)ﬁ, X%(x) € K[[x%]].

This representation is not canonical: if {X?} is another set of generators of O related

to {x?} via (15), then
X = Z X%(x)

2 We apologize for using the term sheaf in the present formal context as all the sheaves the reader encoun-
ters in the present section are rather primitive — they are skyscrapers consisting of a single stalk over the
distinguished point; this terminology helps, however, the geometric intuition (cf. [Me6]).

3 o B
ox Z;X 550
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with

AP (x)

vb/o _ a
XP®) |gacgom)= ZX 0=

The matrix (8¢b (x)/0x%) is called the Jacobian of the coordinate transformation (15).
The Opq-module 7pq has a natural graded Lie algebra structure with respect to the
ordinary graded commutator of derivations, [X1, X2] = X1 0 X, — (—D)!X111%2l x5 0 X
The rank of 7 is equal to the number of generators of the algebra O and is called
the dimension of the graded manifold M.

Let V be a finite dimensional Z-graded vector space. One can associate to V a Z-
graded formal manifold V by defining Oy to be the isomorphism class of the
K-algebra O*V*, where V* := Hom(V, K). The manifold V is said to be modeled
on the graded vector space V. Every formal Z-graded manifold M is modeled by some
uniquely defined graded vector space T,epq = (Z/Z%)* called the tangent vector space
at the distinguished point = in M. Note that every morphism of graded manifolds,
¢ : M — N, gives rise to a well-defined map, d@s. : T,ep —> Then, of tangent vector
spaces, but, in general, not to a morphism, d¢ : Tpq — 7/, of tangent sheaves. The
latter is well-defined if, for example, ¢ is an isomorphism.

Let T/T/l := Homg,, (Tm, OM). be the dual OM-module, anq let Q}\A = Tx/l[l]
be the same O 4 -module 7, but with shifted grading. The latter is called the sheaf of
differential I-forms on the graded manifold M. Note that the natural pairing,

(,):Tm x Qy — Oum
X®t — (X,1)

has degree 1. There is a canonical degree -1 K-linear morphism,

d:OM—)Q}\A
f — df,

defined, for arbitrary vector field X € 7 by the equality (X, df) = X (f). It is clear
that Q }\/l is a free O 4 module with a basis given, in some coordinate chart {x“}, by
1-forms dx“, i.e. every 1-form t can be represented in this chart as a linear combination,
7=, dx%t,(x), for some 7,(x) € K[[x*]]. We also have df = >, dx*df/dx“.

The sheaf of graded commutative algebras, 25, := QbM Q}M, generated by
1-forms is called the De Rham sheaf on M. Elements of QII‘VI = @kQ}M are called
differential k-forms. The morphism d : Q(/)\/l — Q}\A extends naturally to a morphism
d: Q’/‘Vl — Q’j{;{l for any k making thereby (£2% ,, d) into a sheaf of differential alge-
bras, i.e. satisfying d* =0and d(tim) = (dt) T+ (=1D)"11d 1) for any 11, 12 € Q0.
In a local coordinate chart {x?} on M we have an isomorphism

Q¢ = Kl[x?, dx]l,  |dx] = x| — 1,

with the de Rham differential given on generators by d(x?) := dx?, d(dx?) := 0.
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3.2. Odd Poisson structure. Let M be a formal Z-graded manifold. A odd Poisson
structure on M is a degree -1 linear map,

{e}: O ®k O —  Opg
f®g — {fegh

such that { f e g} = (—1)/8*/*8{g e f} and

{[folgehty={{fegheh}+(—1)I/FDUsIH 1o o (1 o) (16)
{foght={fegth+(—1)/¢*8g{f e h} (17)

for any f, g, h € O . Thus brackets { o } and the ordinary product of functions make
the structure sheaf O o4 into a sheaf of so called Gerstenhaber algebras.

A Z-graded formal manifold M equipped with a degree -1 Poisson structure is called
an odd Poisson manifold. A Poisson map, ¢ : (M1, {e}) — (Ma, { e}),of odd Poisson
manifolds is a degree 0 smooth map ¢ : M| — M3 such that

{9"(f) e 9" ()} = @™ {f 0 g}

for any f, g € Oay,. If one translates brackets { o } from O to its “shifted” version,
O am[1] via the natural isomorphisms O py = Oa4[1], one obtains an ordinary Z-graded
Lie algebra structure on O q[1].

An important example of an odd Poisson structure comes from the sheaf of polyvector
fields defined next.

3.3. Polyvector fields. For any Z-graded n-dimensional formal manifold M the com-
pleted graded commutative algebra O 4 := O°*(Ty[—1)) is free of rank 2n and hence
defines a Z-graded formal manifold M which is often called the total space, M := Q}W,
of the bundle of 1-forms on M. Elements of its structure sheaf O », are called polyvector
fields on the manifold M and the structure sheaf itself is often denoted by Poly(M). One
sets Polyk(M) := O (Ty[—1]) and call its elements k-vector fields. This terminology
for M and its structure sheaf originates from the duality 73/[—1] = Homp,, (Q}W, Oum)
and from the natural inclusion of the degree shifted? tangent sheaf Tys[—1] C Poly(M).
A coordinate chart {x“} on M induces a coordinate chart

a ._ 9 _ a
X5 Y =T [Yal = —lx |+1}

on M, where I1 : 7Tjy — 7jps[—1] is the natural isomorphism. A change of coordinates
(15) on M induces a change of coordinates,

xcl ia — (pa (.X)

~ Rl
Yo — Yo = Z q;x(bX) Yp (18)
b

on M. In these coordinates we have an isomorphism,
Opm = Poly(M) = K[[x“, ¥4]].

3 To avoid such a degree shifting the sheaf of polyvector fields Poly(M) is defined by some authors as
Oml-11
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It is not hard to check that the degree -1 brackets on O, defined in such a coordinate
chart by

._ e OF dg |f(x“|+1>i3_g)

{fog) .—;(( D 3y * D o oxe (19)
satisfy the axioms (16) and (17), and, moreover, are invariant under transformations
(18). Hence they define an odd Poisson structure on the manifold M. Brackets (19) on
Poly(M) are often denoted by [ e |s and called Schouten brackets.

Schouten brackets [ o ] restricted to the subsheaf 7y,[—1] C Poly(M) give, modulo
the degree shifting, the ordinary commutator of vector fields.

3.4. 0dd symplectic structures. Any odd Poisson structure on a graded formal mani-
fold M defines a homogeneous (of degree 1) section, v, of the bundle Poly*(M) by the
formula,

(v.dfdg) ={feg} Vf geOnm,

where ( , ) stands for the natural duality pairing between Poly*(M) = Homp ™
(Q%,, Opq) and 93\4 An odd Poisson structure on M is called non-degenerate or odd
symplectic if the associated 2-vector field is non-degenerate in the sense that the induced
“raising of indices” morphism of sheaves,

Q}\/t i VR

is an isomorphism. The inverse map gives rise to a degree —1 differential 2-form, w :=
“»=1” on M which satisfies, due to the Jacobi identity (16), the condition dw = 0.

3.4.1. Darboux lemma (see, e.g., [Kh,Le,Schw]) Any Z-graded manifold with a non-
degenerate odd Poisson structure is locally isomorphic to an odd Poisson manifold M
described in § 3.3.

Thus any odd symplectic manifold M admits local coordinates, {(x%, ¥,), |¥4| =
—|x%| + 1}, in which the odd Poisson brackets are given by (19). The associated sym-
plectic 2-form is then given by w = >, dx“dr,. These coordinates are called Darboux
coordinates.

3.4.2. Symplectomorphisms and canonical transformations By Lemma 3.4.1, any odd
symplectic manifold can be covered by a Darboux coordinate chart (x¢, ¥,). For future
reference we note that a generic change of coordinates

x— X =9%x, ¥)

; (20)
Vo —> VYo = Qu(x, ¥r)
defines a new Darboux coordinate chart (x%, 1/A/a) if and only if the equations
Z(—l)'*a'('xc‘“)%% =0 Z(_UIX“IIX"\%% -0
dxb 9xc¢ ’ a0 ’
a '(ﬂb '(ﬂc @1

a
ajjxc 09" 0 a bl41) 00 0¢q lifb=c
_yeie 99 9%a e xben 097 0Pa ) oo | 1 ;
2 (( ) axb Iy, =D Ay dxP b 0ifb # c,

a
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are satisfied. A diffeomorphism (20) satisfying Eqs. (21) is called a canonical transfor-
mation. It is easy to check that (18) is a canonical transformation for arbitrary functions
¢®(x) which have the associated Jacobi matrix d¢®(x)/dx?|,—¢ invertible.

A Poisson diffeomorphism of odd symplectic manifolds, ¢ : (M, w) — (M, ), is
called a symplectomorphism. This is the same as a diffeomorphism ¢ : M — M
of smooth Z-graded manifolds such that ¢*(@®) = w. It is the assumption on the
non-degeneracy of the odd symplectic forms which forces one to define symplecto-
morphisms as special cases of diffeomorphisms. In Darboux coordinate charts, (x%, ;)
and (3, 12/,1), on M and, respectively, M any symplectomorphism is given by func-
tions (20) satisfying Egs. (21); for that reason a symplectomorphism is also often called
a canonical transformation.

Remark 3.4.3. The collection of Poisson morphisms of odd symplectic manifolds is
much richer than the collection of symplectomorphisms. For example, if M| and M
are odd symplectic manifolds, then M x M3 is naturally an odd symplectic manifold
and the natural projection M| x My — M is a well defined Poisson morphism, which
is not a symplectomorphism.

3.4.4. Hamiltonian vector fields For any function ® € O 4 on an odd Poisson manifold
M, the associated map

Hq;ZOM—) OM
g — {Peg)

is a derivation of the structure ring O ¢ and hence is a smooth vector field on M called
the Hamiltonian vector field associated with a function ®. It is not hard to check that
[Ho,, Ho,] = H{® e0,) forany &1, &3 € Oy.

