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Abstract

The main theme of this thesis is higher algebraic structures that come from
operads and props.

The first chapter is an introduction to the mathematical framework need-
ed for the content of this thesis. The chapter does not contain any new re-
sults.

The second chapter is concerned with the construction of a configura-
tion space model for a particular 2-colored differential graded operad en-
coding the structure of two A, algebras with two A, morphisms and a ho-
motopy between the morphisms. The cohomology of this operad is shown
to be the well-known 2-colored operad encoding the structure of two asso-
ciative algebras and of an associative algebra morphism between them.

The third chapter is concerned with deformation quantization of (po-
tentially) infinite dimensional (quasi-)Poisson manifolds. Our proof em-
ploys a variation on the transcendental methods pioneered by M. Kontse-
vich for the finite dimensional case. The first proof of the infinite dimen-
sional case is due to B. Shoikhet. A key feature of the first proof is the con-
struction of a universal Ly, structure on formal polyvector fields. Our contri-
bution is a simplification of B. Shoikhet proof by considering a more natural
configuration space and a simpler choice of propagator. The result is also
put into a natural context of the dg Lie algebras coming from graph com-
plexes; the L, structure is proved to come from a Maurer-Cartan element
in the oriented graph complex.

The fourth chapter also deals with deformation quantization of (quasi-
)Poisson structures in the infinite dimensional setting. Unlike the previous
chapter, the methods used here are purely algebraic. Our main theorem is
the possibility to deformation quantize quasi-Poisson structures by only us-
ing perturbative methods; in contrast to the transcendental methods em-
ployed in the previous chapter. We give two proofs of the theorem via the
theory of dg operads, dg properads and dg props. We show that there is a
dg prop morphism from a prop governing star-products to a dg prop(erad)
governing (quasi-)Poisson structures. This morphism gives a theorem about
the existence of a deformation quantization of (quasi-)Poisson structure.
The proof proceeds by giving an explicit deformation quantization of super-



involutive Lie bialgebras and then lifting that to the dg properad governing
quasi-Poisson structures. The prop governing star-products was first con-
sidered by S.A. Merkulov, but the properad governing quasi-Poisson struc-
tures is a new construction.

The second proof of the theorem employs the Merkulov-Willwacher poly-
differential functor to transfer the problem of finding a morphism of dg
props to that of finding a morphism of dg operads. We construct an exten-
sion of the well known operad of A, algebras such that the representations
of it in V are equivalent to an A, structure on V[[A]]. This new operad is
also a minimal model of an operad that can be seen as the extension of the
operad of associative algebras by a unary operation. We give an explicit map
of operads from the extended associative operad to the operad we get when
applying the Merkulov-Willwacher polydifferential functor to the properad
of super-involutive Lie bialgebras. Lifting this map so as to go between their
respective models gives a new proof of the main theorem.



Sammanfattning

Det gemensamma inslaget i den hiar avhandlingen dr hogre algebraiska struk-
turer som kommer fran operader och propar.

Det forsta kapitlet dr en introduktion till det matematiska ramverk som
avhandlingen framst héller sig inom. Kapitlet innehaller inga nya resultat

Det andra kapitlet behandlar konstruktionen av en konfigurationsrums-
model for den 2-fargade differentialgraderade operaden som beskriver struk-
turen av tvd A, algebror med tvé A, avbildningar och en homotopi mellan
avbildningarna. Vi visar att kohomologin av denna operad &r den védlkdnda
2-fargade operaden som beskriver tva associativa algebror och en avbild-
ning mellan dem.

Det tredje kapitlet behandlar deformationskvantisering av (potentiellt)
odndligtdimensionella (kvasi-)poissonmangfalder. Vart bevis anvinder de
slags transcendentala metoder som M. Kontsevich anvinde for att behandla
det dndligtdimensionella fallet. Det férsta beviset for odndligtdimensionell
deformationskvantisering gavs av B. Shoikhet. Ett viktigt inslag i beviset dr
konstruktionen av en universel Lo, struktur pa formella polyvektorfalt. Vart
bidrag dr en férenkling av B. Shoikhets bevis via anvdndandet av en enklare
propagator. Resultatet sétts dven in i sammanhanget givit av differential-
graderade Lie algebror kommande fran grafkomplex; Lo, strukturen bevisas
komma fran ett Maurer-Cartan element i det orienterade grafkomplexet.

