WHEELED PRO(P)FILE OF BATALIN-VILKOVISKY FORMALISM

S.A. MERKULOV

ABSTRACT. Using technique of wheeled props we establish a correspondence between the ho-
motopy theory of unimodular Lie 1-bialgebras and the famous Batalin-Vilkovisky formalism.
Solutions of the so called quantum master equation satisfying certain boundary conditions are
proven to be in 1-1 correspondence with representations 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 homotopy 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 topologist, algebraists, 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 structure on the Hochschild deformation complex
in homological algebra, and (iii) controls diffeomorphism invariant Hertling-Manin’s 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
(1) hAT + §{I‘,F} =0,

in the language of wheeled prop(erad)s. It is shown that an important class of its solutions
(specified by certain boundary conditions in the quasi-classical limit) is controlled 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
homotopy transfer method which uses Koszul duality theory, and conclude (in a mathematically
rigorous way) that they are identical to each other.

Here is a detailed description of paper’s content. Section 2 gives a self-contained introduction
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 important for us examples, 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,
1: P+ — B(P), into the bar construction on P.
e The cobar construction, B¢(P1), is a dg free wheeled properad denoted in this paper by
Poo-
e There exists an epimorphism, P, — 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 cohomology, H(V'), into a Pso-algebra; more-
over, this induced P structure is given precisely by that sum of decorated graphs which describe
the image of the canonical monomorphism 1 : P+ — B(P). This result gives a conceptual ex-
planation of the well-known “experimental” 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 formulae 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.

1Koszul duality for wheeled operads has been studied earlier in [MMS].
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In §3 we introduce and study a category, Cat(BV), of (quasi-classically split) quantum BV mani-
folds whose

e objects, M, are, roughly speaking, formal solutions of all possible quantum master equa-
tions (1) with non-degenerate odd Poisson brackets { , } which satisfy in the quasiclassical
(limp—o + limp—o d%) 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) 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 — My,
and quantum embeddings, M; — M; x Mas, depending on a choice of a Lagrangian
submanifold in M.

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

(i) Every quantum BV manifold is isomorphic to the product of a minimal quantum BV manifold
and a contractible one.

(ii) 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 correspondence between quantum
BV manifolds and representations of the associated dg free wheeled prop ULie'Bs,. We do not
know at present whether or not the wheeled prop(erad) ULie'B is Koszul, i.e. whether or not the
natural epimorphism,

ULie'Boo,8) — (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, I', of the
master equation (1) which are independent of i. Hence there is a canonical epimorphism of dg
wheeled props,

F :ULie'Bsy — UPoisson,

where UPoisson 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 Munev [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 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 transfer of U Lie'Boo-structures as the ones which follow from
the Koszul duality theory for quadratic wheeled properads developed in §2. These result implies
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 §,, stands for the permutation group, that is the
group of all bijections, [n] — [n], where [n] denotes (here and everywhere) the set {1,2,...,n}.
If V = @iezV? is a graded vector space, then V[k] is a graded vector space with V[k]’ := VitF,
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 € V|o(v) = v Vo € G}, is canonically isomorphic
to the quotient space of coinvariants, V/span{v — o(v)}vev,ceq, so that we denote them by one
and the same symbol V.
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2. QUADRATIC WHEELED PROPERADS AND HOMOTOPY TRANSFER FORMULAE

2.1. Wheeled operads, properads and props [Me3, MMS, Me5]. Let 8© be the family of all
possible (not necessarily connected) graphs constructed from the so called directed (m, n)-corollas,

m output legs

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 is explicitly shown, we tacitly assume in all our pictures
that the direction flow runs from the bottom to the top. We have &© = Hm7n>0 &°(m,n), where
B°(m,n) C B© 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 € ©(m,n) are labeled by the natural numbers
{1,...,n} and the output legs are labeled by {1,...,m} so that each set & (m,n) comes equipped
with a natural action of the group S,, x S,,. For example,
1

2
2 / 1
% € 6°(0.2), \f\ze@%,z), % \(4\4660(2,4).
12 1 30 N 1

Let E be an S-bimodule, that is a family, {E(p, ¢)}p4>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 In, (resp. Out,) equals ¢ (resp. p) and
note that vector spaces,

(Iny) = the gl-dimensional vector space spanned by all bijections In, — [¢q] if¢>1
v K if g =0.
and
(Outy) == the pl-dimensional vector space spanned by all bijections [p] — Out, ifp>1
Yl = K if p = 0.

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

E(Out,, In,) := (Out,) s, E(p,q) ®s, (In,),
which is (non-canonically) isomorphic to E(p, ) as a vector space and which carries natural actions
of the automorphism groups of the sets Out, and In,. These actions make a so called unordered
tensor product over the set V(G) (of cardinality, say, N),

® E(Out,, In,) := ED E(Out;y, Inyn)) ® ... @ E(Outyny, Inin)) ;
VeV (@) i{1,... N}=V(G) -

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

G(E) := (Quev () E(Outy, Iny)) 4 0cr»
whose elements are called decorated (by E) graphs. For example, the automorphism group of the

graph Gy = Q is Zz so that Go(F) = E(1,2) ®z, E(2,2). It is useful to think of an element
1 2
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in Go(F) 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,

a = ac™Y, o €Zy,
b ob

a1+az ai az
b = p T p  and similarly for b.
2 o2 2

are imposed. It also follows from the definition that

Qb = ﬁb(m), (12) € Zs
1 2 2 1

Thus one can define alternatively Go(E) as a quotient space, HUGV(G) E(Out,, Iny,)/ ~, with
respect to the equivalence relation generated by the above pictures.

Note that if F is a differential graded (dg, for short) S-bimodule, then, for any graph G € & (m, n),
the associated graded vector space G(E) comes equipped with an induced S,, x S,-equivariant
differential so that the collection, {Dgego(mn) G(E)mn>o0, is again a dg S-bimodule. The
differential in G(E) induced from a differential § on E is denoted by dg or, when no confusion
may arise, simply by 9.

2.1.1. Definition. A wheeled prop is an S-bimodule P = {P(m,n)} together with a family of
linear S,, X S,-equivariant maps,

{IJ’G : G<P> - P(m? n)}GEQ‘SO(m,n),m,nZO ’
parameterized by elements G' € &, which satisfy the condition

(3) G = IG/H © IV

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 py : G(E) — (G/H)(E) stands for the map which equals pg
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 € &©, the
condition § o ug = pg o dg, then the wheeled prop P is called differential.

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

(ii) Equation (3) implies ug = pg/q o pg for any graph G € &9, which in turn implies that
pe,, .- P(m,n) — P(m,n) is the identity map.

(iii) Condition (3) can be equivalently rewritten as the equality, uq,/m, © Wy, = fa/H, © Wy, for
any subgraphs Hq, Hy C G, i.e. it is a kind of associativity condition for the family of contraction
operations {puqg}-

(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
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graphs &© by adding the following graphs without vertices,
- T OO O, pg>0p4qg>1,
D,q 11 I o = b,q pTq

P q

to the family &°(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, Pt := 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)

2.1.3. Definitions. 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, &%, of &© consisting of
connected graphs.

A wheeled operad is a wheeled properad P = {P(m,n)} with P(m,n) =0 for m > 2.

2.1.4. Generating compositions. Associativity equations (3) imply that for an arbitrary
wheeled properad P the defining family of contraction maps, {u¢ : G(P) — 7)}6‘60597 is uniquely
determined (via iteration) by its subfamily, {ug : G(P) — P}Geeig’m’ where &5, C 62 consists
of graphs of the form,

(4) (4) N\

i.e. of one-vertex graphs with precisely one internal edge (forming a loop) and of connected two
vertex graphs with precisely one internal edge. The set of graphs Qﬁg)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,

©® TR AN
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 pg : G{(Endy) — Endy is the
ordinary composition of two linear maps;
o for graphs G of the form (4)(ii) the associated composition pu¢ is the ordinary trace of a
linear map;
e for graphs G of the form (5) the associated composition p is the ordinary tensor product
of linear maps.
For an arbitrary graph G € &© the associated composition g : 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) = Dceoo (imn) G(E)}, which has a natural prop
structure with the contraction maps pg : G(FO(E)) — FO(E) being tautological. The wheeled
prop FO(E) is called the free wheeled prop generated by an S-bimodule E.



WHEELED PRO(P)FILE OF BATALIN-VILKOVISKY FORMALISM 7

A free wheeled properad, FO(E), generated by an S-bimodule E is defined as in the previous
paragraph but with the symbol & replaced by &%.

2.1.7. Prop(erad)s, dioperads and operads. Consider the follows subsets of the set &©:
(a) &' is a subset of & consisting of directed graphs with no wheeles, i.e. directed paths of
internal edges which begin and end at the same vertex;
(b) &l =681 N&Y;
(c) 6;0 is a subset of &/ consisting of graphs of genus zero;
(d) &/, is a subset of 6;0 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 &Y -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 B'- algebra is called a prop [Mc];

(b) an &]-algebra is called a properad [Val;

(c) an Gjl,o—algebra is called a dioperad [Gal;
(d) an ®] _ -algebra is called an operad [May].

oper

A quadratic " -algebra is defined (in all the above cases) as a quotient of a free & -algebra,
FY(E), by the ideal generated by a subspace R C Q5g/en<E>7 where Q5gfen is the minimal subset
of ¥ whose elements generate all possible compositions, ¢, 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 category
by defining a morphism, f : P; — Ps, as a morphism of the underlying dg S-bimodules, {f :
P1(m,n) — Pa(m,n)}mn>o0, such that, for any graph G € &°, one has f o ug = pg o (f9),
where f®¢ means a map, G(P;) — G(P,), which changes decorations of each vertex in G in
accordance with f.

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

2.2.2. Definition. A morphism of dg wheeled prop(erad)s, P; — Pa, is called a quasi-
isomorphism, if the induced morphism of cohomology prop(erad)s, H(P1) — H(P2), is an isomor-
phism.

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 FE, then the set of morphisms of wheeled prop(erad)s,
{f : P1 — Pa}, 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} — P5, has a graded vector space structure for any Ps.
2.2.4. Definition. 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,
71 (FO(E),§) — P, which is a quasi-isomorphism. If the differential § in F°(£) is decomposable
with respect to the compositions pg, then 7 : (FO(E),§) — P is called a minimal model of P.