If the Poisson structure is non-degenerate, then in a local Darboux coordinate chart
one has,

Ho=3 el 9P 0 el 9P 9 )
- x4 9y, oY, x4

Note that if the function ® (x“, ¥,) has degree 1, then the associated hamiltonian vector

field Hg has degree zero, and it makes sense to consider a system of ordinary differential

equations,

d* . 0) _ e 096 V)

—a - b 3 |2amga (ept). Damalr.prt)’

dga(x 1) _ o O, ) 22)
— = (-1 Y R |0 =g G 9.0), Pramspa (e,

¢ (x, ¥, D=0 = x*,
ba(x, ¥, li=0 = Va,

for the unknown functions ¢“ (x, ¥, t) and ¢, (x, ¥, t) of degrees |x?| and, respectively,
|4 |. Moreover, a classical theorem from the theory of systems of ordinary differential
equations guarantees that, for a sufficiently small strictly positive ¢ € R, its solution,

{qb[a = ¢a(xv I/f’ t)? ¢la = ¢a(-xv I/fv [)}7
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exists and is unique for all ¢ in the interval [0, ¢). Moreover, the solution is real analytic
with respect to the parameter 7. Using the above equations it is easy to check that

d aj()yc 00?0 d ayve) 094 0
RIS RS AL
a a

axb Bxe o BYe
d a1y 06 D ‘ ¢
- ((_1)|x s \ibﬁ N +1>(|xb+1>iiz) —0.
1 & ax? 3y e ox

implying, in view of the boundary t = 0 conditions on ¢, that, for any ¢ € [0, ¢) the
map

x4 — x* =% (x, Y, 1)
Yo —> sza =g (x, Y, 1)

satisfies Eq. (21) and hence defines a canonical transformation. Thus any degree 1 func-
tion ® on M gives rise naturally to a 1-parameter family of local symplectomorphisms
¢ M —> M.

3.4.5. Lagrangian submanifolds Let M be a Z-graded manifold and I C O an ideal
such that the quotient ring Os C Opy/I is free; this ring corresponds, therefore, to
a Z-graded manifold S which is called a submanifold of M; the natural epimorphism
Op — Og is called an embedding S — M.

Lemma 3.4.1 implies that any odd symplectic manifold (M, w) is even dimensional,
say dim M = 2n. An n-dimensional submanifold £ < M is called Lagrangian if
w|z = 0, i.e. the induced map |z : ©*(7z[—1]) — Oy is zero. The normal sheaf,
Ngjm. of the submanifold £ < M is defined by the short exact sequence of sheaves
of O,-modules,

O—)TE—i>TM lc—> Nggpq — 0
so that its dualization (and degree shifting) gives
0 — Njplll — Q) 12> Q) — 0.

The odd symplectic form @ provides us with a degree 0 isomorphism of the middle
terms of the short exact sequences above,

The condition w|, = 0 is equivalent to saying that the composition
i Jw 1 p 1
T — T lc— Qy — Q2
vanishes. Hence we get a canonical monomorphism of sheaves,
awoi Ty — NZ\M[I]’

which is an isomorphism because both sheaves have the same rank as locally free O -
modules. Hence, for any Lagrangian submanifold £ < M, Npojap = (Tp)*[1] = 92
and there is a canonically associated exact sequence,

0 — Tp - Ty I— Qb — 0 23)

of sheaves.



Wheeled Pro(p)file of Batalin-Vilkovisky Formalism 609

3.5. Densities and semidensities. If V is a Z-graded free module over a Z-graded ring
R, then Ber (V) is, by definition, a degree 0 rank 1 free module over R equipped with a
distinguished family of bases { D, } defined as follows [Mal] (see also [Ca2]):

(i) for any base e = {e} of the module V, there is an associated basis vector, D,, of
Ber(V);

(ii) if e = {ey} and é = {ég} are two bases of V with the relation ég = >, eaA% for
some non-degenerate matrix Ag € R,then D; = Ber(A)D,, where Ber(A) is the
Berezinian of the matrix A.

If M is a Z-graded manifold, then
1 *
Ber(M) := Ber(Tjy) = (Ber(@))

is a rank 1 locally free sheaf of O -modules. Its elements which do not vanish at the
distinguished point, are called densities or volume forms on the manifold M. Let, for
concreteness, M be an odd symplectic manifold. To every Darboux coordinate chart
(xb , ¥p) on M there corresponds, by definition, a basis section, Dy v, of Ber(M);
if (x?, ) and (%9, 1}6,) are two Darboux coordinate charts related to each other by a
canonical transformation (20), then

A&, ¥
D, =ger( 2D )p
Y a(x, V) ’
3, ¥)

where 5 €X) stands for the Jacobi matrix of the natural transformation (20).

One can show (see, e.g., [Schw,KhVo]) that for any odd symplectic manifold M the
sheaf Ber (M) admits a square root, that is, there exists a sheaf Ber!/ 2(M) of so called
semidensities such that

Ber(M) = (Berl/z(/\/l))m. (24)

Anelement © of the O (-module Ber!/2(M) which does not vanish at the distinguished
point, is called a semidensity on M. In a Darboux coordinate chart on M a semidensity,
O, can be represented in the form ® = @X,I/,\/B“/, for some degree zero formal power
series Oy y € K[[x?, ¥,1] with © y|,—0,y—0 € K*. Under a canonical transformation
this representation changes as follows:

oA -1/2
o a(, )
O = (Ber(a(x’ w))) Oy (25)

3.5.1. Odd Laplacian on semidensities Let (M, ) be an odd symplectic manifold.
The odd symplectic structure on M gives canonically rise to a differential operator on
semidensities,

A, Berl’2(M) — Berl/2(M)
® — AL0,
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defined in an arbitrary Darboux coordinate system as follows [Kh]:

80 = (> L) /5
T 3x49Y, e

a

A remarkable factis that A, is well-defined, i.e. does not depend on a particular choice of
Darboux coordinates used in the definition, as under arbitrary canonical transformations
(20) one has [Kh],

05 1E DY) s 220
z — x’jb | sa—pacyy= | Ber | ———— Za—x’w (26)
axaawa Va=¢a(x.¥) B(X, 1//) 0x 81//a

a a

The operator A, is uniquely determined by the underlying odd symplectic structure
and is called the odd Laplacian. This is an odd analogue of the modular vector field
in ordinary Poisson geometry [Wein]. Its invariant definition can be found in [Se]; that
definition is a bit tricky and involves Manin’s beautiful description of the Berezinian
Ber (M) as a cohomology class in a certain complex (see Chap. 3, §4.7 in [Mal]).

For an arbitrary Darboux coordinate chart (x“, y,) the second order operator
> % is denoted from now on by A, y or, when a particular choice of Darboux
coordinates is implicitly assumed, simply by Ag. This operator has an invariant mean-
ing only when applied to (coordinate representatives of) semidensities, not to ordinary
functions.

Lemma 3.5.2. A2 = 0.

Proof is evident when one uses Darboux coordinates.

3.6. Batalin-Vilkovisky manifolds. A Batalin-Vilkovisky structure (or, shortly, BV-struc-
ture) on an odd symplectic manifold (M, ) is a semidensity ® € Ber!/?(M) satisfying
an equation,

Aw® = 0. Q7

Equation (27) is called a master equation, while its solution ® € Ber'/2(M) a master
semidensity.

Such structures first emerged in the powerful Batalin-Vilkovisky approach to the
quantization of field theories with gauge symmetries (see, e.g., [BaVi,Schw,Cal,Ca2,
CKTB] and references cited there). A concrete example of such a BV quantization
machine is considered in § 6 below.

The automorphism group, Aut (M, w), of the odd symplectic manifold (that is, the
group of symplectomorphisms (M, w) — (M, w)) acts naturally on the set of BV-
structures on (M, w): if ® is a master semidensity, then for any ¢ € Aut(M, ), its
pullback ¢*(®) defined by (25) is again a master semidensity.

Remark 3.6.1. Following Schwarz [Schw], BV-structures on odd symplectic manifolds
are defined in many papers in a different way: one first fixes an extra structure, a volume
form p on M, and then one defines an odd Laplacian, A, ,, on functions as a map

ANpp:Om — Onm
‘Cpr

fo—
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where Ly, stands for the Lie derivative along the Hamiltonian vector field Hy associ-
ated with a function f € O . The data (M, w, p) is called in [Schw] an S P-manifold,
and a BV-structure on an S P-manifold is defined as a function f € O satisfying the
equation A, , f = 0. In fact, the volume form p can not be arbitrary but must satisfy an
extra condition [Schw] which assures that in some Darboux coordinate the equation for
f takes the form Ay y f = 0 making it completely equivalent to the above semidensity
approach via an association

fe©

JP

The S P-manifold approach to the BV-geometry does not seem to be a natural one for
the following two reasons:

(i) it is often accompanied with an undue restriction of the gauge group of the set
of BV-structures on M from arbitrary symplectomorphisms to volume preserving
symplectomorphisms (in contrast to ordinary symplectic geometry, in odd symplec-
tic geometry a generic symplectomorphism is not necessarily volume preserving);

(ii) in applications of the BV formalism to quantizations one never integrates over the
“phase space” M itself but rather over its Lagrangian submanifolds £ < M (see
§ 6 for a concrete example) depending on a gauge fixing. Thus what one needs
in applications is not a volume form on M but rather a global object on that odd
symplectic manifold which restricts to a volume form on its arbitrary Lagrangian
submanifold £ < M. Extension (23) implies,

Ber(M) |p= Ber(£) ® Ber(Qlﬁ)* = Ber(L£)®?, (28)

which in turn implies that it is an appropriately chosen semidensity on M
(rather than a volume form on M) which might restrict to a volume form on the
Lagrangian submanifold.