Det fjarde kapitlet behandlar ocksé deformationskvantisering av kvasi-
poissonstrukturer i det odndligtdimensionella fallet. Till skillnad fradn det
foregdende kapitlet sd dr metoderna i detta kapitel rent algebraiska. Vart
huvudteorem dr mojligheten att deformationskvantisera kvasipoissonstruk-
turer med hjélp av endast perturbativa metoder; i kontrast till de transcen-
dentala metoder som anvéandes i kapitlet innan.

Vi ger tva bevis for teoremet med hjélp av teorin for dg operader, dg pr-
operader och dg propar. Vi visar att det finns en propavbildning frdn en prop
som beskriver stjarnprodukter till en prop som beskriver kvasipoissonstruk-
turer. Denna avbildning ger ett teorem f6r existensen av en deformation-
skvantisering av kvasipoissonstrukturer. Beviset borjar med att beskriva en
explicit deformationkvantisering av superinvolutiva Lie bialgebror och sen
lyfts den associerade avbildningen till dg properaden som beskriver kvasipois-



sonstrukturer. Propen som beskriver stjdarnprodukter konstruerades av S.A.
Merkulov men properaden som beskriver kvasipoissonstrukterer dr en ny
konstruktion.

Det andra beviset av teoremet anvdander Merkulov-Willwachers polyd-
ifferentiella funktor for att 6verfora problemet att hitta en avbildning av dg
propar till att hitta en avbildning av dg operader. Vi konstruerar en utvid-
ning av operaden av A, algebror. Representationerna av utvidgningen i ett
vektorrum V dr det samma som Ay, strukturer i A[[h]]. Denna operad ar
en minimal model for en utvidgning av operaden av associativa algebror
genom att ldgga till en unir operation. Vi beskriver en explicit avbildning
fran den utvidgade operaden av associativa algebror till den operad som
bildas dd man anvinder Merkulov-Willwachers polydifferentiella funktor pa
propen av superinvolutiva Lie bialgebror. Att lyfta denna avbildning till de-
ras respektive modeler ger ett nytt bevis for teoremet.
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1. Introduction

1.1 Operads as a unifying language in mathematics

As this thesis practically revolves around the concept of an operad, I will give
a little background on them and, by examples, try to convince the reader
that they lead to interesting and beautiful mathematics.

1.1.1. General background and motivation Operads originated in the 1970s
in the field of topology. The formal definition was given by P. May in [May],
where he built upon the previous ideas of M. Bordmann, R. Vogt and J.D.
Stasheff [BV1} [BV2; [St]. Since their invention, operads have come to have
applications in several other areas of mathematics, most prominently in al-
gebra, geometry and mathematical physics. Operads have been used to or-
ganize similar ideas under a common umbrella. To give an example from
algebra. Commutative, associative and Lie algebras all have a cohomology
theory of their own; the Harrison, Hochschild and Chevalley-Eilenberg co-
homology, respectively. Within the framework of algebraic operads, each of
these theories can be realized as an example of a general operad cohomol-
ogy theory.