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(man) - G<P>}G€®9(m,n),m,n20 3
parameterized by elements G € &2, which satisfy the condition

(6) Ag = A oAg/u

for any connected subgraph H C G. Here A}, : (G/H)(E) — G(E) is the map which equals
Apg 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 § satisfying, for any
G € B9, the condition Ag 0§ = §g o Ag, then the wheeled coprop(erad) P is called differential.
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For any S-bimodule, E = {E(m,n)}, the associated S-bimodule, FO(E), has a natural coproperad
structure with the co-contraction map

A= > Ag:FUE)— Y GFUE) = FOFO(E))
GeBO(m,n) Ge&O(m,n)

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

Ag = > 9gr

f:Edg(G)—{0,1}

where the sums runs over markings, f : Edg(G) — {0,1}, of the set, Edg(G), of internal edges
of G by numbers 0 and 1, and g7 is an element of FO(FO(E)) obtained from g by the following
recipe:

(i) cut every 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 g1 € G1(E),...,gx € Gp(E);

(ii) let G’ be the graph with k-vertices obtained from G by shrinking each subgraph Gy, ..., Gk
into a single vertex; then gy 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,...gx € FO(E).

The wheeled coprop (FO(E), A) is called the free coprop generated by the S-module E.
One can show analogously that F2(E) has a natural coproperad structure A; the data (F2(E), A)

is called the free coproperad generated by the S-module E. We denote it by F2(FE) (to avoid
confusion with the natural properad structure in FO(E)).

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

wE =: {E(m,n) ® sgn,[-n]}, w'E:={E(m,n)® sgn,[n]},
where sgn,, stands for the 1-dimensional sign representation of S,,. We shall show in this subsec-
tion that for any properad P the associated free coproperad,

B(P) := Fow™'P),
comes canonically equipped with a differential, ép, encoding all the generating properadic compo-
sitions {pg : G(P) — P}GE®§)€n' For this purpose let us consider a family of graphs, ¢, obtained

from the family of directed connected graphs &2 by inserting into each input leg and each internal
edge of a graph G € &% a black (1,1)-corolla, ¢, and denoting the resulting graph by G,. For
example,

12 12
if G= % then Go = %
/N A
1 2 1 2

The automorphism group of such a graph G, is defined as in §2.1 with an extra assumption 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 — KI[1].
The vector 1 has degree —1. For an arbitrary S-bimodule E and an arbitrary graph G € &2 we
denote by G4(F) 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.

2.4.1. Lemma. For any S-module E there is a canonical isomorphism of S-modules,
FOW'E)= @ GuE)
Ge€®? (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 € 82 (m,n). The graph G, is obtained from G be replacing each constituting
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(m, n)-corolla of G as follows,

m output legs m  output legs
- SE e

——
n input legs n input legs

It is obvious that €, ¢ (E) = €5, (WL E) as S;, X S,-bimodules. If we set E(Out,, In,) := 1 for
every black vertex v in G, then @, ¢y (g,) E(Outy, Iny) = Qev(c) wtE(Out,, In,) and the
claim follows finally from the isomorphism Aut(G,.) = Aut(G). a
2.4.2. Corollary. For any wheeled properad P there is a canonical isomorphism of S-modules,

(7) B(P)= D G.(P)
Ge€®?
The r.h.s of (7) is denoted sometimes by Be(P).
2.4.3. Fact. Let P be an arbitrary wheeled properad. The S-module ®G.e®? Ge(P) can be
made naturally into a complex with the differential,
0

« R

)
a.edge

5p =

which is equal to zero an 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 6% = 0 follows then from associativity conditions
(3). More precisely, one defines dpg for some g € Go(E) = (®U€V(G.) E(Outy, Iny)) aut(c,) as
follows: choose first a representative, § € E(Outy,, In,,) ® ... E(Out,,, In,,), of the equivalence
class g associated with some ordering of all vertices in G, apply then ép to the vertices of g in the
chosen order, and finally set dpg = 7(dpg), where 7 is the natural surjection

7 : E(Outy,, In,,) ® ... ® E(Out,,, In,,) — ( ® E(Outy, Iny)) aut(cy)-
vEV (Ge)

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

example, If
12
0& C
: for some a € E(2,2),b€ E(1,2),c € E(3,2),
g a
AN

then ordering the vertices from the bottom to the top, we obtain that dpg is the equivalence class
(in the unordered tensor product) of the following graph,

1 2 1 2
(N €3 €4
a+b a+bc 12 1)a+b . (71)a+c
62 a a
AN PN

where e := p ( l}(&(a ) € E(2,3), etc. Applying ép again and using associativity relations (3),
one easily concludes that 572, =

Isomorphism (7) induces a differential in the free coproperad B(P) which we denoted by the same
symbol dp. It obviously respects the coproperad structure in B(P). If P is a differential operad
with differential d, then the sum d + dp is a differential in B(P).

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



10 S.A. MERKULOV

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.

2.5. Cobar construction. If (C,d) is a dg coproperad, then its cobar construction is, by
definition, a free wheeled properad, B¢(C) := F2(wC), equipped with a differential, d + dc, where
Oc 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 8% be a family of graphs obtained from &% by inserting
into each input leg and each internal edge of a graph G € &2 a white rhombic (1, 1)-corolla, 35,
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,

(8) B(C)= P G.()

Goc®?

where in the r.h.s. we used s(1), s being the isomorphism K — K[—1], to decorate special ¢-
vertices. The differential O¢ 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 >, Aqg : C — ZGe@,?m G(C)
with the sum running over all possible graphs of the form (4); the unique internal edge in the
image of the map ) . A¢g is then decorated by 35 so that J¢ increases the number of rhombic
white vertices by one.

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

T (BC(B(P))76 =d+ 573 +8B(73)) SN (W(Wil'P) _ P,d) 7

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 the their total impact on graph, we have
a degree 0 isomorphism of S-bimodules,

BB(P)= @ G._(P)

Go€®Y _

where, by definition, &, _ is a family of graphs obtained from graphs in B2 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 Op(p) gets a very simple interpretations — it eliminates,
in accordance with the Leibnitz rule, each black corolla making the corresponding edge straight;
on the other hand, the differential §p 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 [GiKal, for dioperads in [Ga], for ordinary properads 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-'8) (E) to be
a submodule of the free properad F(FE) spanned by decorated graphs of weight A\. Note that
properadic compositions {ug : G(FO(E)) — f?(E)}GEeQ are homogeneous with respect to this
weight gradation. Note also that the quadratic subspace .7-"8) (E) C FO(FE) is distinguished as it
is spanned,

Fo B = Y ),
GesS.,

by the minimal set of graphs (4) which generate all possible wheeled properadic compositions.
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2.6.1. Definition. A wheeled properad P is called quadratic if it is the quotient, P := FO(E) /I,
of a free wheeled properad (generated by some S-bimodule E) by the ideal, I, generated by some
subspace R C .7:8) (E).

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 =
> as1 P, where Py is the image of .7-'8\) (E) under the natural surjection F©(E) — P. Note
that Py = E and Py is given by an exact sequence

(9) 0—R— .7:8) (E) — Py — 0.

The subspace B(P()) C B(P) is obviously a sub-coproperad, but, in general, it is not preserved
by the bar differential 0p. It is not hard to check that an S-bimodule Pi defined by the exact
sequence,

0 — Pi— B(Pu)) % B(P)[1),
is a sub-coproperad of B(P(1) so that the natural composition of inclusions,
(10) 1: Pl — B(Pny) — B(P),
is a monomorphism of dg wheeled coproperads.

2.6.2. Definition. The coproperad Pi is called Koszul dual to a quadratic wheeled properad P.

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

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

7w Poe = Bo(P) 2 Be(B(P)) T p

is a quasi-isomorphism if P is Koszul; then the dg free wheeled properad P, gives us a minimal
resolution of P.

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 Po, even in the cases when P is not Koszul.

Note that B(P(y)) is the free co-properad generated by the S-module W’1P(1) = w~!E. By the
definition of the bar differential Op, the image, I°°, of the degree 0 map dp : B(P(1)) — B(P)[1]
is spanned by graphs with all (except one!) vertices decorated by the W’1”P(1) and with the
exceptional vertex decorated by w_173(2) [1]. Thus we have an exact sequence,

0— Pl — FOWE) — I — 0,

—-170
Asw .7:(2)

(11) 0— w R[] — ]-"8) (W 'E) — w Py [1] — 0,

(E) = .7-"8) (w™LE)[—1], we can rewrite (9) as follows,

and conclude that I°° is the co-ideal of F2(w™!E) cogenerated by quadratic co-relations
w~!Py)[1]. Hence we proved the following

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

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

EY :={E(m,n)* ® sgn,|-n]},
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with the relations, R+, given by the exact sequence,

(12) 0 — R* — F(EY) — wR*[-1] — 0,

where R are the quadratic relations for P.

2.6.7. Remark. Definition 2.6.1 implies that there exists a canonical wheelification functor,

o . Category of quadratic . Category of quadratic wheeled
(13) ’ (co)dioperads (co)properads
D — DO

which is, by definition, identity on the (co)generators and the quadratic (co)relations of the di-
operad D. It is worth noting that, in general, (Di)® # (DO)i, implying that (D®). may be
substantially larger that (D, )®, where D, 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 phe-
nomenon 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,
(Liel)© = (Lie®)i (see [Me3)]).

The wheelification functor does not, in general, preserve Koszulness: a Koszul dioperad, 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 © applied to the three classical operads Ass,
Comm, and Lie does preserve Koszulness (see [Me3, MMS] for the proofs).

2.7. Homotopy Transfer Formulae. Let (V,d) and (W, d) be dg vector spaces equipped with
linear degree 0 maps of complexes, ¢ : W — V and p : V — W, such that the composition
iop:V — V is homotopy equivalent to the identity map, Id: V — V,

(14) Idy =iop+doh+hod,

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

poi=Idw, poh=0, hoi=0, hoh=0.

When W is the cohomology of the complex V' the above data is often called a cohomological
splitting of (V,d).