In fact we have no choice as to adopt a definition of BV structures via semidensities
rather than via S P-manifolds as in our approach Definition 3.6 (as well as definition of
a morphism of BV -manifolds, see § 3.9 below) follows from the homotopy theory of
Lie 1-bialgebras and the associated homotopy transfer formulae.

Definition 3.6.2. A data (M, w, ®) consisting of an odd symplectic manifold (M, )
and a master semidensity © € Ber'/>(M) is called a Batalin-Vilkovisky manifold, or
simply a BV-manifold.

3.6.3. Dilation group action and pointed manifolds If ® is a BV structure on an odd
symplectic manifold M then A® is again a BV structure for any non-zero constant A € K.
From now on we identify such BV structures, i.e. we understand a master semidensity
© as an element of the projective space PBer!/?(M).

Formal Z-graded manifolds M are always pointed, i.e. have a distinguished point
* € M corresponding to the unique maximal ideal in O 4 which is often called (in
the quantization context) the vacuum state. In a Darboux coordinate system (x¢, v,)
centered at * one can always normalize a master semidensity ©® = O, y D,y €
PBer!/2(M) in such a way that Oy ylx=y=0 = 1 € K, and this normalization is
invariant under formal canonical transformations. It is often suitable to represent such a
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normalized semidensity in the form ® = "' *¥)./D, ,;, for some smooth formal func-
tion I'(x, ) vanishing at zero (so that its exponent is well-defined as a formal power
series); the master equation takes then the form

1
A,® = (AOF + E{F ° F}) 0 =0.
As O is, by assumption, non-vanishing, the latter equation is equivalent to
1
A0F+§{F o'} =0, (29)

where { e } are the odd Poisson brackets on M. The normalization I'|, = 0 is assumed
from now on.

3.7. Sheaves of Gerstenhaber-Batalin-Vilkovisky (GBV) algebras. A Z-graded commu-
tative unital algebra A equipped with a degree -1 linear map A : A — A satisfying

i) A?=0,
(ii) and, for any a, b, c € A,
A(abe) = Aab)e + (—=D)PIUDp A (ae) + (=) ¥a A (be)
—A(a)be — (=D aAB)e — (= 1D)HPlgpA(c)
is called a GBV-algebra (see, e.g., [Ma2]). Note that A(1) = 0. One can check [Ma2]

that the linear map

[e] ARA— A

a®b —> [aeb]:=(=DMA@b) — (=D A@) ob — aAb) (30)

makes A into an odd Lie superalgebra, i.e. the Jacobi identities of type (16) are satisfied.
Moreover, the odd Poisson identity (17) also holds true,

[a e (be)] = [a @ blc + (— 1)) PHDp[q o ],
for any a, b € A. The operator A is called a BV-operator of the GBV-algebra A.

Lemma 3.7.1. Let (M, w, ®) be a BV-manifold. Then its structure sheaf is naturally a
sheaf of GBV-algebras with the BV operator given by

Ap.e: Op — Opmg
f — Aw,@f = A(u(f®).

©)
Proof. Representing © in a local Darboux coordinate system as e /D x> WE get
Ao(fe") Dy, (Agf+{l"e fHO
Avof = =% = = Aof +(e f}.

O ®
Then, for any f € O,

(A0,0)f = Apo (Agf +{T e f})
=Ag(Agf +{T e fH+{Ce(Agf +{[ e fh)

[(sre i er) )

0,
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so that condition (i) in the definition of a GBV algebra is satisfied. Condition (ii) can be
checked analogously. O

It is easy to see that the odd Lie brackets induced on the structure sheaf O 4 by for-
mula (30) coincide precisely with the Poisson brackets of the underlying odd symplectic
structure.

3.8. Quantummaster equation. Let hbe aformal parameter of degree 2 and let K[[/]] :=
{3 ,>0anl", a, € R} be the associated graded commutative ring of formal power series.
The latter defines a Z-graded manifold which we denote by K[[/#]]V. We are interested in
considering A-twisted formal smooth manifolds MP" whose structure sheaves O M are
non-canonically isomorphic to O a[[/]] := O @ R[[A]] where O 4 is the structure
sheaf of some Z-graded smooth manifold M. Such an h-twisted manifold M" is best
understood as a formal family of manifolds, = : Mp — K[[A]]Y, over the 1-dimensional
formal Z-graded manifold K[[A]]V. The fiber, MO = g1 (%), over the distinguished
point x € K[[A]]" is a Z-graded formal manifold called the classical limit of MP.

More precisely, let us consider a category, Cp, whose objects are (isomorphism clas-
ses) of completed Z-graded free K[[/2]]-algebras; they are equipped with a natural mono-
morphism, 7* : K[[A]] = O, , of K[[#]]-algebras; morphisms in this category are
defined as continuous morphisms of topological K[[A]]-algebras commuting with the
monomorphism 7*. The quotient of an algebra Oy by the ideal generated by A is
denoted by O »0; this is the structure sheaf of the classical limit MO = 771 ().

The opposite category C% is called the category of h-twisted manifolds. Asin § 3.1—
3.4 on can define natural relative versions of all basic concepts — tangent sheaves, De
Rham sheaves, odd Poisson structures and odd symplectic structures. For example, an
h-twisted odd symplectic manifold can be defined as an equivalence class of Darboux
coordinate charts (x“, v,) modulo canonical transformation of the form,

x4 — x4 = ¢%(x, ¥, h),
Vo — Va = alx, ¥, ),
where ¢“(x, ¥, h) and ¢, (x, v, h) are formal power series from K[[x?, ,, i]] such

that Egs. (21) hold and the Jacobian gg% gives an invertible matrix at the point (x =
0,v%,=0,h=0).

Let My, be an A-twisted Z-graded manifold. We need a singular (with respect to /)
extension of its structure sheaf O n. Let us fix an isomorphism i : O i ~ O 0 QK
K[[7]], and use it to extend O 541 as follows,

€29

o
O -t = { > ful" € Opp @k KIlh, b1 2 fo € 1" forn > 1] . (32)
n=—o0
where I is the maximal ideal in O 5 0. The resulting vector space has natural a K[[A]]-
algebra structure extending that of O, ; moreover, the isomorphism class of this exten-
sion is independent of a particular choice of a map i used in the definition.

Let M" be an hi-twisted odd symplectic manifold. An invertible element ® of the
sheaf Ber!/2(M™) ®0, i @ A is called regular if in some Darboux coordinate
charts, (x4, v¥,) it can be represented in the form

0= 6%\/5,(’1/,
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for some function I'(x, ¥, h) € Z whose classical limit, I'|3—q, lies in 7. (Here and
elsewhere 7 stands for the maximal ideal in the K-algebra O 4, , and I for the maximal
ideal of O y40.) It is clear that this notion does not depend on the choice of a Darboux
coordinate chart used in the definition.

Definition 3.8.1. A quantum Batalin-Vilkovisky structure on an h-twisted odd sym-
plectic manifold (M, ) is a regular element © € Ber'/2(MM) ®0, OMh_h—l
satisfying an equation,

A,® = 0. (33)

This equation is called a quantum master equation, while its solution ® a quantum mas-
ter semidensity. In a Darboux coordinate system the quantum master equation has the
Sform,

1
BT + (e T} = 0. (34)

The structure sheaf O y4n can be made into a sheaf of GBV algebras with respect to the
operator,

Aa),@ : OMh e OMh

f > Auof =YD — hagf+ (T e f). 53

3.8.2. Fact-definition Let ¢ : M, w) > (Mh, ®) be a symplectomorphism of odd
symplectic manifolds, and © a quantum BV structure on M”. Then ® := (p~1)*®
(with the pullback map (¢~!)* given in local coordinates by (25)) is a quantum BV

structure on Mh; such a pair, (/\/lh, w, ®) and (Mh, , (:)), of quantum BV structures
is called symplectomorphic.

3.9. Quantum BV manifolds. Let V be a Z-graded finite-dimensional vector space.
Slightly abusing notations, the formal %-twisted Z-graded manifold corresponding to
the isomorphism class of the K[[A]]-algebra ©*(V & V*[—1])* ®k K[[Z]] is denoted
from now on by /\/l\rﬁ rather than by M‘}-ﬁ@v*[f 17> ithas a natural odd symplectic structure
induced by the pairing between V and V*[—1]. Any A-twisted odd symplectic manifold
is isomorphic to /\/l;‘} for some non-canonically defined vector space V. We shall con-
sider next an extra structure — a ordered pair of transversal Lagrangian submanifolds

in the classical i — 0 limit, M9, of M‘h, — which will make the correspondence

./\/l\rﬁ = V canonical.
The inclusions V C V @ V*[—1] and V*[—1] C V & V*[—1] correspond to two
transversal Lagrangian submanifolds in /\/l(‘), which we denote by the symbols Ly and,

respectively, EJ‘; and consider from now as an extra part of the definition of an 7 twisted
odd symplectic manifold 7 : M@ — K[[A]]". The automorphism group of M@ con-
sists, therefore, of those symplectomorphisms ¢ : M@ — /\/l‘r} which leave Lagrangian
submanifolds Ly and EJ‘; in the fiber ./\/l(‘), over i = 0 invariant. We can always find an
adopted Darboux coordinate chart, (x4, 1,) on M‘Fﬁ such that the Lagrangian subman-
ifold Ly — M“), is given by the equations ¥, = 0 and the Lagrangian submanifold
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/3%, — M(‘), by the equations x* = 0. Then Aut(./\/l‘@) consists of canonical transfor-
mations (31) satisfying the conditions,

¢ (x, Y, h) le=h=0=0, Pa(x, ¥, h) ly=p=0=0. (36)

Note that the vector space V is canonically isomorphic to the Lagrangian subspace
T,er, of the tangent space 7,cnq, and hence has an invariant meaning. Moreover,
the tangent space 7,c A, is canonically decomposed into a direct sum of Lagrangian
subspaces, Tier, @ 7 é Ly SO that the odd symplectic structure on M(‘), does indeed
coincide with the one which is induced from the natural parings between Z,cr, and

TL, =Homg(Ticr,, K11

3.9.1. Fact (cf. [Schw]) Any odd symplectic manifold Mh equipped with an ordered
pair of transversal Lagrangian submanifolds £; and £; in M is symplectomorphic to
the odd symplectic manifold M@ for some uniquely defined vector space V := T,er, .