One can think of operads as a universal language in mathematics. It's
often the case that the same operad will have an interesting incarnation in
both algebra and geometry. In this way one can uncover deep and often
unexpected connections. Let us discuss the example of the operad of little
n-disks, denoted E,. The first use of this operad was in topology to clas-
sify iterated and infinite loop spaces; a simply connected CW-complex X
has the weak homotopy type of an n-fold (or infinite) loop space if it has
the structure of an algebra over the operad E;, (or the E, operad). Later,
the associated chains operad on E,, Chains(E,;), was studied in a paper by
E Cohen [C]. In it he proved that the homology operad of E, coincides with
the operad of Gerstenhaber algebras. This algebraic structure has impor-
tant applications in algebra, geometry and mathematical physics. The op-
erad Chains(E») was proven to be formal by D. Tamarkin [Ta] and this was
subsequently used to give a new proof of M. Kontsevich’s formality theo-
rem [Konl]. This chains operad also plays a central role in the (now proven)
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Deligne conjecture, which says that the Hochschild cochain complex of an
associative algebra A (or more generally a Ay, algebra) has the structure of
an algebra over the operad Chains(E;). A generalization of this result states
that the Hochschild cochain complex of a Chains(E ;) algebra has the struc-
ture of a Chains(E;1;) algebra [HKV]. Finally, the minimal model of this
chain operad oflittle disks controls the Hertling-Manin system of non-linear
partial differential equations which lie behind the notion of F-manifolds
[Me7]. The operad of little disks demonstrates how operads can establish
connections between very different mathematical structures.

1.1.2. Topological operads and configuration spaces Many important op-
erads can be reinterpreted as operads of chains on a topological operad.
We mentioned above the topological operad of little 2-disks, whose chain
operad is equivalent to the operad controlling strongly homotopy Gersten-
haber algebras. Another example is given by the operad of little 1-disks,
D (R). The n-th part of this operad is (roughly speaking) given by the space
of embeddings of n copies of R into R such that the image intervals are dis-
joint. The representations of D; (R) are the same thing as A spaces and the
chains of this topological operad is a differential graded operad that is quasi-
isomorphic to the operad Asss,. There is however another very useful way to
connect the theory of Ay, algebras to the theory of geometric operads.

Consider 7 points on the real line modulo the action of the affine group;
x — Ax + c where 1 € R™ and ¢ € R. The space of such configurations of
points is an n — 2 dimensional manifold C, (R). This manifold C,(R) can be
suitably compactified into a closed manifold with corners C,(R) in a such
a way that the whole family {C,(R)},2 gives us an operad in the category
of smooth manifolds with corners. The associate operad of fundamental
chains is identical to the operad of Assy, algebras. Note that in this ap-
proach we get a geometric interpretation of the Ass,, operad in terms of
manifolds, not just topological spaces! Therefore this approach gives us new
mathematical tools when studying strongly homotopy algebras, as for ex-
ample, manifolds with corners are always equipped with sheaves of differ-
ential forms which one can integrate and which obey the Stokes’ theorem.
Therefore such an interpretation of an algebraic operad in terms of an op-
erad of configuration spaces opens up the possibility of obtaining transcen-
dental results; results that cannot be achieved just through homological al-
gebra and perturbative methods. There are two such famous transcendental
results due to M. Kontsevich.

In the 90s M. Kontsevich made a ground breaking contribution to the
field of mathematical physics by proving his Formality conjecture [Konl].
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The result gives an Ly, quasi-isomorphism
K: (Tpoty R, [=,~1s5,d = 0) — (Dpo1y (ORM), [-, -1, dr)

from the Lie algebra of polyvectorfields on R? equipped with the Schouten-
Nijenhuis bracket and the trivial differential to the Lie algebra of polydif-
ferential operators on smooth functions on R? equipped with the Gersten-
haber bracket and the Hochschild differential. The proof consists of an ex-
plicit construction. The map constructed by M. Kontsevich is given as a lin-
ear combination over a family of graphs. Each graph giving a polydifferential
operator and a weight that is determined as the integral over a configuration
space. The formality theorem can be formulated as a morphism of operads,
i.e. as a morphism from the operad of fundamental chains of Kontsevich
configuration spaces to the operad of Kontsevich graphs.

The second such transcendental result due to M. Kontsevich gives and
explicit proof of the formality of the little disks operad [Kon2].

1.2 Outline of thesis

The thesis is mainly concerned with the higher algebraic structures coming
from operads and props. The text is divided into four chapter.

The first chapter is an introduction to the mathematical framework in
which the thesis is embedded. It does not contain any novel results and
serves as a collection definitions, constructions and theorems that are re-
quired for the following chapters.