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

G<7:’ h7p7 p> E gndW(m’ n)?

be a linear map W™ — W™ defined as follows:

(1) consider the image, 1(G), of G under the canonical inclusion v : WP — wBe(P);
(ii) decorate the input legs of each graph summand in the image 1(G) with i, the output legs
with p, and the special vertices, o, 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(i,h,p,p) € Endw } gewpi
defines a representation of the dg free wheeled properad Py in the dg space W.
Proof. Any morphism, Py, = FO(WPI) — Endyy, 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, ps : P — Endy, by setting

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



WHEELED PRO(P)FILE OF BATALIN-VILKOVISKY FORMALISM 13

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

Poo(aB(’P)G) = d(G<Z7 h7p>)7
where dp(py is the differential in B¢(B(P)) restricted to the subcomplex B¢(P'), 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

G= € wpi
for some a,b € P. Then
P P
G<i7 h7p7 p> = h h

and, using (14), we obtain

d(G(i,h,p,p)) = (=1)°1a ho— (=1)b & 1d

= p(9p(p)G).
In the above calculation we used

- the identification of 0p 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(a'PG<7’a hvpv p>))a

- the identification of Op(p) with a machine deleting the black vertices without subsequent
contraction of the associated internal edge (so that the last two terms in the above sum
are precisely p(0p(p)G(i, h,p, p))), and

- the fact that, by definition of P!, one has p(0pG) = 0 for any G € wPI.

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

2.7.2. Remarks. (i) The above arguments work for any dg sub-coproperad of B(P), not only
for Pi.

(ii) Theorem 2.7.1 gives a conceptual explanation of the well-known “experimental” 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 Pi — B(P). This fact
prompts one to think about the following two closely related problems:
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= Given a quadratic (wheeled) properad, construct a quantum field theory whose Feynman’s
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.

< 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 con-
structed 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 construction).

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

3. GEOMETRY OF QUANTUM BATALIN-VILKOVISKY MANIFOLDS

3.1. Z-graded formal manifolds. Batalin-Vilkovisky (shortly, BV) formalism [BaVi] is one
of most effective and universal methods for perturbative quantization of field theories 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 category of so called S P-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
section 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 dis-
tinguished point is called a vacuum state;

(ii) 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 when one attempts to

] I(x,h) . .
make sense of expressions of the type e~ % |, where the function in the exponent,

I(z,h) =Tg(x) +T1(z)h+... + Tp(x)h" + ...

is a formal power series in a parameter (“Planck constant”) fi. One can try to ignore this issue as
well, and set A = 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 A 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
Z-graded manifolds in which one can easily make a coordinate independent sense to functions of
the type T 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 Z-graded formal manifolds over a field K is, by definition, the
category opposite to the category whose

e objects are (isomorphism classes of) of completed finitely generated free Z-graded com-

mutative K-algebras; every such a K-algebra R has a natural translation invariant adic
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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, Oq, of
completed free finitely generated algebras of the form K[[z?!,...,2"]], where formal variables z¢
(called coordinates) are assigned some degrees |z%| € Z. The isomorphism class, O 4, of K-algebras
is called the structure sheaf? of the manifold M. A representation of O in the form K[[zy, ..., 2,]]
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

(15) % — 20 = ¢%(z Zd)bl T br g for some .., €K

where ¢p form an invertible matrix. Such changes form a group of formal diffeomorphisms,
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, unfortunately, 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 morphism, ¢* : Opn —
O, of their structure sheaves. It is given in local coordinates by formulae of the type (15) with by,
not necessarily forming an invertible matrix. A smooth invertible map is called a diffeomorphism.

The tangent sheaf, Trq, 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 : Opr — Op satisfying
the Leibnitz condition, X (fg) = (X (f))g+ (=D)IXIFI£X(g). Tt is a free O \-module generated, in
a coordinate chart {x%}, by partial derivatives, 9/0z%. Elements of Ty are called smooth vector
fields on M. Every vector field X € Ty is given in a coordinate chart as a linear combination,

X = ZX“ aa’ X(x) € K[[z"]].

This representation is not canonical: if {#} is another set of generators of O related to {2}

via (15), then
B u g by O
X = Ea X (I)% = Eb X (.’13) afﬁb

with

A a a¢b )
( |w‘l =¢* ()= ZX ora

The matrix (9¢°(x)/0x?) is called the Jacobzan of the coordinate transformation (15). The
Onq-module Ty has a natural graded Lie algebra structure with respect to the ordinary graded
commutator of derivations, [X1, Xa] = X710 X — (—1)IX111X21 X5 0 X . The rank of Ty is equal to
the number of generators of the algebra Ox 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 G/)\‘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 Trers := (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, do, : Trerr — Trenr, of tangent
vector spaces, but, in general, not to a morphism, d¢ : Tn; — 7Ty, of tangent sheaves. The latter
is well-defined if, for example, ¢ is an isomorphism.

2We apologize for using the term sheaf in the present formal context as all the sheaves the reader encounters 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]).
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Let 73, := Homo,,(Tpm, Opm) be the dual Opg-module, and let Q7 := 77,[1] be the same O -
module 7, but with shifted grading. The latter is called the sheaf of differential 1-forms on the
graded manifold M. Note that the natural pairing,

(,): Tmx Q}\/{ —  Onm

XQeT — (X,7)
has degree 1. There is a canonical degree -1 K-linear morphism,
f—
defined, for arbitrary vector field X € Ty by the equality (X, df) = X(f). It is clear that Q}, is
a free Opq module with a basis given, in some coordinate chart {z®}, by 1-forms dz?, i.e. every
1-form 7 can be represented in this chart as a linear combination, 7 = °_dz%7,(z), for some
To(z) € K[[z*]]. We also have df =) dz*0f/0x®.
The sheaf of graded commutative algebras, 3, := ©F, Q. generated by 1-forms is called the
De Rham sheaf on M. Elements of Q% := @kﬂ}w are called differential k-forms. The morphism
d: 99\/1 — )}, extends naturally to a morphism d : Q’j\/l — Q’j\j{l for any k making thereby (Q%,,d)
into a sheaf of differential algebras, i.e. satisfying d*> = 0 and d(172) = (dr1)7o + (1)l dry for
any 71,72 € Qaq. In a local coordinate chart {x%} on M we have an isomorphism
Q% ~ K[[z%, dz?]], |dz®|=|z% —1,

with the de Rham differential given on generators by d(z%) := dz®, d(dx®) := 0.

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,

{0}: Ok Opm — Om
feg —  {feg}

such that {f e g} = (=1)/9+/*+9{g e f} and

(16) {fefgon}} = {{foeghen}+ ()W ge{fen}

(17) {feghy = {fegth+ (-1)/" g{feh}.

for any f,g,h € Onq. Thus brackets { @ } and the ordinary product of functions make the structure
sheaf O 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, ¢ : (Mi,{  }) — (Ma,{ e }), of odd Poisson manifolds is a
degree 0 smooth map ¢ : M; — Ms such that

{¢"(f) oo™ (9)} =" {f e g}
for any f,g € Oa,. If one translates brackets { e } from Oaq to its “shifted” version, Oxq[1] via
the natural isomorphisms O g &= Opq[1], one obtains an ordinary Z-graded Lie algebra structure
on Opm[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 completed
graded commutative algebra Onq := ©%(Tys[—1]) is free of rank 2n and hence defines a Z-graded
formal manifold M which is often called the total space, M := QL,, of the bundle of 1-forms on
M. Elements of its structure sheaf Oy, are called polyvector fields on the manifold M and the
structure sheaf itself is often denoted by Poly(M). One sets Poly*(M) := ©F(Ty[—1]) and call
its elements k-vector fields. This terminology for M and its structure sheaf originates from the
duality 7a7[—1] = Homp,, (Q2};, Oar) and from the natural inclusion of the degree shifted® tangent
sheaf Tpr[—1] C Poly(M).

3To avoid such a degree shifting the sheaf of polyvector fields Poly(M) is defined by some authors as Oq[—1].
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A coordinate chart {z%} on M induces a coordinate chart
= T Rl = —Ja| 41
€T y Ya T axaa al — z

on M, where II : Tpy — Tpr[—1] is the natural isomorphism. A change of coordinates (15) on M
induces a change of coordinates,
x* — 1% =¢%x)

. e
Yo — Vo= Zb %z(bx) by
on M. In these coordinates we have an isomorphism,

Om = Poly(M) = K[[z%, ta]].

(18)

It is not hard to check that the degree -1 brackets on O, defined in such a coordinate chart by

ool 1 98 99 e+ 9F 99
(19) (Foayi= X (ot 2L 20y ayntenien 2L 20

a

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 [ @ |5 and called Schouten brackets.

Schouten brackets [ e |g restricted to the subsheaf Tp/[—1] C Poly(M) give, modulo the degree
shifting, the ordinary commutator of vector fields.

3.4. Odd symplectic structures. Any odd Poisson structure on a graded formal manifold M
defines a homogeneous (of degree 1) section, v, of the bundle Poly?(M) by the formula,

<V7dfdg> :{f.g} Vf,ge OM

where ( , ) stands for the natural duality pairing between Poly*(M) = Homop,, (23, Orm) and
Q.%\/[ 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,

Oy =% T,
is an isomorphism. The inverse map gives the rise to a degree —1 differential 2-form, w := “v=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, {(xz%,1,),|Ya| = —|2%| + 1}, in
which the odd Poisson brackets are given by (19). The associated symplectic 2-form is then given
by w =73, dz%di,. These coordinates are called Darbouz 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 (z%,1,). For future reference
we note that a generic change of coordinates

B =, 0)

wa - ’(/A)a = ¢a(l’7¢)

defines a new Darboux coordinate chart (&9, @/Aja) if and only if the equations

(20)

et D% Db w11 D60 Db
E _1\= (= +1) T Y ¥a E _1\= | 2T e
(=1) ozt Oz 0, (=1) oy O

el 00 Db . oo DG Oy 1 ifb=c
_ylellae1 997 000 L (ae iy (atien) 98 _ e . ,
Z<( 2 az0 op, TV a¢caxb>_5b'_{o i b £ c.

a

(21)
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are satisfied. A diffeomorphism (20) satisfying equations (21) is called a canonical transformation.
It is easy to check that (18) is a canonical transformation for arbitrary functions ¢®(x) which have
the associated Jacobi matrix 9¢®(z)/dz°|,=¢ invertible.

A Poisson diffeomorphism of odd symplectic manifolds, ¢ : (M, w) — (M, W), is called a symplec-
tomorphism. 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 symplectomorphisms as special cases of diffeomorphisms. In Darboux
coordinate charts, (z%,1,) and (5:“71/3(1), on M and, respectively, M any symplectomorphism is
given by functions (20) satisfying equations (21); for that reason a symplectomorphism is also
often called a canonical transformation.

3.4.3. Remark. 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 M5 is naturally an odd symplectic manifold and the natural projection
My x My — Mj is a well defined Poisson morphism, which is not a symplectomorphism.