Definition 3.9.2. (i) A quantum BV manifold is an h-twisted odd symplectic mani-
fold ./\/l‘f} associated with some graded vector space V equipped with a quantum
Batalin-Vilkovisky structure ® such that in an adopted Darboux coordinate chart

(x%, Y¥,) one has ® = E%D)m/, with “classical” and “semiclassical” parts of
I'(x, ¥, h) = Zkzo i (x, w)hk satisfying the boundary conditions,

Co(x,¥) € lylyrand T1(x,¥) e Iy + 1y, 37

where Iy >~ Y K[[x, 1] and I, 1 >~ xK[[x, Y]] are the ideals of the Lagrangian
submanifolds Ly and, respectively, Ly, 1 in the classical limit M(‘),.

(i) A symplectomorphism, ¢ : (M‘Fﬁ], 1) — (M‘rﬁz, ®»), of quantum BV manifolds is
a symplectomorphism ¢ of the associated quantum BV structures (see §3.8.2) which
respects Lagrangian submanifolds in the fibre over h = 0, i.e. limp_,o ¢ (Ly,) C
Ly, and limp_,0 ¢ (Ly,) C Ly,

Remarks 3.9.3. (i) The second boundary condition, I'1 (x, ¥) € Iy + Iy 1, says only
that I"; has no constant term, i.e. I" itself has no term proportional to &; as the
quantum master equation is invariant under translations I' — T" + K[[A]], the
second boundary condition is only a partial normalization condition on the quan-
tum master function. The first boundary condition in Definition 3.9.2(i) is quite
restrictive, but still allows many interesting examples such as, e.g., B F theory and
its various generalizations (see, e.g., [CaRo,Mn] and also § 6).

(i) In view of the presence of boundary conditions, the structure in §3.9.2 should be

more precisely called a quantum BV manifold with split quasi-classical limit. We
abbreviate it to simply a quantum BV manifolds in this paper.

3.10. Homotopy classification of quantum BV manifolds. Let (M. ©®)bea quantum
BV manifold associated with a Z-graded vector space V. In an adopted Darboux coor-

. r . ..
dinate chart we have ® = e® +/ D, y, where, in view of boundary conditions (37), the
formal power series must have the form

1 bi...b
F(X, Ilfv h) = ZF(O)abxbll/(l-i- Z | 'F(n)all...HIP'xal ""xapwbl _..Iﬂbqhn,
a,b n>1,p+q+2n>3 rq:
pn>2,qg+n>2

Io
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by...b
for some I, '74

nyay.a, € K. Quantum master equation (34) immediately implies

{ToeTo} =0,

or, equivalently,
2 Tl op =0
C

The linear functions x¢ mod I%, where 7p, is the maximal ideal in the K[[/]]-algebra
K[[x%, ¥4, A]], form a basis of the vector space V*; let {e, } be the associated dual basis
of V, and define a degree 1 map

d:V — Vv
eq —> d(eg) =2, eCF(O'“;a'

Clearly, d*> = 0. Moreover, the map d does not depend on the choice of an adopted
Darboux coordinate chart (x“, ¥,) used in its definition as the third equation in (21)
implies that under a generic canonical transformation (31),

x4 — 2" =¢%x, Y, h) = ZA‘b‘xb +other terms, A7 € K,
b

Vg —> Vg = Ga(x, ¥, h) = ZBZI//‘[, +other terms, Bj € K,
b

the leading matrices A and 5 must be inverse to each other. Hence the differential
d on the vector space V is defined canonically and is called the differential induced
by the master semidensity or simply induced differential. In this situation we say that
the quantum BV manifold (M@, ®) is modeled on a dg vector space (V,d). Setting
d :={I'pe...} we can rewrite the quantum master equation in the form,

1
dr +hAoT + Z{T e T} = 0. (38)

Definition 3.10.1. A quantum BV-manifold (M, ©) is called minimal if in some (and

hence any) adopted Darboux coordinate system (x%, ¥,) one has © = e /D X, With
the quadratic part, Tg, of I vanishing, i.e. with ' =T.

Definition 3.10.2. A quantum BV-manifold (M, ©) is called contractible if the asso-
ciated complex (V, d) is acyclic and there exists an adopted Darboux coordinate system

(x%, ¥q) in which ® = e% Dy y withT =Ty, i.e. withI' = 0.

3.10.3. Symplectomorphisms and morphisms of tangent complexes. A symplectomor-
phism, ¢ : (Mh, ®) — (Mg, ®), of quantum BV manifolds induces a linear map,
7. M~ 7. Ml of tangent spaces at the distinguished points and, as ¢(Ly) C Ly

*

and ¢(£$) C Eé, the linear maps,

dpy: Toer, =V —> Toer, =V,

Vv
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and

493 Toopy = Vi1 — Tegy 1 = V11

of the associated subspaces. The differentials d in V and d in V induce, respectively,
dual differentials d* in V*[—1] and d* in V*[—1].

Lemma 3.10.4. The maps d¢, : V —> V and qu*L V[ =1] — 17*[—1] respect the
induced differentials.

Proof. Let (x%, ¥,)and (£4, lﬁ A4) be arbitrary adopted Darboux coordinate charts on odd
symplectic manifolds M and, respectively, M. The map ¢ is given in these coordinates
by

4 =3, A4x + higher order terms, A% € K,
Va = 2., B4 ¥, +higher order terms, B9 € K.

The invertible matrix .Af (resp. B9) is a coordinate representative of the map de¢, (resp.,
d¢f‘) in the associated (to a choice of Darboux coordinates) bases of V and 1% (resp., of

V*[—1] and V*[—1]). Equality (21) implies that matrices .A and B are inverse to each
other; then equality (25) in the limit 7~ — 0 implies

A b A 4B A 1Rb B
2 ATy =2 TofsAl> 2 T0Ba =2 Bl o)s:
b B b B
which in turn implies the required claims. O

Main Theorem 3.10.5. Every quantum BV -manifold (M, ©)is symplectomorphic to
the product, (/\/l?,1 ,01) x (M@z, ®»), of a minimal quantum BV manifold (M@l, ®1)
and a contractible one, (M‘sz, ®7).

Proof. We shall construct by induction an adopted Darboux coordinate chart (x4, ¥, )qer

. . . . F@.y.h) .
on My in which the quantum density © is represented by e~ & /D x,y With

P,y h) = > Thxtyp

A,Bel’

I'o

o0

1 C1...C b b,
DD 2 e, e e L (39)
N=3

!
N=p+q+2n b, cecl” pPq
P.q=1,n=0
r
for some partition of the labeling set / = {1,2,...,dimg V} into disjoint subsets

I =1I']]1". Then the data,

(Kile, ya, ), 3= e v/Doa )

Ael’’
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defines a contractible BV manifold (M hz, ®,) while the data,

defines a minimal BV manifold (M@ , ®1) proving thereby the Main Theorem. The
complete separation of variables in (39l) assures that ®1 and ®, satisfy the correspond-
ing quantum master equations.

The required separation of variables (39) will be achieved by induction on an integer
valued parameter N starting with N = 2. From now on the order of a monomial

x4 x Py, lﬁbqhn € K[[x, ¥, A]]

is assumed to be p +¢ +2n and, for an natural number N, we denote by O(N) the subset
of K[[x, ¥, h]] consisting of formal power series spanned by monomials of order > N.
For formal power series f, g € K[[x, ¥, i]] the equality f = g mod O(N) means
equality of their polynomial parts of order strictly less than N.

As we already know, the lowest second order polynomial part,

Lo = > To)p*"Va

a,b

of the master function I'(x, v, i) defines a differential d in the vector space V (and
hence in V[—1]). A choice of an adopted Darboux coordinate system (x“, v,) deter-
mines the associated basis, {1, mod Z7}, of V[—1] and the (dual) basis, {x% mod Z}},
of V*. As we are working over a field of characteristic zero, it is always possible to
(non-canonically) represent the complex (V[—1], d) as a direct sum,

Vi=11=H(V,d)[-11® B & B[-1]

with the differential d given by d(a & b & c¢) = b[—1]. Let {{a}acy’, be a basis of
H(V,d)[—1], {V¥y}aes abasis of B and {5 := d¥y}ey the associated basis of B[—1].
In the basis {a, ¥y, ¥} of V[—1] the differential 4 is given by the block-matrix

0 00
d=10 0 0]. (40)
0 Id 0

The above splitting induces an associated splitting of V*, and hence an associated dual
base, {x?, x*, x*} of V*. Thus we can always find an adopted Darboux coordinate chart

(¥ va) = | 2%, Yo Ya), (4%, Ya) (41
—————— ————
(A, 94)
in which the master semidensity is given by

F(-xa ‘(pv h) = Z F(O)abxbwa mod 0(3)

a,bel

> x%Yy  mod O@3). (42)

ael
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Assume now that we have constructed an adopted Darboux chart (41) in which " (x, v, &)
is given by (39) modulo terms of order N + 1 > 3, i.e.,

N
P,y h) = D x%Ya + D Tr(x® ¥, h) mod O(N +1)

aelJ k=3

holds true for some N > 2. Here 'y, stands for a sum of monomials of degree k. It follows
from the quantum master equation (34) that the next term, I'y41 (x?, x4, Ya, ¥a, h), in
the Taylor expansion of I" must satisfy an equation,

5 1
D x%Ya @ Tysi} + hAT N4 + 3 > {r,er,}=0. (43)
ael p+pqq:i\/3+3

The map

d : K[[xav xAv Wa, ‘(//Aﬂ h]] — K[[xaa -an Wa, wAs h]]
f—df =D x*Vae f}

ael

is a differential which can be equivalently represented as

@ d _
d= Z(wa - 'x"‘ax—a), Wal = Ial + 1, 1x%] = [x®] + 1.

ael

AsdAg+ Aod = 0and A% = 0, the map d + hA is also a differential in K[[x?, x4, ¥a,
YA, h]]. Thus we can rewrite the master equation (43) in the form,

(d+hAo)T N1 = Fyya, (44)

where Fy,1 = —% > prg=n+3 {T p @'y} does not depend (by the induction assumption)
P.q=3

on the variables (x4, va).

Lemma A. The vector subspace

it K[[x?, ¥a, h]] C K[[x?, x?, Ya, ¥, B

is a subcomplex of the complex (K[[x?, x4, Ya, ¥a, hll, d + hAg) with the induced dif-
ferential § being equal to b, ;» %. The inclusion i is a quasi-isomorphism of

complexes.*

2
4 It is worth pointing out that the homology of the complex (K[[x?, ¥/a]], 3)(273%) is a one dimensional

vector space spanned over K by the product, n = xa/ -+ Yran, of all those elements of the set, (x3, ¥ra), of
generators which have degrees in 27 + 1. Hence the cohomology of the complex (]K[[)ca 1//3 hll, 8) is equal

to the direct sum A @ RK[[A]] ® 1, where A is the kernel of the operator T 33‘1/ in K[[x?, ¥a]l.
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Proof of Lemma A. The inclusion i respects the filtrations,

K[[x?, ¥a, h]] D hK[[x?, wa,hnath[[x Ya, Bl D ...,
KI[x®, x, Ya, Ya, BIIDAK[x?, x4, Y, ¥ra, AIID BPKI[x®, x2, Ya, ¥4, AIID. ..,

and hence induces maps,
ir: (Er,6,) — (gh D,) r>0,

of the associated spectral sequences. The differential §y vanishes while the differential
Dy is equal to d. The Poincaré Lemma (see, e.g., §3.4.5 in [Mal]) says that the cohomol-
ogy of the complex (&) = K[[x?, x4, ¥a, ¥all, Do = d) is equal K[[x?, ¥a]] =: &1.
Hence the map iy : (Eq,81) — (&1, Dy) is obviously an isomorphism. Both spec-
tral sequences are regular (terminating at » = 2), and the filtrations are complete and
exhaustive. Hence by the classical Complete Convergence Theorem 5.5.10 (see p.139
in [Weib]) they both converge. Then Comparison Theorem 5.2.12 in [Weib] says that
the inclusion i is a quasi-isomorphism completing the proof of Lemma A. O

Lemma B. Every solution, A = 372 Ayh¥, Ay € K[[x®, x*, Yra, ¥all, of the equa-
tion,

(d+hAp)A =0,
can be represented in the form
A=B+(d+hAyC

for some B € K[[x?, ¥a, h]] and C € K[[x lﬂa, Ya, h]]. Moreover, if A satisfies
the boundary condltlons (37), that is,

Aplx=0 =0, Aogly=0=0, Ailx=0-A1ly=0=0,

and has polynomial order N + 1 > 3, then B can be chosen to satisfy (37) and have
order N +1 > 3 as well.

Proof of Lemma B. The first part of this lemma follows, of course, from lemma A, but
we show another explicit proof which makes the second part of the Lemma immediate.
‘We have,

dAg =0, dA| = —AoAg, ... ,dA; = —AgAj41,

The Poincaré Lemma says that the cohomology of the complex (K[[x?, x4, Ya, Yall, d)
is equal K[[x?, ¥5]]. Hence we get,

A0=B0+dC0, A] —A()C():B] +dC1, cee Ai —A()Cl;] =Bi+dC,',
for some B; € K[[x?, ¥a]] and C; € K[[x wa,t/fA]] i=0,1,2,.... Thus

o0 o0
A =Bl +(d+hig) D CiiE,

k=0 k=0
—— —_———
B C

proving the first half of Lemma B. The differentials d + hAg and § preserve the polyno-
mial order, and the splitting homotopy in the proof of the Poincare’ Lemma (see p. 171
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in [Mal]) can also be chosen to be degree preserving. Thus if A has order N + 1, then
B and C can also be chosen to have order N + 1 (or be zero). The boundary conditions
for A imply Bg|ya=p + d(Co|ya) = 0 which, by the Poincaré Lemma, in turn implies
Bo|xa—o. Analogously, Boly,—0. Note that equation A1|x—o - A1|y=0 = 0 says that the
formal power series A1 € K[[x, ¥]] has no constant (i.e. belonging to K) term. As Co
is of order N + 1 > 3 in x and v, the power series AgCyp has not a constant term as
well. Then By, being the part of A| — AgCp which is independent of (x4, ¥ 4), has no
constant term either and hence By |y—o - B1|y—o = 0. The proof is completed. O

Lemma C. Every solution of Eq. (44) can be represented in the form,
Cns1 =1 +(d + hA0) U+

forsome T 41 € K[[x*, ra, hlland W41 € K[[x?, xA, Ya, ¥4, A1l Moreover; if Ty 11
satisfies the boundary conditions (37) and N +1 > 3, then " y+1 also satisfies boundary
conditions (37).

Proof of Lemma C. IfanelementFy.; € K[[x?, Va, Aillis (d+hAg)-exactin K[[x?, x4,
Ya, ¥a, h]], then, by Lemma A, it is §-exact, i.e.

Fyi =06y
for some Gy41 € K[[x?, ¥a, h]], and we can rewrite (44) in the form,
(d+hAp)(Tn+1 — Gn) = 0.
Then the claim follows from Lemma B. 0O

‘We continue with an inductive proof of the Main Theorem. Our task now is to show
that one can further adjust a Darboux coordinate chart (41) in such a way that decom-
position (39) holds true modO(N + 2), i.e.

N+1
Py, h) = D x%g + > TG Ya, ) mod O(N +2). (45)
aelJ k=3

Let ®y41 € Opq, = K[[x2, x4, Ya, ¥4, h]] have degree 1 and order N + 1. The associ-
ated degree 0 Hamiltonian vector field Ho,,, on My generates a one parameter family
of canonical transformations (see §3.4.4) which makes sense att = 1,

x4 — 3= ¢ (x, Y, h), Y — Va = dal(x, ¥, B)

and induces the following change of the coordinate representation of the master function,

—12

fG.0.h) 0 C@x.0.h)

e =gy =\ Ber . W) e h. (46)
U=¢(x. ¥, h) a(x ¥)

Equations (22) for the symplectomorphism generated by He,,,, imply,

a| 0PN+

Va
|3CI>N+1

4 =x4— (=P

mod O(N + 1),

Va = Yo+ (=D mod O(N +1)
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so that
D& 9. h) =T, ¢, h)+{Pys1 o) mod ON +2)
=T, v h) = {D x"Ya e dyy1} mod O(N +2)
ael
=@, ¥, h) —d® mod ON +2),
and

A, P) xa | ) ad>)
”(a(x,w) 1+Z(< . ( .

a) 0P
Wal _©_ ) O
+(=1) I (( 1)) ))

=1-2A09,

where we used a well-known factthat Ber (1+X) = 1+Str(X) modulo higher order poly-
nomials in entries of X. Thus Eq. (46) says that I'(x, ¥, h) = I'(x, ¥, i) mod O(N +1)
and

1AﬂN+1 —d®ny =Ty +hApD.
Representing Iy as in Lemma C, we obtain,
D1 = Diyar + (d + BAQ) (PNt + Wya1),

and conclude that by choosing ®y4+1 = —Wy41 we can always adjust the adopted
Darboux coordinate system in such a way that separation of variables (39) holds true
modO(N + 2). The induction completes proof of the Main Theorem. 0O

3.11. Quantum morphisms of BV manifolds. A quantum morphism,
b - (./\/l‘h,, w, @) — (./\/lc, o, (:))
of quantum BV manifolds is, by definition, a morphism of dg K[[/]]-modules (see (35)),

P (OMg’ Aa,@) — (OMﬁv Aw»@))
inducing in the classical limit 7 — 0 a morphism of algebras, ¢5 : O MO, - O M,
which preserves the ideals of the distinguished Lagrangian submanifolds in M(‘)/ and
MG
It is easy to see that any quantum morphism ¢y, : (M@ w, ®) — (M"i , C:))

induces a morphism, d¢ : (V,d) — (V, c?), of the associated tangent complexes; such
a morphism is called a quasi-isomorphism if the map d¢g induces an isomorphism of
the associated cohomology groups. Note that a quantum morphism is a morphism of
algebras only in the classical limit; therefore, in general, it is not a morphism of smooth
manifolds and can not be characterized in local coordinates (i.e. in terms of genera-

tors of the structure sheaves). Let us denote by EE(B V) the category of quantum BV
manifolds associated to the above definition of quantum morphisms.
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Examples 3.11.1. (i) Symplectomorphisms of quantum BV manifolds are obviously
quantum morphisms.
(i) Natural projections,

¢n s MY x M — M,

are obviously quantum morphisms.