3.4.4. Hamiltonian vector fields. For any function ® € O on an odd Poisson manifold M,
the associated map
Hq> . OM I OM
g — {Peyg}
is a derivation of the structure ring Oxq 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 [He,, He,| =
Hig 03, for any @1, 95 € Oy

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

) iy 0D D
_ el 92 el 92 9
He Z<( D g, T G zm)'

a

Note that if the function ®(z%,v,) 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,

do*(wwt)  __(q)la"| 22 | )
a = DG, 8060 (0,0,0), Bumta(2,,0)
dbalaibt) @) 9D (&)
(22) a = (“DPIEGE e go o), Bumba (@)

¢a (.’I}, 1/)7 t) |t:0
¢a($ﬂ/)7t)|t:0 = waa
for the unknown functions ¢%(x,1,t) and ¢, (x,1,t) of degrees |z®| and, respectively, |1),]. More-
over, a classical theorem from the theory of systems of ordinary fifferential equations guarantees
that, for a sufficiently small strictly positive € € R, its solution,

{(rb? = ¢a(x71/)7t)7¢ta = ¢a($,1/),t)},

exists and is unique for all ¢ in the interval [0,). Moreover, the solution is real analytic with
respect to the parameter ¢. Using the above equations it is easy to check that

|
8

d Z(_l)lzﬂ(\w%n%a% _o & Z(_l)\z“nwﬂ%% _

dt - oxb dzc 7 dt - oy e
d a c a¢a a¢a a b 8¢(L a(ba
- _1\lzz°| ¥ YVa _ 1)z [+ (=" +1) Y Y¥a )
@i 2= << D o g, T d. 8xb)

implying, in view of the boundary ¢ = 0 conditions on ¢, that, for any ¢ € [0, ) the map
¢ — 2%= (ba(xv 1/}7 t)
Yy — ’L[)a = ¢a($,¢at)

satisfies equation (21) and hence defines a canonical transformations. Thus any degree 1 function
® on M gives naturally rise to a 1-parameter family of local symplectomorphisms ¢; : M — M.
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3.4.5. Lagrangian submanifolds. Let M be a Z-graded manifold and I C Ox4 an ideal such
that the quotient ring Os C Oaq/I is free; this ring corresponds, therefore, to a Z-graded manifold
S which is called a submanifold of M; the natural epimorphism Oy — 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
wlz : @*(Tz[—1]) — O is zero. The normal sheaf, Nz |y, of the submanifold £ < M is defined
by the short exact sequence of sheaves of O,-modules,

0—>T£—1>7M |£—>N£|M —)0
so that its dualization (and degree shifting) gives,
0— NZIM[l] — Q}\A |£L) Q}: — 0.

The odd symplectic form w provides us with a degree 0 isomorphism of the middle terms of the
short exact sequences above,
T =2 Qe
The condition w|z = 0 is equivalent to saying that the composition,
Tp = Ta o= Q-5 QF,
vanishes. Hence we get a canonical monomorphism of sheaves,
woi:T, — NZlM[l],

which is an isomorphism because both sheaves have the same rank as locally free O,-modules.
Hence, for any Lagrangian submanifold £ < M, Nz = (72)*[1] = Q and there is a canonically
associated exact sequence,

of sheaves.

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 = {ea} and é = {és} are two bases of V with the relation ég = }_, eqAj for some
non-degenerate matrix A? € R, then D; = Ber(A)D,, where Ber(A) is the Berezinian of
the matrix A.

If M is a Z-graded manifold, then
Ber(M) := Ber(T3y) = (Ber(Q4))”

is a rank 1 locally free sheaf of O y(-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 (x%, ) on M there corresponds, by
definition, a basis section, D, of Ber(M); if (z°, ) and (ia,d}a) are two Darboux coordinate
charts related to each other by a canonical transformation (20), then

0, v)
D, ; = Ber (8(%,2/})) Dy oy,
9(2,1)

where Foo7s 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

(24) Ber(M) — (Ber1/2(/\/l))®2.
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An element © of the Oy-module Ber'/?(M) which does not vanish at the distinguished point,
is called a semidensity on M. In a Darboux coordinate chart on M a semidensity, ©, can
be represented in the form © = 0, VD, , for some degree zero formal power series O, ., €
K[[z%, ¥q]] with ©4 ¢|y=0,p=0 € K*. Under a canonical transformation this representation changes
as follows,

. —1/2
_ o(z,7)
(25) O;4= (Ber (8(1;,1#))) Oz,

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

A, Ber'/2(M) — Ber'/2(M)
(C] — A,BO,

defined in an arbitrary Darboux coordinate system as follows [Kh],

9?0, 4
A0 = ( ] W) VD,

A remarkable fact is 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],

82 ,w a(jv '([)) - 8 em Y Yz
(29) 2 pawan, ey (B" (a(z,w) Z G,
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 a beautiful Manin’s description of the Berezinian Ber(M) as a cohomology class in a
certain complex (see Chapter 3, §4.7 in [Mal]).

For an arbitrary Darboux coordinate chart (z%,1,) the second order operator - (%?,7;% is de-
noted from now on by A, or, when a particular choice of Darboux coordinates is implicitly
assumed, simply by Ag. This operator has an invariant meaning only when applied to (coordinate
representatives of ) semidensities, not to ordinary functions.

3.5.2. Lemma. A2 = 0.
Proof is evident when one uses Darboux coordinates.

3.6. Batalin-Vilkovisky manifolds. A Batalin- Vilkovisky structure (or, shortly, BV-structure)
on an odd symplectic manifold (M, w) is a semidensity © € Ber'/2(M) satisfying an equation,

(27) A,© = 0.

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,w), its pullback ¢*(0) defined by (25) is again
a master semidensity.

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

Awyp : OM — OM

- 2

where Lp, stands for the Lie derivative along the Hamiltonian vector field Hy associated with a

function f € Opq. The data (M,w, p) is called in [Schw] an SP-manifold, and a BV-structure on

an SP-manifold is defined as a function f € Ox, satisfying the equation A, ,f = 0. In fact, the

volume form p can not be arbitrary but must satisfy en extra condition [Schw] which assures that

in some Darboux coordinate the equation for f takes the form A, ,f = 0 making it completely
equivalent to the above semidensity approach via an association

S}
f=—.
VP
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 unduly restriction of the gauge group of the set of BV-
structures on M from arbitrary symplectomorphisms to volume preserving symplectomor-
phisms (in contrast to ordinary symplectic geometry in odd symplectic 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,

(28) Ber(M) | = Ber(L) ® Ber(Q:)* = Ber(L£)®?,

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 SP-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.

3.6.2. Definition. A data (M,w, ) consisting of an odd symplectic manifold (M,w) and
a master semidensity © € Ber'/2(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 \© is again a BV structure for any non-zero constant A € K. From
now one 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 corre-
sponding to the unique maximal ideal in On4 which is often called (in the quantization context)
the vacuum state. In a Darboux coordinate system (x%,1),) centered at % one can always normal-
ize a master semidensity © = 0, D, , € PBer'/?2(M) in such a way that O, p|,—y—0 = 1 € K,
and this normalization is invariant under formal canonical transformations. It is often suitable to
represent such a normalized semidensity in the form © = er("w’)\/ﬁw,d, for some smooth formal
function T'(z, ) vanishing at zero (so that its exponent is well-defined as a formal power series);
the master equation takes then the form

1
A,O = (AOF + 5{1“ . F}) 0 =0.
As O is, by assumption, non-vanishing, the latter equation is equivalent to

(29) Aol + %{r o'} =0.
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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,
Afabe) = Alab)e + (—=1)PlUa+DpA(ac) + (—1)1*laA(be)
—A(a)be — (=DlaAb)e — (=1) 1 PlapA(c).
is called a GBV-algebra (see, e.g., [Ma2]). Note that A(1) = 0. One can check [Ma2] that the
linear map
(o] :A®A — A
a®b — [aeb]:=(=1)lUA(ab) — (=1)I*A(a) o b — aA(D)

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 e blc+ (—1)!* P Dpla e ],
for any a,b € A. The operator A is called a BV-operator of the GBV-algebra A.

(30)

3.7.1. Lemma. Let (M,w,0) be a BV-manifold. Then its structure sheaf is naturally a sheaf of
GBV-algebras with the BV operator given by

Aw)@Z OM — OM

foo— Auef=249

Proof. Representing © in a local Darboux coordinate system as e’ v/ D, ., we get

Ao(fe')Dry _ (Dof +{T e f})O
B - o

Aw,@f:
Then, for any f € Oy,

(Aw,@)Qf = Aw,@ (A()f + {F L d f})
= Ao (Aof +{T e f})+{le(Aof +{lef})}

{(AOF + (T r}) . f}

= 0,

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

= Aof +{T e f}

It is easy to see that the odd Lie brackets induced on the structure sheaf Oaq by formula (30)
coincide precisely with the Poisson brackets of the underlying odd symplectic structure.

3.8. Quantum master equation. Let & be a formal parameter of degree 2 and let K[[A]] :=
{350 anf™, a, € R} be the associated graded commutative ring of formal power series. The
latter defines a Z-graded manifold which we denote by K[[/i]]¥. We are interested in considering /-
twisted formal smooth manifolds M” whose structure sheaves O (n are non-canonically isomorphic
to Opm[[R]] := Om ®r R[[A]] where O py is the structure sheaf of some Z-graded smooth manifold
M. Such an A-twisted manifold M" is best understood as a formal family of manifolds, = : My, —
K[[A]]Y, over the 1-dimensional formal Z-graded manifold K[[h]]'. The fiber, M° := 7=1(%), over
the distinguished point x € K[[A]]" is a Z-graded formal manifold called the classical limit of M™".

More precisely, let us consider a category, Cr, whose objects are (isomorphism classes) of completed
Z-graded free K][[h]]-algebras; they are equipped with a natural monomorphism, 7* : K[[h]] —
Om,,, of K[[A]]-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
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O by the ideal generated by 7 is denoted by Oaqo; this is the structure sheaf of the classical
limit MO = 771 (x).

The opposite category Cy, is called the category of h-twisted manifolds. As in §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 A-twisted odd symplectic manifold
can be defined as an equivalence class of Darboux coordinate charts (z%,,) modulo canonical
transformation of the form,

¢ — 1% =¢"z,9,h)
Yo — Yo = ¢a(1771/17h)
where ¢%(x, 1, h) and ¢4 (z, ¥, k) are formal power series from K][z%, 1), fi]] such that equations

(31)

(21) hold and the Jacobian ggiig gives an invertible matrix at the point (x* = 0,1, = 0,5 = 0).