The above two examples are special in the sense that the associated maps of dg

K[[A]]-modules, ¢} : (O, Ay g) —> (OM@’ Ay.), are maps of K[[/]]-alge-
v :

bras. The next example does not have this property in general.
(iii) Let (M@, w, @) and (M@, o, @) be quantum BV manifolds. It is a well-known

and very useful fact [Schw] that, for a Lagrangian submanifold £ c /\/l?/ , the
associated integration map

$h: Oplymt — O
£ = [ fé

satisfies,

o5 ((Aw,@ + A&)’(;))f) = /m ((Aw,@ + A&)’@)f) )

=h/m %f@@m Eh%(f@))

hAw (fgz f@)
= Aw.00; (f),

and is, therefore, a quantum morphism provided the integral exists as a perturbative
series in 7. We shall see § 6 that such a quantum embedding

¢h:/\/l@—>/\/lf}x/\/l€

can always be constructed (as a well-defined formal power series in 7 satisfying
the algebra morphism condition in the limit # — 0) in the case when the quantum
manifold M‘rﬁ is contractible; in the latter case the quantum embedding is also

called contractible; such quantum embeddings are often given by Feynman type
sums over decorated graphs.

Proposition 3.11.2. For any quantum BV manifold M? and any decomposition, M ho~
M;}}u‘n X M?mr, into a product of a minimal quantum BV manifold and a contractible
one, there exists a contractible quantum embedding,

on M,}:””-n — M,

such that 0 ¢, = 1d, where 7y, is the composition M‘F} S MM s /\/lrr}”.n.

min cntr
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We shall prove this statement in § 6 below by giving an explicit formula for ¢5. This
fact has an important corollary which we discuss next.

Let Cat(BV) be the full subcategory of EE(B V) whose class of morphisms con-
sists, by definition, of all possible compositions of symplectomorphisms, projections
and contractible quantum embeddings. Then Theorem 3.10.5 and Proposition 3.11.2
imply that quasi-isomorphisms in this category are equivalence relations. Therefore,
in the homotopy theory sense, the category Cat(BV) is as good as, for example, the
famous category of strong homotopy Lie algebras [Ko, St].

4. From Unimodular Lie 1-Bialgebras to Quantum BV Manifolds

4.1. Lie n-bialgebras. [Me2,Me4]. A Lie n-bialgebra is a graded vector space V,
equipped with linear maps,

A:V—>VAV and [e]: AX(V[-n]) = V[-n],

such that

e the data (V, §) is a Lie coalgebra;
e the data (V[—n], [ e ]) is a Lie algebra;
e the compatibility condition,

Ala e b] = Zal ®[ay eb]+[aeb]® by
+ (= Dlalibnlal+nlbl([h o g1 @ ay + by @ [by @ al),

holds for any a, b € V. Here Aa =: > a; @ az, Ab =: > b ® bs.

The case n = 0 gives us the ordinary definition of Lie bialgebra [Dr]. The case n = 1 is
of most interest to us in this paper as it controls Poisson geometry [Me2] and, with uni-
modularity conditions added, controls the category of quantum BV manifolds (see § 4.3
below). Note that in this case one has AZ(V[—1]) = (©2V)[—2] so that the brackets
[ o ] describe a degree 1 linear map @V — V.

4.1.1. Wheeled prop(erad) of Lie 1-bialgebras. Thisisawheeled prop(erad), Lie'BO :=
FO(E)/ < R >, defined as the quotient of the free wheeled prop(erad) generated by
an S-bimodule

1 2 2 1
sgn2®llzspan<Y =—\?/>ifm=2,n=1,
1 1

1 1

11®12[—1]Espan</g\ = /¥\> ifm=1,n=2,

1 2 2 1

E(m,n) = A7

0 otherwise,
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by the ideal generated by the relations

L -Nh - YA A esime

It is clear from the association

A(—)Y , [o](—)/g\

\§/ %( \b% € FUE)(3. 1)
/f\ ﬁ /%\ RCIES
R :

625

(48)

that there is a one-to-one correspondence between representations of Lie'BC in a finite

dimensional space V and Lie 1-bialgebra structures in V.

4.1.2. Cobar construction on the Koszul dual coproperad (Lie'BO)i 1t follows from
the exact sequence (12) that the Koszul dual wheeled properad (Lie'B®)' is the quotient,

FO(EY) / < Rt >, of the free wheeled prop(erad) generated by the S-bimodule,

i 1 2 21
sgn2®11[l]sspan<\?/ :—\(>ifm=2,n=l,
1 1

EY(m,n) = 1 1
1 @ sgna[l] = span< /{ = — /L\ > ifm=1,n=2,
2 2

0 otherwise,
by the ideal generated by relations
I

@ -
1.
R 2

2 3

<
&

1
Thus

4

(Lie'BOYi(m,n) ~ (Lie'BO) (m,n) = sgn, @ sgnnylm +n —2] = span<

/'\'

(49)

| 2 3 1
0, 3 1= +\{JK2=0.



626 S. A. Merkulov

and, in accordance with § 2.6, the dg free wheeled prop ,CielBg)o = B°((Lie'BO)l) is
generated by the S-bimodule,

m-1 m
W(Lie'BO)i(m, n) = sgn, @1,[m — 2] = span \< , mn>1,m+n>3, (50)

1 n

and its differential is given on the generating corollas by (cf. [Me2])

1) = (_1)0(11U12)+|11|(\12|+l)
P >

cee NN 1L m]l=lul, [1,..., JiuJ-

12 n—1 n \11\>0\121\:12 |Jl\>1 |le\u>|2
(51)
where o (I1 U I») is the sign of the shuffle [1, ..., m] = I U 5. Itis easy to see that repre-

sentations of Li elng-algebras in a finite-dimensional vector space V are in one-to-one
correspondence with graded pointed formal Poisson structures on V, that is, total degree
2 polyvector fields, 7 € A*>!7y,, which satisfy the Schouten equations [, 7]s = 0 and
vanish at the distinguished point 0 € V (cf. [Me2,Me4] and § 4.3 below).

4.1.3. Non-Koszulnes of Lie'BC. Let Lie'Boo be a subcomplex of the complex Li elBo%
spanned by graphs with no closed directed paths, i.e with no wheels. This subset has
an obvious structure of an ordinary prop and, in fact, is a minimal resolution of the
ordinary prop, Lie'B, of Lie 1-bialgebras (which is defined by the same generators
(47) and relations (48) as Lie'BC but in the category of ordinary props). The natural
epimorphism,

7 (Lie'Boo, 8) —> (Lie'B, 0)

which sends to zero all generating (m, n)-corollas (50) except those with m +n = 3,
is a quasi-isomorphism [Me2,Me3]. This means that the prop Lie'B is Koszul in the
category of ordinary props. The wheelification functor from the category of ordinary
props to the category of wheeled props [MMS] sends these two props into precisely

Lie'BO and Li elng, and the above morphism 7 into the associated morphism of dg
wheeled props,

O (Lie'BL,8) — (Lie'BC,0).

The morphism 7 © is not, however, a quasi-isomorphism: the following element [Me3]:

- + € Lie'BY (52
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gives a non-trivial cohomology class in H (Li elng, §) which is, however, sent to zero
under 77©. This means that the wheeled prop of Lie 1-bialgebras is not Koszul, and its
minimal resolution, (Lie'BO) is larger than Li elng. Representations of (Li e'BO)
in a vector space V are called formal wheeled Poisson structures; these (at present
mysterious) structures are Maurer-Cartan elements of a certain L, algebra5 which, in
accordance with the general theory of [MeVa], is canonically associated to (EiellS'O)OO
and which involve not only Schouten brackets but also divergence operators; it was
proven in [Me4] that wheeled Poisson structures can be deformation quantized over Q.

4.2. Wheeled prop, ULie'B, of unimodular Lie 1-bialgebras. A finite dimensional Lie
1-bialgebra V is called unimodular if, for any ¢ € V and ¢* € V*, the supertraces of
linear maps,

Ad, .V — V and Ady : V¥ — V*
v —> [e o] v — [e*, v*]

)

are zero. Here [ , ] are the Lie brackets on V* induced by Lie coalgebra structure on
V. The wheeled prop(erad), U Lie' B of unimodular Lie 1-bialgebras is a quotient of the
free wheeled prop(erda) generated by the S-bimodule (47) by the ideal generated by
relations (48) and the following ones:

O L)

Hence the Koszul dual properad, (U Lie'B)', is a quadratic wheeled properad generated
by the S-bimodule (49) modulo the relations,

. ) 2 2
_ 1
\%3 3 \:§1 :O, }<g\3 }<g\1 =07 \(( + % =0.
] 73 IA I 2

2

Therefore,
N

oo .
ULie'B) (m, n):@sgnm ® sgn,[m+n — 2 — 2a]=span < > .

a=0

AL

m out legs, n in legs, a loops

Note that the graph on the r.h.s. above is zero unless Zxo-valued parameters m, n and a
satisfy inequalities,

m+n+2a>3,m+a>1,n+a>1.

5 Graph (52) gives, in fact, an explicit formula for a particular ;13 composition in that Lo algebra.



628 S. A. Merkulov

Hence the dg free wheeled prop ULie'Bs = BE((ULie'B)') is generated by an
S-bimodule,

12 m1m

o

WU Lie'B)i(m,n) = @ sgnm @ 1,lm — 2 — 2a] = span< (53)
az0 203

12 n=ln 171:n:§;;ﬁr7121

Definition of the cobar construction given in § 2.5 gives, after straightforward compu-
tations, the following formula for the differential in &/ Lie'Beoo:

+ Z Z (=1 TuRHAIRI+D)

a=b+c m=1'ul"
b,c20 [n]=J'uJ"”

(54)

where o (11 U ) is the sign of the shuffle [1, ..., m] =1 U I>.

4.3. Representations of ULie'Boo and quantum BV manifolds. Let (V, d) be a finite-
dimensional dg vector space, and /\/l‘f}* the formal A-twisted odd symplectic manifold

corresponding to the graded commutative ring @(V* @ V[—1]D[[A]], h being the formal
variable of degree 2 (see § 3.9).