Let Mp, be an hi-twisted Z-graded manifold. We need a singular (with respect to %) extension
of its structure sheaf O . Let us fix an isomorphism i : O =~ O @k K[[H]], and use it to
extend O pn as follows,

oo
(32) O pnn—1 = { Z fuh™ € Oppo @k K][A, ﬁ_l]] s fp eI forn > 1} .
where I is the maximal ideal in Opq. The resulting vector space has natural a K[[A]]-algebra
structure extending that of Oy, ; moreover, the isomorphism class of this extension is independent
of a particular choice of a map i used in the definition.
Let M" be an h-twisted odd symplectic manifold. An invertible element © of the sheaf
Ber'/2(MM) ®0,n Opgnin-1 is called regular if in some Darboux coordinate charts, (z%,1) it
can be represented in the form

0= 6% \/5$7¢,

for some function I'(x, 4, ) € T whose classical limit, I'|p=o, lies in I. (Here and elsewhere 7
stands for the maximal ideal in the K-algebra Oy, , and I for the maximal ideal of Opq0.) Tt
clear that this notion does not depend on the choice of a Darboux coordinate chart used in the
definition.

3.8.1. Definition. A quantum Batalin-Vilkovisky structure on an h-twisted odd symplectic
manifold (Mp,w) is a regular element © € Ber'/2(M") @0 O yinn—1 satisfying an equation,
(33) A,O =0.

This equation is called a quantum master equation, while its solution © a quantum master semi-
density. In a Darboux coordinate system the quantum master equation has the form,

Mh

1
(34) hAT + i{I‘ o'} =0.
The structure sheaf O, n can be made into a sheaf of GBV algebras with respect to the operator,

(35) Ave: Opn — Opm
f o — Auef:=h2Y9 — pAf 1+ {Te f}.

3.8.2. Fact-definition. Let ¢ : (M", w) — (M" &) be a symplectomorphism of odd symplectic

manifolds, and © a quantum BV structure on M”. Then © := (¢~1)*© (with the pullback

map (¢~ 1)* given in local coordinates by (25)) is a quantum BV structure on Mh; such a pair,

(M" w,0) and (M",&, ), 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 A-twisted Z-graded manifold corresponding to the isomorphism class
of the K[[A]]-algebra &*(V @ V*[—1])* @k K][[1]] is denoted from now on by M rather than by
M‘h@v*[_l]; it has a natural odd symplectic structure induced by the pairing between V' and

V*[-1]. Any A-twisted odd symplectic manifold is isomorphic to M7, for some non-canonically



24 S.A. MERKULOV

defined vector space V. We shall consider next an extra structure — a ordered pair of transversal
Lagrangian submanifolds in the classical A — 0 limit, MY, of Mf”, — which will make the
correspondence M{L/ = V canonical.

The inclusions V' C V@ V*[—1] and V*[—1] C V@V *[—1] correspond to two transversal Lagrangian
submanifolds in MY, which we denote by the symbols Ly and, respectively, £{> and consider from
now as an extra part of the definition of an A twisted odd symplectic manifold 7 : M¥% — K[[A]]".
The automorphism group of M@ consists, therefore, of those symplectomorphisms ¢ : M?, — M@
which leave Lagrangian submanifolds £y and £$ in the fiber M(‘), over h = 0 invariant. We can
always find an adopted Darboux coordinate chart, (z% v,) on M@ such that the Lagrangian
submanifold Ly — MY is given by the equations 1), = 0 and the Lagrangian submanifold
Lz — MY by the equations z@ = 0. Then Aut(M?Y,) consists of canonical transformations (31)
satisfying the conditions,

(36) ¢a(xa wa h) |I:h:0: 07 ¢a($, ¢, h) |1b:h:0: 0.

Note that the vector space V is canonically isomorphic to the Lagrangian subspace Z,¢r, of the
tangent space T,enq, and hence has an invariant meaning. Moreover, the tangent space Zic a1y,
is canonically decomposed into a direct sum of Lagrangian subspaces, Trcr, b 7}6 £y S0 that the
odd symplectic structure on MQ/ does indeed coincide with the one which is induced from the

natural parings between T,cr, and T, = Homg(Ticr,,K)[—1].

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

3.9.2. Definition. (i) A gquantum BV manifold is an h-twisted odd symplectic manifold M@
associated with some graded vector space V equipped with a quantum Batalin-Vilkovisky structure
O such that in an adopted Darboux coordinate chart (x%,1),) one has © = et D, with “classical”
and “semiclassical” parts of T'(z,1, h) = Y, <o Tk (2, 1)h* satisfying the boundary conditions,

(37) Fo(l‘,d)) € Iyl and F1(:E,7,[}) ely+ Iy,

where Iy ~ ¢YK[[z,¢]] and Iy,. ~ zK][[z,9]] are the ideals of the Lagrangian submanifolds Ly
and, respectively, Ly/1 in the classical limit MY,

(ii) A symplectomorphism, ¢ : (./\/l?,l,@l) — (M?’/Q,@Q), of quantum BV manifolds is a symplec-

tomorphism ¢ of the associated quantum BV structures (see §3.8.2) which respects Lagrangian
submanifolds in the fibre over i = 0, i.e. limy 0 @(Ly,) C Ly, and limy_q qﬁ(ﬁﬁl) C ﬁﬁz.

3.9.3. Remarks. (i) The second boundary condition, I';(x,%) € Iy + I,1, says only that
I'y has no constant term, i.e. I' itself has no term proportional to h; as the quantum master
equation is invariant under translations I' — T" + K[[#]], the second boundary condition is only a
partial normalization condition on the quantum 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., BF
theory and its various generalizations (see, e.g., [CaRo, Mn] and also §6).

(ii) 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, ©) be a quantum BV
manifold associated with a Z-graded vector space V. In an adopted Darboux coordinate chart we
have © = eF \/Ex,w, where, in view of boundary conditions (37), the formal power series must
have the form

1 by..b

D(z,9,h) = erﬂx%ﬁ Z ] W A L (SR
a,b n>1,p+q+2n>3 pq

ptn>2,q+n>2

o
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br...bg

for some F(n)al___a

_ € K. Quantum master equation (34) immediately implies
{LoeTo} =0,

or, equivalently,

2Tl os =0

The linear functions z® mod Z7, where 7, is the maximal ideal in the K[[A]]-algebra K[[z?, 14, i]],
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 — |4
ea — dea) =3 el (],

Clearly, d?> = 0. Moreover, the map d does not depend on the choice of an adopted Darboux
coordinate chart (z%,1,) used in its definition as the third equation in (21) implies that under a
generic canonical transformation (31),

7 — 3% = ¢z, h) =, Alxb + other terms, A¢ € K,

Yo — o= palz,,h) = >, Boipy, + other terms, Bf € K,
the leading matrices A4 and B 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 := {T'g e...} we can rewrite the quantum master
equation in the form,

1
(38) dl' + hAT + §{I‘ o'} =0.

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

any) adopted Darboux coordinate system (z%,1,) one has © = et \/Ez,w with the quadratic part,
Ty, of I vanishing, i.e. with I' =T

3.10.2. Definition. A quantum BV-manifold (M7, 0) is called contractible if the associated
complex (V,d) is acyclic and there exists an adopted Darboux coordinate system (x%,,) in which
© = en/D, y with I' =T, i.e. with T' = 0.

3.10.3. SymplectomorphismAs and morphisms of tangent complexes. A symplectomor-
phism, ¢ : (M},0) — (M@,@), of quantum BV manifolds induces a linear map, T, cppn —
T*E/\A?/, of tangent spaces at the distinguished points and, as ¢(Ly) C Ly and d(LF) C Lé, the
linear maps,

dos : Thep, =V — ’Leﬁ‘», =V.

and
Ay : Toepy = V'] — Toeg, 1 = V¥[-1],

of the associated subspacqs. The differentials d in V and d in V induce, respectively, dual differ-
entials d* in V*[—1] and d* in V*[-1].
3.10.4. Lemma. The maps dp, : V. — V and dpt : V*[=1] — V*[=1] respect the induced
differentials.
Proof. Let (2% ,) and (24, " 4) be arbitrary adopted Darboux coordinate charts on odd sym-
plectic manifolds M and, respectively, M. The map ¢ is given in these coordinates by

4 =3, A2z® + higher order terms, A2 € K,

tha =Y, B%1b, + higher order terms, B4 € K.

The invertible matrix AZ (resp. B%) is a coordinate representative of the map d¢y (resp., doy)
in the associated (to a choice of Darboux coordinates) bases of V' and V (resp., of V*[—1] and
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V*[fl]). Equality (21) implies that matrices A and B are inverse to each other; then equality
(25) in the limit & — 0 implies

Z AT o) Z Loy AL Z LoysBa = Z BEL (o)A

which in turn implies the required claims. O

3.10.5. Main Theorem. Fvery quantum BV -manifold (M@,@) is symplectomorphic to the
product, (MY, ,01)x (M, ,02), of a minimal quantum BV manifold (MY, ,©1) and a contractible
one, (M@Q,@g).

Proof. We shall construct by induction an adopted Darboux coordinate chart (x%,14)ees on
My, in which the quantum density © is represented by ey D,y with

(39) T = Y Thatyp + Z > pq, Tt 2 aPre, e, B

A,Bel’ N=3 N=p+q+2n be,cecl’
p,q>1,n>0

To r

for some partition of the labeling set I = {1,2,...,dimg V'} into disjoint subsets I = I' [ I".

Then the data,
(KHanl/)A,h]], Oy =t @xA,wA>

defines a contractible BV manifold (M@z,@g) while the data,
(K[[xa7?/}a; h“) @1 = e%\/ﬁxa)wa) R

acl”

Aer’

defines a minimal BV manifold (M@l,@l) proving thereby the Main Theorem. The complete
separation of variables in (39) assures that ©1 and © satisfy the corresponding 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

ey, by BT € K[z, 9, B

is assumed to be p + ¢ 4+ 2n and, for an natural number N, we denote by O(N) the subset of
K[z, 1, h]] consisting of formal power series spanned by monomials of order > N. For formal
power series f, g € K[[z,, fi]] the equality f = ¢ mod O(N) means equality of their polynomial
parts of order strictly less than V.