An arbitrary morphism p : U Lie'Boo — Endy is uniquely defined by its values on
the generators,

12 m1m
P = p € Hom(®"V, A"V[2 — m — 2a])

172 "l n
= O"V*Q A"V[2 —m —2a]) C Endy (m, n).

We assemble the collection of linear maps, { ,o,(,ff )n}, into one “generating” degree O func-
tion,

= Z pﬁLH“GOMV.

a,m,n>0

Let {e,} be an arbitrary basis in V, and {x?, ¥, } the associated basis in V* & V[—1],
|V = —|x* — 1 =le4| — 1. Then

PN en) = D Wy Wy Vs

d(ep) = D diVa,
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o]...0m

forsome,u by e K, d; €K, and we set

m+n>3 "1~--~="
by, bn

F::d+F:Zd xPyy + Z il Z ,uz: Z"’xblu-xb"wal...wam € Onm,y-
a,b

It is a straightforward calculation to check using formula (54) that the compatibility of
the morphism p with the differentials,

pod=dop

is equivalent to the equation,
1
Aol + E[F e[']g =0,

where Ag = > 92 /0x%0y, and [ e ]g stand for the odd Poisson brackets on M@* The
function I' satisfies the boundary conditions (37) of the definition §3.9.2. Hence we have
proven the following

Proposition 4.3.1. There is a one-to-one correspondence between representations of the
dg wheeled prop (ULie' By, 8) ina dg vector space V and quantum BV structures on
the formal odd symplectic manifold MV*

Thus the category of quantum BV manifolds is controlled by a surprisingly simple
quadratic wheeled prop, U Lie'B, of unimodular Lie 1-bialgebras.

Remark 4.3.2. We do not know at present whether or not the wheeled properad U Lie'B
is Koszul, i.e. whether or not the natural epimorphism,

70 ULie' B, §) —> ULie'B, 0),

is a quasi-isomorphism. Our study of the category of quantum BV manifolds in § 3 was
partly motivated by this open problem. If it is Koszul, then unimodular Poisson struc-
tures can be deformation quantized over QQ with the help of the wheeled prop quantization
machine developed in [Me4].

5. Wheeled dg Prop of Unimodular Poisson Structures

5.1. Modular volume form. Let M be a Z-graded manifold. A Poisson structure on M
is a Maurer-Cartan element, 7 € A®7)y, in the Schouten Lie algebra on M, that is, a
total degree 2 polyvector field, satisfying the equation [ e w]s = 0. If M is concen-
trated in degree 0, then 7 must be a bivector field, but in general 7 might have non-zero
summands lying in A"7y with n # 2. Let M be the total space of the bundle, Q}W,
of 1-forms on M. Then a polyvector field 7 defines a function on M which we denote
by the same letter; the Schouten equations translate into {r e 7} = 0, where { e } are
the odd Poisson brackets associated with the canonical odd symplectic structure on M
(see § 3.3). The Poisson structure 7 gives rise to the associated degree 1 hamiltonian
vector field, H;, on M which is homological,i.e. [Hy, H7] = H{zez} = 0. Any volume
form v € Ber(M), induces, via the canonical isomorphism Ber(M) = (Ber(M N®2Z a
volume form on M which we denote by 7.
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Definition 5.1.1. [Wein]. Let (M, ) be a Z-graded Poisson manifold. A volume form
v € Ber(M) is called modular if the equation,

Ly, v=0,
is satisfied. In this case 1 is called a unimodular Poisson structure on (M, v).

Any vector space V (viewed as a linear formal manifold) admits a translation invariant
Berezin volume form, vg, which is defined uniquely up to multiplication by a non-zero
constant. A formal Poisson structure 7z on (V, vg) is called a unimodular Poisson struc-
ture on V. If {x?} are linear coordinates on V, then a unimodular Poisson structure on
V is given by an ordinary Poisson structure on V,

with coefficients w%!>~% (x) satisfying an extra condition

g bas-an(x)

PR VA
> axb

5.2. Wheeled dg prop of unimodular Poisson structures. Let I© be the ideal in the dg
wheeled prop U Lie'Boo (see §4.1.2) generated by loops,

Lemma 5.2.1. §

1

Proof is a straightforward calculation based on formula (51).
Thus 19 is a dg ideal in U Lie'Boo, and the quotient prop,

UPoisson := Uﬁiell’)’oo/lo,

is a dg wheeled prop whose representations in a dg vector space V are in one-to-one
correspondence with formal unimodular Poisson structures, 7 € A®7y, which vanish at
OeV.

Remark 5.2.2. Every free wheeled prop has a natural filtration by the number of vertices.
For applications to homological algebra and differential geometry one is often interested
in completed (with respect to this filtration) fopological props, and in continuous mor-
phisms between them [Me4,Me7,MeVal).

In the next section we shall assume that both dg props U Lie' Bo, and U Poisson are
completed with respect to the filtration by the number of vertices.
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5.3. Quasi-isomorphism theorem. A continuous morphism of dg wheeled topological
props,

F :Z/{EielBoo —> UPoisson,
given on the generators by the formula

L2 . . . mlm

fora =0,

12 m-1m

2" "o

12 ndn 0 otherwise,

is a quasi-isomorphism.

Proof. The prop ULie' By is generated by the S-module (53). Let us enlarge the latter
non-differential S-bimodule to a dg S-bimodule, (E = {E(m, n)}, dy), given by

o
E(m.n) = P (sgnm ® Lulm — 2 — 2a] & sgnyy ® 1,[m — 1 — 2a))
a>0

12 mm 12 m

= span ,
1727 %0 n 172770

with the direct summand zero unless m+n+2a > 3, m+a > 2and n+a > 2, and with
differential dy given on the generators of E by

12 m1m

do = (-

12 mn—l n

It is clear that the cohomology, H(E) = {H(E)(m, n)}, of this dg S-bimodule is equal
to

12 m1m
H(E)(m,n) = span
172 "t n
Consider next the decreasing filtrations

ULie'Boo = FoLie'Bog D FiULie'Bog D ... D FULie'Bos D ...,
UPoisson = Fold Poisson D F1UPoisson O ... D FylPoisson D ...,
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of dg props ULie'Bss and UPoisson by the number of vertices: the subspaces F D
spanned, by definition, by decorated graphs with at least p vertices. The morphism
F respects the filtrations and hence induces the morphism, {F; : (EULie' B, dr) —
(& UPoisson, §,}, of the associated spectral sequence, in particular, a morphism,

Fo : (EoULie' Boo, doy) — (EUPoisson, do)

of the initial terms. The dg S-bimodule (£glf Lie' Boo, do) is canonically isomorphic to
the following one:

fnC()) laops<E) = Z G(E),

Ged®

no loops

with the differential induced from dy on E (hence the same notation). As we work over
a field of characteristic zero, by Kunneth and Mashke theorems the functor ]-"n o loops O
the category of dg S-bimodules is exact, i.e.

H (7

no loops

(E)) =)

no loops

(H (E)).

Therefore, the morphism Fy is an isomorphism. By assumptions on U/ Lie'Bso and
UPoisson, both filtrations are complete, exhaustive and regular (degenerating at the 1%
term). Hence the associated spectral sequences are convergent by the classical Complete
Convergence Theorem 5.5.10 (see p.139 in [Weib]). Then, by the classical Comparison
Theorem 5.2.12 (see p. 126 [Weib]), the morphism F is a quasi-isomorphism. 0O

6. BF Theory of Quantum BV Manifolds

6.1. Introduction. This section is inspired by the work of Mnev [Mn] on a remarkable
approach to the homotopy transfer formulae of unimodular L ,-algebras which is based
on the BV quantization of an extended BF theory and the associated Feynman inte-
grals. We apply here Losev-Mnev ideas to unimodular Lie 1-bialgebras and show that
the Feynman integrals technique provides us with exactly the same formulae for the
homotopy transfer of I Lie' Boo-structures as the ones which one obtains with the help
of the Koszul duality technique in the wheeled props approach to quantum BV manifolds
(see §§ 2—4). We believe that the established interrelation,

Feynman integrals = Morphisms of dg wheeled (co)props

is quite general.

6.2. BF-theory of unimodular Lie I-bialgebras. Let V be finite-dimensional, and
assume that its dual space V* is equipped with a structure of unimodular dg Lie
1-bialgebra, i.e. with degree 1 Lie brackets [ o ] : O?V* - V*[1] and degree 0 Lie
co-brackets ACPLi¢ : V¥ — A2V* (see § 4.2). The dualization and degree shifting of
the latter givesamap [, ]: QZ(V[—I]) — V[—2] which makes V[—1] into a degree 1
Lie algebra. Consider a degree 2 polynomial function (called action) on the vector space
Ve Vi-1],

S:V*eV[-1] — K

pOo  —> S(p,w) = (p,do) + 5(p,[w, w]) +5([p e pl, ),
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where (, ) stand for the natural pairing. A choice of a basis {e,} in V induces linear
coordinates {p, : |pa| = |leq|} on V* and linear coordinates {w? : |w,| = 1 — |e,|} on
V[—1] in which the function S takes the form

1
S(p.w) =) (paDZw" +>° > (pbchabcwa + pa<I>ch”w”)),
c

a,b

where DZ, C fl’c and CDZ .. are the structure constants of, respectively, the differential, the
odd Lie brackets and Lie cobrackets in the chosen basis.

Let M‘h, be an odd symplectic manifold corresponding to the completed graded
commutative ring O(V @ V*[1D[[A]] =~ K[ pa, %, K]].

S(p,w)

Lemma 6.2.1. The semidensity e 7 VD p.w Mmakes M‘f} into a quantum BV manifold.

Proof. The boundary conditions S|,—0 = 0 and S|,=0 = 0 are obvious so that, by
Defintion 3.9.2(i), one should only check the equation hAS + %{S e S} = 0, where

Ao =, apj%' As S is independent of £, this is equivalent to two equations,
{SeS} =0 and ApS=0.