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

FO = Z P(O)%fl]b'@[]a

a,b

of the master function T'(z,1,h) defines a differential d in the vector space V (and hence in
V[—-1]). A choice of an adopted Darboux coordinate system (z,1),) determines the asoociated
basis, {1, mod Z?}, of V[—1] and the (dual) basis, {z® 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,
V-1l = H(V,d)[-1] ® B @ B[-1]

with the differential d given by d(a ® b ® ¢) = b[—1]. Let {ta}tacss, be a basis of H(V,d)[-1],
{¥a}acs abasis of B and {¢5 := di, }acs the associated basis of B[—1]. In the basis {¢a, Vo, Vs }
of V[—1] the differential d is given by the block-matrix

00 0
(40) d={0 0 0
0 Id 0
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The above splitting induces an associated splitting of V*, and hence an associated dual base,
{z?, 2%, 2%} of V*. Thus we can always find an adopted Darboux coordinate chart

(41) (xa7wa) = (xa7x&awaa¢&)7(xa;¢a)
—_——
(:EA"@Z’A)
in which the master semidensity is given by
D(z,,h) = > T4a’%a mod O(3)

a,berl
(42) = > a%Ys mod O(3).

acJ

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

N
D(x, k) = Y 2%Ys + »_ Ti(2®,¢a, i) mod O(N +1)

agd k=3
holds true for some N > 2. Here I'y stands for a sum of monomials of degree k. It follows
from quantum master equation (34) that the next term, I'n1(2?, 24, ¢, 14, k), in the Taylor
expansion of I' must satisfy an equation,

_ 1
(43) {> 2%a @ T i1} + hAT N1 + 5 > {r,er}=0.
a€cJ p+pq;§f3+3
The map
d: K[[Iavaﬂ/)aawA,h]] - K[[xaaand)aawAahH
f — df ={>_a%Ps e f}
aeclJ
is a differential which can be equivalently represented as
0 a 0 _
_ o R YE o O al _ | ..&
i=Y (%8% SR 8) [l = [l + 1, 2% = [5] + 1.

acJ
As dAg + Aod = 0 and A2 = 0, the map d + hA, is also a differential in K[[z®, 24,1, 4, h]].
Thus we can rewrite master equation (43) in the form,
(44) (d+nhAg) N1 =Fnga,
where Fn4q = —1 Z;D+q:;\13+3 {T', e Ty} does not depend (by the induction assumption) on the

variables (x4,1)4).

Lemma A. The vector subspace

it K[[2®, %, 1] C K[[2®, 22, a, ¥4, H]]
is a subcomplex of the complex (K[[x®, 2, Va, 4, h]], d+hAg) with the induced differential § being
4

2 . . . . o . .
equal to BY e 81378%' The inclusion i is a quasi-isomorphism of complezes.

ProoOF oF LEMMA A. The inclusion i respects the filtrations,
K[[z?,va, h]] D BK[[2?,va, h]] D B2K[[x®,a,B]] D ...
K[z, 2%, 4ba, ¥4, B]] D BK[[2%, &%, ¢a, 4, B]] D PPK[[a®, 2, 1ha, 4, )] D ...

2
, 81;97%) is a one dimensional vector
space spanned over K by the product, n = x® -1y, of all those elements of the set, (z®,1a), of generators
which have degrees in 27Z + 1. Hence the cohomology of the complex (K[[z?,a, h]],d) is equal to the direct sum

A @ BK[[R]] ® n, we A is the kernel of the operator azfigwa in K[[z?, ¥a]]-

41t is worth pointing out that the homology of the complex (K[[z?,¥a]]
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and hence induces maps,
Ty (Eraér) — (E’I"?DT) r >0,

of the associated spectral sequences. The differential g vanishes while the differential Dy is equal to
d. The Poincaré Lemma (see, e.g., §3.4.5 in [Mal]) says that the cohomology of the complex (& =
K[[x2, 24, ¥a, ¥ 4]], Do = d) is equal K[[z®,a]] =: £. Hence the map 4 : (Fy,6;) — (€1, Dy) is
obviously an isomorphism. Both spectral sequences are regular (terminating at r = 2), and the
filtrations are complete and exhaustive. Hence by 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 7 is a quasi-isomorphism completing the proof of Lemma A. O

Lemma B. Every solution, A=Y/~ AphF, Ay € K[[22, 22, a, ¥ 4]], of the equation,
(d+hAg)A =0,
can be represented in the form
A =B+ (d+ hAy)C
for some B € K[[2?,1a, 1] and C € K[[z2, 24, ¢a, ¥4, i]]. Moreover, if A satisfies the boundary
conditions (37), that is,
Apla=0 =0, Aoly=0=0, Ai|z=0-Ai|p=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,

dAQ = O, dA1 = *A()Ao, N ,dAz = *A()Ai_;,_l,

The Poincaré Lemma says that the cohomology of the complex (K[[z2, 2, va,14]],d) is equal
K[[z*,%a]]. Hence we get,

Ag=Bg+dCy, A1 —AgCo=B1+dCy, ... , A; — AogCi_1 =B, +dC;,
for some B; € K[[22,,]] and C; € K[[2®, 24, 1a, ¥ 4]], i = 0,1,2,.... Thus

A=Y "BihF +(d+hAo) Y Cph*.
k=0 k=0
B c

proving the first half of Lemma B. The differentials d + hAy and ¢ preserve the polynomial order,
and the splitting homotopy in the proof of the Poincare Lemma (see p. 171 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|zazg + d(Co|za) =0
which, by the Poincare Lemma, in turn implies Bg|za=¢. Analogously, Bgl|y,=0. Note that equation
Aqlz=0-A1|p=0 = 0 says that the formal power series A; € K[[z,9]] has no constant (i.e. belonging
to K) term. As Cy is of order N +1 > 3 in z and v, the power series AgCp has not constant term
as well. Then By, being the part of A; — AgCy which is independent of (x4, 4), has no constant
term either and hence B1|,—¢ - B1|y=0 = 0. The proof is completed. a

Lemma C. Every solution of equation (44) can be represented in the form,
Ini1 =Tng1 + (d+ hAg) ¥t

for some T'ny1 € K[[22, 14, )] and U1 € K[[2®, 24, 10a, ¥4, h]]. Moreover, if Iy, satisfies the
boundary conditions (37) and N 4+ 1 > 3, then ' also satisfies boundary conditions (37).

Proor oOF LEMMA C. If an element Fyi1 € K[[z2,¢a, 5] is (d + hAp)-exact in
K[[z®, 24, %a, 04, h]], then, by Lemma A, it is d-exact, i.e.

Fyi1 =0Gn1+1
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for some Gyy1 € K[[z?, ¢a, fi]], and we can rewrite (44) in the form,
(d+hAg)TNt1 — Gn41) =0,
Then the claim follows from Lemma B. o

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 decomposition (39) holds true
modO(N + 2), i.e

N+1

(45) D(z,¢,h) =Y 2™Ya + Z Ty (22,9a, h) mod O(N +2).

acJ

Let ®ny1 € Opnry =~ K[[22, 2%, %a, 14, h]] have degree 1 and order N + 1. The associated de-
gree 0 Hamiltonian vector field He,, , on My generates a one parameter family of canonical
transformations (see §3.4.4) which makes sense at ¢ = 1,

xa —)jja =¢a(1‘,¢,h)a 1/)11 —>1/;a:¢a($,¢,h)

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

XM
T T(x,9,h)
g=¢(z,p,h) — B - #7
FAT ( - (3(90711)))) ‘

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

D(&,%,h)

(46) e n

3 = 2% - (71)‘1”&272}]:1 mod O(N + 1),
. 0 O
_ _1)l=*1 92N+
Yo = Yo+ (-1) B mod O(N +1)
so that
D(,9,h) = D(z,9,h)+{®Pyr1el} mod O(N +2)
= D(z,¢,h) — {Z %5 @ Py}t mod O(N +2)
a€cJ
= D(z,¢,h) —d® mod O(N +2),
and
o)\ _ e 2 o z“laq)) el 9 ((_qyle 92
Ber(a(x’¢)> = 1+Z( < (D5 )+ (Gl (D

= 1-2A00,

where we used a well-known fact that Ber(1+ X) = 1+ Str(X) modulo higher order polynomials
in entries of X. Thus equation (46) says that I'(z,, h) = T'(z, v, ) mod O(N + 1) and

Tni1 —dPyyy = Dypg + hAD.
Representing 'y 41 as in Lemma C, we obtain,

Tni1 =TDnir + (d+ hA) @yt + Ungr),

and conclude that by choosing ®n4+1 = —W¥pn41 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. O

3.11. Quantum morphisms of BV manifolds. A quantum morphism,

on: (M0, 0) — (Mh,,6)
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of quantum BV manifolds is, by definition, a morphism of dg K[[#]]-modules (see (35)),
O (OM@,A@’@) — (OM@,AW,G)

inducing in the classical limit 7 — 0 a morphism of algebras, ¢§ : Opp — O M, which preserves
\'4

the ideals of the distinguished Lagrangian submanifolds in MY, and ./\/l%.

It is easy to see that any quantum morphism ¢y : (/\/l@,w, @) — (/\/l?/,dj, é) induces a mor-

phism, d¢g : (V,d) — (V, d), of the associated tangent complexes; such a morphism is called a

quasi-isomorphism if the map d¢y 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 generators of the structure sheaves). Let us denote by C/'a\t(B V') the associated to
the above definition of quantum morphisms the category of quantum BV manifolds.

3.11.1. Examples. (i) Symplectomorphisms of quantum BV manifolds are obviously quantum
morphisms.

(ii) Natural projections,
bn s MY x M — MY,

are obviously quantum morphisms.

The above two examples are special in the sense that the associated maps of dg K[[A]]-modules,

05 (Opmn s Ay o) = (Opgr; Aue), are maps of K[[h]]-algebras. The next example does not have
v,

this property in general.

(iil) Let (M{L/,w,@) and (M?},d}, é)) be quantum BV manifolds. It is a well-known and very

useful fact [Schw] that, for a Lagrangian submanifold £" C M?/, the associated integration map

Prt Onmpxmn — Ong
f I fﬁhf®~

satisfies,

or ((Aw7@ + Aw7@)f> = /Lﬁ ((Aw,@ + A@,é)f) 6

= h/mAwg@)éJrh/mA“’ (fé)

A (Jer 76)
= A%@(bz(?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 h h

¢ My, — My x My,
can always be constructed (as a well-defined formal power series in i satisfying the algebra mor-
phism condition in the limit A — 0) in the case when the quantum manifold M? 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.

3.11.2. Proposition. For any quantum BV manifold M@ and its any decomposition, ML, ~
ME . ML into a product of a minimal quantum BV manifold and a contractible one, there

exists a contractible quantum embedding,
h h
(bh : Mmin - MV’

such that T, o ¢, = Id, where Ty, is the composition MY, S M x M — MD
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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 C/’Ef(BV) whose class of morphisms consists, by definition,
of all possible compositions of symplectomorphisms, projections and contractible quantum embed-
dings. 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]:A}(V[-n]) — V[-n],
such that

e the data (V,J) is a Lie coalgebra;
o the data (V[—n]|,[ ® ]) is a Lie algebra;
e the compatibility condition,

Alaeb] = Zal ® [az @ b] + [aobl]®b2_|_(_1)\a\\b|+n\a\+n\b|([b.al]®a2+b1 @ [by @ al),
holds for any a,b € V. Here Aa =: Y a1 ® as, Ab=:> by ® 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 unimodularity
conditions added, controls the category of quantum BV manifolds (see §4.3 below). Note that in
this case one has A?(V[—1]) = (©2V)[—2] so that the brackets [ ® ] describe a degree 1 linear map
OV = V.

4.1.1. Wheeled prop(erad) of Lie 1-bialgebras. This is a wheeled prop(erad), Lie!B® :=
FO(E)/ < R >, defined as the quotient of the free wheeled prop(erad) generated by an S-bimodule

12 2 1
sgn2®11_span<\?/—\?/> ifm=2,n=1,
1 1

. 1
(47) E(m,n) := 1, @ 1a[—1 span</é\ /g\> fm=1n=2

0 otherwise

by the ideal generated by the relations

F)(E)(3,1)

R w
A s
A A A e

It is clear from the association

2N (o]l e A

that there is a one-to-one correspondence between representations of £ie'B° in a finite dimensional
space V and Lie 1-bialgebra structures in V.
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4.1.2. Cobar construction on the Koszul dual coproperad (Lie!B®)i. It follows from the
exact sequence (12) that the Koszul dual wheeled properad (Lie!B®)" is the quotient, FO(EY)/ <
R+ >, of the free wheeled prop(erad) generated by the S-bimodule,

12 2 1
sgn2®11[1]zspan<\§/ :—\?/> ifm=2n=1,
1 1

(49) EY(m,n) = 11®sgn2[1]zspan</‘£\ :_/K> ifm=1,n=2,

1 2 2

0 otherwise,

by the ideal generated by relations
1
e A -
1
_ o,

1
1 2 2 3 2 7
1,
\§/3 - \ﬁ/l -0, /%\3 /{Kl X i \%/Kz —0.
1 2 2 3 1 Y 1
4

Thus

(Lie'BO)i(m,n) =~ (Lie'B®) (m,n) = sgnm @ sgn,[m +n — 2] = span < > ,

A\
and, in accordance with §2.6, the dg free wheeled prop Lie!BS := B¢((Lie'B®)i) is generated by
the S-bimodule,

1 2 m—1 m

(50)  w(Lie'BC)i(m,n) = sgn, @ 1,[m —2] = Span< \< > , myn>1m+n>3,
A
and its differential is given on the generating corollas by (cf. [Me2])
/—5;
n -
12 m-1m T

(51) 5\< = (—1)7 (B +HN( 2] +1) 7
1/\\ [1,..., ;Ilub [1,...,n]Z:JluJ2 /\ T

2 n—1 n [11]20,|I2]>1  [J1]|21,[J2]>1 —_———
J1
where o(I; U 15) is the signs of the shuffle [1,...,m] = I; UI,. It is easy to see that representations
of LielBE -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 degree 2 polyvector fields,
7 € A*Z1Ty,, which satisfy the Schouten equations [r,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!B®. Let Lie'B,, be a subcomplex of the complex Lie!BY 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!B® but in the
category of ordinary props). The natural epimorphism,

7 (Lie'Boo,8) — (Lie'B,0)
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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'BB 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!B® and Lie'BS, and the above morphism
7 into the associated morphism of dg wheeled props,

O (Lie'BL,6) — (Lie'B°,0).

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

(52) - + € Lie'BY

gives a non-trivial cohomology class in H(Lie'BY,d) which is, however, sent to zero under 7©.
This means that the wheeled prop of Lie 1-bialgebras is not Koszul, and its minimal resolution,
(Lie'BO) o is larger than Lie'BY. Representations of (Lie!B®), in a vector space V are called
formal wheeled Poisson structures; these (at present mysterious) structures are Maurer-Cartan
elements of a certain L., algebra® which, in accordance with the general theory of [MeVa], is
canonically associated to (Lie'B®)s and which involve not only Schouten brackets but also di-
vergence 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 e € V' and e* € V*, the supertraces of linear maps,

Ad,: V. — \%4 Adg~: V¥ — %
and * * k]
v — [ee] v —  [e*,v"]
are zero. Here [, | are the Lie brackets on V* induced by Lie coalgebra structure on V. The

wheeled prop(erad), ULie'B of unimodular Lie 1-bialgebras is 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,

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

1 2 2 3 1\?/2 7
_ 1
3 L=y, Ag\g ;& =0, + \ﬁ =0.
\§/ B %{ A, AN A i

2

Therefore,

N

ULie'B) (m,n) = @ $GNm @ sgnp[m + n — 2 — 2a] = span < > ,
a=0

A

m out legs, n in legs, a loops

5Graph (52) gives, in fact, an explicit formula for particular u3 composition in that L, algebra.
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Note that the graph on the r.h.s. above is zero unless Zx>¢-valued parameters m, n and a satisfy
inequalities,

m+n+2a>3m+a>1l,n+a>1.
Hence the dg free wheeled prop ULie'By, := B((ULie'B)i) is generated by an S-bimodule,

12 m1m

(53) w(ULie'B)i(m,n) = @ $gNm @ 1,[m — 2 — 2a) = span<

a0 179 "ntl n m4nt2a>3
m+4a>1,n+a>1

Definition of the cobar construction given in §2.5 gives, after straightforward computations, the
following formula for the differential in U Lie'B.,

12 m1m

54 5>{< -

12 n1ln

a=bt+c m=I1'UI1"
b,e20 [n]=J/uJ"

where o(I; U I3) is the signs of the shuffle [1,...,m] =1 U Is.

4.3. Representations of ULie'B,, and quantum BV manifolds. Let (V,d) be a finite-

dimensional dg vector space, and M@* the formal A-twisted odd symplectic manifold correspond-

ing to the graded commutative ring ©*(V* & V[~1])[[i]], h being the formal variable of degree 2

(see §3.9).

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

Pl =P € Hom(O"V, A™V[2—m—2a]) = @"V*@A™V[2—m—2a]) C Endy (m,n).
12 nln

We assemble the collection of linear maps, {pgﬁ)n , into one “generating” degree 0 function,
= Y plah* € Opm,.
a,m,n>0
Let {e,} be an arbitrary basis in V, and {x%,1,} the associated basis in V* @ V[-1], |[¢,| =
—|x*| =1 =eq| — 1. Then
pgg,)n(ebla R ebn) = Z u?ll,‘_._.b(im wal s 'l/)ama

ALyeeesAm

> dita,
b

d(ep)

for some py' it € K, dif € K, and we set

1
Ti=d+T=> diz"h+ > —— > ppiopmal el ., € Oumy .

a,b m+n>3 S RERE am

It is a straightforward calculation to check using formula (54) that the compatibility of the mor-
phism p with the differentials,
pod=dop
is equivalent to the equation,
1
AOF+ §[F.F]S = 0,

where Ag = Y~ 9%/0270¢, and [ e |5 stand for the odd Poisson brackets on MZ... The function
I satisfies the boundary conditions (37) of the definition §3.9.2. Hence we proven the following
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4.3.1. Proposition. There is a one-to-one correspondence between representations of the dg
wheeled prop (ULie'Boo, 8) in a dg vector space V and quantum BV structures on the formal odd
symplectic manifold manifold M. .

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

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

7°  (ULie'Boo,d) — (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 structures can be
deformation quantized over Q 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, m € A®*7yy, in the Schouten Lie algebra on M, that is, a total degree 2
polyvector field, satisfying the equation [ @ w|g = 0. If M is concentrated in degree 0, then w
must be a bivector field, but in general = might have non-zero summands lying in A™7;; with
n # 2. Let M be be the total space of the bundle, Q},, 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 {m et} = 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, Hr, on M which is homological, i.e. [Hr, Hy] = H{rex} = 0. Any
volume form v € Ber(M), induces, via the canonical isomorphism Ber(M) = (Ber(M))®?, a
volume form on M which we denote by ».

5.1.1 Definition [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 7 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, v, which is defined uniquely up to multiplication by a non-zero constant. A formal
Poisson structure 7 on (V,vp) is called a unimodular Poisson structure on V. If {z®} are linear
coordinates on V', then a unimodular Poisson structure on V is given by an ordinary Poisson
structure on V,

T .= Z Z 7Ta1""7a"<f17)'¢a1 .. ~wan € OQ%/v

with coefficients w%1>-% () satisfying an extra condition

8ﬂ_ba2,...,an(m)

5.2. Wheeled dg prop of unimodular Poisson structures. Let I© be the ideal in the dg
wheeled prop ULie'By, (see §4.1.2) generated by loops,
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5.2.1. Lemma. ¢

Proof is a straightforward calculation based on formula (51).
Thus I is a dg ideal in U Lie' B, and the quotient prop,
UPoisson :=ULie'Bo, JI°,
is a dg wheeled prop whose representations in a dg vector space V are ine one-to-one correspon-

dence with formal unimodular Poisson structures, @ € A®7y,, which vanish at O € V.

5.2.2. Remark. 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) topological props, and in continuous morphisms between them
[Me4, Me7, MeVa)).

In the next section we shall assume that both dg props ULie'Bo, and UPoisson are completed
with respect to the filtration by the number of vertices.

5.3. Quasi-isomorphism theorem. A continuous morphism of dg wheeled topological props,
F :ULie'Boe — UPoisson,

given on the generators by the formula

L2, . mim
fora =0,
F ={ 7N\
AN
12 ndn 0 otherwise,

s a quasi-isomorphism.

Proof. The prop ULie'B., 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
oo
E(m,n) := @ (sgnm ® 1,[m — 2 — 2a] ® sgny, ® 1,[m — 1 — 2a])
a>0
12 m1m 12 m

_ p<>g\< ,

172 "nin 1

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

12 m-1m 12 m

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 "nn
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Consider next the decreasing filtrations
ULie'Boo = FoULie'Boy D FiULIBog D ... D FULie'Bo D ...