The first equation follows from relations (48). Equations Ag(p, [® e w]) = 0 and
Ao{[p, p], ®) = 0 are equivalent to unimodularity of [ e ] and §ColLie Finally, equation
Ao(p,dw) = 0 follows from the well-known fact that, for an arbitrary differential d,
there exist a basis in V in which d is given by a matrix (40) with zero supertrace. O

The quadratic form Sp) := (p, dw) is degenerate on the vector space V* @ V[—1].
We shall next specify a subspace, W C V* @ V[—1], on which S(» is non-degener-
ate so that one can develop a perturbative quantization of the action § = S(2) + S3)
with S(7) determining the “propagator” of the quantum theory and with the cubic part,
S@)y = %( P, [wew])+ % (Lp, pl, ®), playing the role of “interactions” between “fields”
p and w. With this purpose we fix an arbitrary cohomological splitting,

V=HV)®B& B[-1], (55)

"

of the complex V. Let p, = {pj. pl. pl/} be adopted to this splitting basis of V in
which the differential is given by the matrix (40). Put another way, {p, }ac;’ is a basis of
the cohomology group H(V, d), {py}aecs a basis of B, {py/}aes a basis of B[—1] and
the differential d is given by
dp, =0, dp, =p.,, dp, =0.
This splitting of V induces associated splitting of V*[1] and hence the associated split
base of the direct sum V @ V*[1] which we denote as follows,
V_ & VI Il=H(V) & B_ & B[-1] ® H(V)*[1] ®B*[1] & B*[2],
— —_—— —— — —— —_— = —
p w P;; pg [7(/;/ W' P W'’

so that

/, /1 U 11/
do? =0, do'" =—-0"%, do"* =0.
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The linear functions on the space V* @ V[—1] corresponding to the above basis vec-
tors of V @ V*[1] we denote by the same letters p}, pl, pu/, @, &%, »""*. Then the
quadratic term of the action takes the form (cf. (42))

So) = (p,do)=— < p", " >=— Zpg’w/”a, (56)

ael

where <, > is the natural degree 2 pairing between B and B*[2].
Let now M g @5[—1) be the formal odd symplectic manifold corresponding to a graded
commutative algebra

©* (B ® B[-1]@ B*[1] ® B*[2]) ® K[[A]] ~ K[[p", p”". ", ", D],
and MZ (v the odd symplectic manifold corresponding to

O* (H(V) ® H(V)*[1]) [[h]] ~ KI[p', &', K]].

Cohomological splitting (55) induces an isomorphism of odd Poisson manifolds,
h h h
My = My ) X Mpgp-1)-

Following [Mn] we shall show next how a perturbative Feynman type integration
along a Lagrangian submanifold £ in the odd symplectic manifold Mg@ p[—1; trans-

forms a simple quantum BV structure on M\@ given by Lemma 6.2.1 into a rather
non-trivial quantum BV structure on MZ W) (in full accordance with Theorem 2.7.1).

Let /D pgp[—1] be the semidensity on MZ@ BI-1)) associated with the choice of linear
Darboux coordinates made above.

Lemma 6.2.2. For any Lagrangian submanifold L in Mg@ B[—1] and any function
f € Op,, one has,

AO/LJC‘/BBGBB[—IHL:/L(Aof)\/BBEBB[—IHE,

provided the integral exists. Here Ag = 3, apf% is the odd Laplacian on M‘r},
Ay = Za apfﬁ is the odd Laplacian on MZ(V) and N/ D pgB[—1]lc stands for the

restriction (in accordance with (28)) of the semidensity ~/ D pgp[—1] to a volume form
on L.

This lemma is in fact a classical Stokes theorem in disguise. We refer to [Schw]

or [CaFe2] for its simple proof. Thus, if we can find a Lagrangian submanifold £ C
S(p,w

M pgB[—1] such that the integral fL f«/ﬁg@g[_mg exists for f = e & : given by
Lemma 6.2.1, then we obtain a quantum BV structure on the h-twisted odd symplectic
manifold MZ(V) from the unimodular Lie 1-bialgebra structure on V*. Formula (56)
suggests a natural choice: let £ be the formal Z-graded manifold associated with the
vector subspace B[—1] @ B*[1] C B & B[—1]® B*[1] & B*[2]. It is a submanifold of
M e (1] given by the equations p” = " = 0. The semidensity ~/D g p_1] restricts
to £ as an ordinary translation invariant Berezin volume dp”’dw” = T[], dpl/de"
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(see [Be]). As the quadratic volume form Sy = — < p”’, ®” > is obviously non-
degenerate on B[—1] @ B*[1], the integral,

Sz(p ) <p/// o=
N:=/ v D pgp[—1]l / o dp "de'
L

is a well-defined constant®. Moreover,

’o
gﬁr(p o' h) S(p/ p/// ! ")
_ N dp///d

*<]7W w///>+5(3) (P/ p/// o w///)

=N [e¢ dp///da)///
=N~ 12 X / S(3)(p p, o, a)’”)) dp”do”
k>0

is well-defined as an element of the algebra (32). It can be computed via the classi-
cal Wick theorem (see. e.g., [CKTB], ) with the propagator ({(w”’, p”’)) (which is, by
definition equal to the quadratic form inverse to S(2)) given by the matrix’

(0", pg o == —hdg.
As

/ 1 /) / / 1 /
S(’;) (p p (1) w/ /) — E (pl + p/ /’ [(a) + w///) ° (a) + w///)]) + E ([p/ + p///’ p/ + p///]’ o + w///)

1
=S3(p (L))+(p [w 0" 2([)/’ [w///.w///])+( " [a) .w///>
1

1
+§ <p///’ [w/// ° w///]) <[p p///] W ) ([p p///]’ ///) E ([p///’ p///], w/)

)+

1
+§ ([[)W, pm]’ w//) ,
we conclude by the Wick theorem that this integral is equal to the formal power series,

Sefr( '\ h)
eﬂp ZG(pa)h)

GeGO

where the sum runs over all possible graphs built from corollas of two types,

[,]<—>\ﬁ/ s [o](—)/g\.

It is well-known (see, e.g., Ch. 4, §3 in [Ma2] or Prop. 2.10 in [Po]) that

log D G )= D G, h),

GeGO GeG?

6 This is a “Gaussian” integral of special type 1.2.1.2 according to Cattaneo’s review [CKTB] of Gaussian
integrals. Strictly speaking, we should view here the formal parameter % as a purely imaginary complex num-
ber ih with h being an arbitrary positive real number; such “Gaussian” integrals can be made well-defined via
areal analytic continuation of ordinary Gauss integrals for positive definitive quadratic forms, see [CKTB].

7 This matrix (up to the factor r1yis precisely the coordinate representation of the homotopy operator
h:V — V(see§2.7).
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where the sum on the r.h.s. runs over the subset, G? C GO, consisting of connected
graphs. Thus the effective action can be written finally as

Ser= 2. Gpl.o/ . )=> > WG, o), (57)

GeGP §z0 Geégc
where

— the second sum runs over the subset, GO C G?C,
nected trivalent directed graphs of genus g,

- G(p/, ) is alinear map H(V)®®* — H(V)®* obtained from the graph G by deco-
rating it exactly as in Theorem 2.7.1: vertices are decorated by the structure constants,
CZb and c1>30, of the Lie and co-Lie operations in V, and internal edges are decorated
with the homotopy operator /; legs are now decorated with p” and .

consisting of all possible con-

By Lemmas 6.2.2 and 6.2.1, the effective action satisfies the equation,

Sﬂ(P o' h)

1
Ape =0, ie. hAgS.y+ E{Seﬂ oS} =0,

and hence makes M g (v) into a quantum BV manifold.

Proposition 6.2.3. For any dg Lie 1-bialgebra on V and any cohomological splitting of
V there is a canonically associated structure of quantum BV manifold on the cohomol-
ogy, H(V), given by the quantum master function (57). Moreover, there exists a natural
quasi-isomorphism of quantum BV manifolds,

Sefy (P’ 1) S(p.w)
on (MH(V),e R VDp/’w/) — (Mv,e % VDp,w).

Proof. Tt remains to construct a morphism ¢z, which, by Definition 3.9.11, is a topo-
logical morphism of K[[/]]-modules,

¢* : Kllp, 0, hll. — KI[p', &', A]],

which in the limit 7z — 0 induces a morphism of algebras and satisfies the equation

eMAO (¢h(f)65ﬁ(phw h>) _ 4 (e =S(p.0) Ao (fe S(%M)) ’ (58)

forany f € K[[p, @, f]]. In view of Lemma 6.2.2, the map (cf. [Mn])

- e/f([’ @' )

$L(f) = Nle T / Fpr 0. e 5 dp"de” (59)
p"=0,0"=0

does satisty Eq. (58):

7Seﬁc(p o' h) eﬁr(p o' h)
e A ¢h(f)€ SR

- eﬁ-(p’,w’,h)

4 S(p.w)
=Nle— = / Ao (f(p, w, e & )dp”’da)/”
p"'=0,0"=0

—S(p,w) S(p,w
o (0 1)
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Moreover, in the limit 7 — 0 formula (58) gives simply the evaluation map,

lim ¢;‘(f) = f|h:(),p”:O,p’”:o,w”:o,w/”207
h—0

and hence defines a morphism of algebras O MY O 0 O

HV)

Formula (58) proves Proposition 3.11.2 in the special case when the quantum master
function S(w, p) is associated with a unimodular Lie 1-bialgebra structure on a finite-
dimensional vector space. However the same formula (59) gives obviously a well-defined
perturbative power series in h for an arbitrary (quasi-classically) split quantum master
function S(p, w, k) and proves thereby Proposition 3.11.2 in general.
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