UPoisson = Fold Poisson O FildPoisson O ... D FUdPoisson D ...

of dg props ULie' By and UPoisson by the number of vertices: the subspaces F}, spanned, by def-
inition, by decorated graphs with at least p vertices. The morphism F' respects the filtrations and
hence induces morphism, {F, : (§,ULie'Bs,d,) — (EUPoisson, s, }, of the associated spectral
sequence, in particular, a morphism,

Fo : (&ULie'Bo, do) — (EUPoisson, dy}

of the initial terms. The dg S-bimodule (EgU Lie' By, dy) is canonically isomorphic to the following
one,
f??o loops<E> = Z G<E>7

Ges?

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 .7-'30 loops O11 the category of dg
S-bimodules is exact, i.e.

H (75, s B)) = F3, toopa(H (B)).

Therefore, the morphism Fy is an isomorphism. By assumptions on U Lie'Bo, and UPoisson, both
filtrations are complete, exaustive and regular (degenerating at 1st term). Hence the associated
spectral sequences are convergent by 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. O

6. BF THEORY OF QUANTUM BV MANIFOLDS

6.1. Introduction. This section is inspired by the work of Mnev [Mn] on a remarkable ap-
proach 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 integrals. 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 U Lie'Bo.-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 1-bialgebras. Let V be a finite-dimensional, and assume
that its dual space V* is equipped with a structure of unimodular dg Lie 1-bialgebra, i.e. with a
degree 1 Lie brackets [ @ | : ®2V* — V*[1] and a degree 0 Lie co-brackets AC°Li . V/* — A2V*
(see §4.2). The dualization and degree shifting of the latter gives a map [, ] : ®*(V[-1]) — V[-2]
which makes V[—1] into a degree 1 Lie algebra. Consider a degree 2 polynomial function (called
action) on the vector space V* & V[—1],

S: V*eV[-1] — K
pdw  — Spw) = (pdw) + 3(p [w,w]) + 5([pep],w),

where (, ) stand for the natural pairing. A choice of a basis {e,} in V' induces linear coordinates
{Pa : IPa] = lea|} on V* and linear coordinates {w® : |wy| = 1 — |eq|} on V[—1] in which the
function S takes the form

1
S(pa w) = Z (paDgwb + Z 5 (pprCcha + paq)gcwbwc)> ,

a,b
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where Dy, Cb¢ and &7 are the structure constants of, respectively, the differential, the odd Lie
brackets and Lie cobrackets in the chosen basis.

Let M@ be an odd symplectic manifold corresponding to the completed graded commutative ring
OV & V*[1])[[h] ~ K[[ps, w*, h]].

6.2.1. Lemma. The semidensity ¢ 2 \/5,,7“, makes MY into a quantum BV manifold.
Proof. The boundary consitions S|,—o = 0 and S|,—0 = 0 are obvious so that, by defintion
3.9.2(i), one should only check the equation AAgS + 1{S e S} = 0, where Ag = Y 81)67;}@. As S
is independent of 7, this is equivalent to two equations,

{SeS}=0 and AyS=0.

The first equation follows from relations (48). Equations Ag(p, [w @ w]|) = 0 and Ag([p,p],w) =0
are equivalent to unimodularity of [ e | and §9°L*¢. Finally, equation Ag(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. m

The quadratic form S(3) := (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-degenerate so that one can develop a

perturbative quantization of the action S = S(2) + S(3) with S(2) determining the “propagator” of

the quantum theory and with the cubic part, Sz) := 1(p, [w e w]) + 1([p,p],w), playing the role

of “interactions” between “fields” p and w. With this purpose we fix an arbitrary cohomological

splitting,

(55) V=H(V)® B® B[-1],

of the complex V. Let p, = {pL, 02, pl’} be an adopted to this splitting basis of V' in which the

differential is given by the matrix (40). Put another way, {p, }acr is a basis of the cohomology

group H(V,d), {p}acs a basis of B, {p/}acs a basis of B[—1] and the differential d is given by
dpy =0, dp, =py, dpy =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 e V'[I]=H(V) ® B @ B-1 @ H(V)[l] ®B[1] & B*[2.
\pf’ —— N~ \//," ~—— —_—  —— ——
w p/a o pg/ w/a w///(x w//{l
so that
do' = 0. dw"® = —" du''e — 0.

The linear functions on the space V* & V[—1] corresponding the above basis vectors of V & V*[1]

we denote by the same letters p, pll, pl/ w'@, W' W',

Then the quadratic term of the action takes the form (cf. (42))

(56) 5(2) _ <p, dw) - _ < p///7w/// >— _ Zpg/w///a.
acJ
where < ; > is the natural degree 2 paring between B and B*[2].
Let now M%@ B[-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",o", " A]],
and MZ(V) the odd symplectic manifold corresponding to
O (H(V) & H(V)*[1]) [[A] =~ K[[p, o', B]].
Cohomological splitting (55) induces an isomorphism of odd Poisson manifolds,

My, = MZ(V) X MZ@B[—I]'
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Following [Mn] we shall show next how a perturbative Feynman type integration along a La-
grangian submanifold £ in the odd symplectic manifold M%@ Bl-1] transforms a simple quantum
BV structure on M{’/ given by Lemma 6.2.1 into a rather non-trivial quantum BV structure
on /\/l (in a full accordance with Theorem 2.7.1). Let \FB@B[ 1] be the semidensity on

M BoB[-1]) associated with the choice of linear Darboux coordinates made above.

6.2.2. Lemma. For any Lagrangian submanifold L in M%@B[_l] and any function f € O,
one has,

Ao/ f\/BB@B[_l]lcZ/(Aof)\/EB@B[—l]\a
L L

provided the integral exists. Here Ag = is the odd Laplacian on ./\/l?/, Ag=> 2

82
a OpgOw? a Opaow?
is the odd Laplacian on MZ(V) and \/EB@B[—lﬂll stands for the restriction (in accordance with
(28)) of the semidensity \/BBEBB[—I] 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 M g p[—1] such that the integral
fﬁ f\/ﬁBeaB[—l]‘ﬁ exists for f = P given by Lemma 6.2.1, then we obtain a quantum BV
structure on the A-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 Mpgp|—1) given by the equations p” = w” = 0. The semidensity \/>B@B[ 1] restricts to £
as an ordinary translation invariant Berezin volume dp”’dw”’ = []_ dpl/dw""® (see [Be]). As the
quadratic volume form Sy = — < p",w" > is obviously non-degenerate on B[—1] & B*[1], the

integral,
S ( ,W) m"r ///
N o— / e 2(p T)B@B[_Mﬁ _ /67 <p 7dpmdwm
c
is a well-defined constant®. Moreover,

Se_/f(p/vwl‘h) S(p/ p,,, Wl !y /”,u'”>+S(d)(p/ ! w! Wy
—_—————— /1! n /" n
e 2 = N~ dp”'dw” = N~ dp™ dw

_ / 5(3)(}7 p w w”’))k dp/”dw'"
k:>0

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

<< ///a7pgl>> _ _héﬁ
As

1
[(wl+w//1).(w/+w1//)]>+i<[p/+p//lvpl+p///]7w/+w1//>

5(3)(p/,p//',w/,w”') 5

= 53(p 7W/) + <p/7 [w/ me]> 4= <p/7 [w/// .w///]> + <p///’ [w/ .w///]>

<p/ll7 [wlll //l]> <[p pl//] I> <Lp/7p///]7w//l> + % <[p///’p//l]7w/>

<[p//l pl//] CL)H>

6This 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 /A as a purely imaginary complex number
th with h being an arbitrary positive real number; such “Gaussian” integrals can be made well-defined via a real
analytic continuation of ordinary Gauss integrals for positive definitive quadratic forms, see [CKTB].

Tthis matrix (up to the factor A1) is precisely the coordinate representation of the homotopy operator h : V — V/

(see §2.7).
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we conclude by the Wick theorem that this integral is equal to the formal power series,

Sep(p' w R)
T = Y G W)
GeGO
where the sum runs over all possible graphs built from corollas of two types,

[N, [e]e A

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

log Z (p', W' h) = Z G(p',w' h)

GeGO GeG?

where the sum on the r.h.s. runs over the subset, C:'g) c GO, consisting of connected graphs. Thus
the effective action can be written finally as

(57) eﬁ—ZGpwh ZZthpw

GeG? 920 Ge@?,
where

— the second sum runs over the subset, G’O @ GS)(,
trivalent directed graphs of genus g;

~ G(p/,u') is a linear map H(V)®* — H(V)®* obtained from the graph G by decorating it
exactly as in Theorem 2.7.1: vertices are decorated by the structure constants, C¢, and
®be. of the Lie and co-Lie operations in V, and internal edges are decorated with the
homotopy operator h; legs are now decorated with p” and w”.

consisting of all possible connected

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

Seff (p',w’,h)

1
Age R =0, ie. hA()Seﬁ + i{Seﬁ ° Seﬁ} =0,
and hence makes Mgy into a quantum BV manifold.

6.2.3. Proposition. 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 cohomology, H(V'), given by
the quantum master function (57). Moreover, there exists a natural quasi-isomorphism of quantum
BV manifolds,

Seg (0’ 0’ h) p,w
ons (M. ™ T VD) — (M ™5V,

Proof. It remains to construct a morphism ¢, which, by definition 3.9.11, is a topological
morphism of K[[A]]-modules,

K[[p,w, i]]. — K[[p, ", K]].

which in the limit 2 — 0 induces a morphism of algebras and satisfies the equation

(58) e—sf:fﬂz;b W’ h) _ <¢h(f) efj(:l’;ww/ﬁ)) _ 4 (e S(p.w) Ay (fesu;i,m))’

for any f € K[[p,w,]]. In view of Lemma 6.2.2, the map (cf. [Mn])

—Se (0w’ ) S(p,w)

(59) Gi(f) = N-le— L / F(prw, Be™

p''=0,w’" =0

/1 n
p™ dw

does satisfy equation (58):
= Sefr (7w 1) Segy (0’ B Sy () (p.)
G%AB (q‘);;(f)eﬁn) = Nl / Ao (f(p7w h)e S, ) dp"" dw""

p"=0,w"" =0

= ¢ (e—S<p ) Ay (fes%u))) .
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Moreover, in the limit i — 0 formula (58) gives simply the evaluation map,
%ii% O (f) = Flr=0,p"=0,p""=0,0"=0,0" =0,

and hence defines a morphism of algebras O 49, — Opqo, W a

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, ) and proves thereby
Proposition 3.11.2 in general.
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