The second chapter investigates the notion of homotopies between
(weak) morphisms of Ass, algebras. The major achievement is a construc-
tion of a configurations space model for the 2-colored dg operad Ho(Ass)s
which controls a pair of A, algebras, (V,,uv), (W,pW), a pair of Ay, mor-
phism between them f, g : (V,u") — (W, u") and a homotopy between these
morphism,

h:f~g.

Put another way a representation of our 2-colored operad is a diagram in the
category of A, algebras like this:

| ™~
(V1Y) “h (W, ")
v

4
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The configuration space model is given by considering a suitable compact-
ification of the configuration space of points on the real line. In a very natu-
ral way this model generalizes previously known configuration space model
that describe the 2-colored operad Mor(Ass)... The 2-colored operad
Mor(Ass), admits the configuration space model given by compactifica-
tions of configurations of n points on the line modulo the Lie group of trans-
lations. We also calculate the cohomology of the 2-colored dg operad Ho(Ass)
and show that it is equal to Mor(Ass). Put another way, this result proves that
Ho(Ass), is @ non-minimal model of Mor(Ass). The result also implies, af-
ter some additional work, that Ho(Ass), is @ non-minimal quasi-free model
of the 2-colored dg operad Ho(Ass) which is defined as the operad encod-
ing the structure of two dg associative algebras, two algebra morphisms be-
tween them and a homotopy between these two morphisms. Compared to
the original presentation in loc. cit., the present presentation of the result
is significantly modified with constructions simplified and exposition im-
proved.

The third chapter is concerned with deformation quantization of (po-
tentially) infinite dimensional formal (quasi-)Poisson structures. The proof
in this chapter is a variation of M. Kontsevich’s original proof for the finite
dimensional case [Konl]; We employ the transcendental methods pioneered
in Loc. cit. and consider integrals over compactifications of configuration
spaces. The first proof of the infinite dimensional case is due to B. Shoikhet
ISh]. An integral part of his proof is the construction of a universal Liey,
structure on the polyvector fields on a space V. Our contribution is a sim-
plification of B. Shoikhet proof by considering a more natural configuration
space and a simpler choice of propagator. The result is also put into a nat-
ural context of the dg Lie algebras coming from graph complexes. We show
that the aforementioned Liey, structure comes from a Maurer-Cartan ele-
ment in the oriented graph complex defined by Willwacher [Wi2].

The fourth chapter is also concerned with the problem of deformation
quantization in the infinite dimensional setting. Whereas the methods of
chapter three are transcendental in nature — relying on integrals over con-
figuration spaces — the methods of chapter four are purely algebraic. We
give two proofs of deformation quantization of quasi-Poisson structures.

Following S.A. Merkulov [Me5; [Me6] we reinterpret the problem of de-
formation quantization as that of finding a morphism of dg props. On one
hand we have the dg prop DefQ” that can be characterized by having repre-
sentations in a vector space V given by Maurer-Cartan elements in the full
polydifferential Hochschild cochain complex Hoch®(Oy[[A]]). These MC-
elements correspond to (curved) Asso, structures on Oy [[A]]. On the other
hand we have the dg properad qPois that can be characterized by having

18



representations in a vector space V given by Maurer-Cartan elements in the
Kontsevich-Shoikhet Liey, algebra ’Tpoly(V) discussed in chapter three, i.e.,
quasi-Poisson structure in V. To prove a universal deformation quantiza-
tion of quasi-Poisson structures it is enough to demonstrate a morphism of
props Q: DefQ" — qPois. The proof uses that qPois is a cofibrant replace-
ment of the much simpler properad LieB? , , encoding odd Lie bialgebras
with an extra relation corresponding to a higher notion of involutivity. It’s a
straightforward calculation to deformation quantize LieB? , ,; to give a map
of props ¢ : DefQ" — LieB? , ;. By the cofibrancy of the two props DefQ"
and qPois we can construct a lift of g such that the following diagram com-
mutes
gPois

Q.7
s 4
Ve

h/ q F Do
DefQ — LieB?

This gives us the necessary morphism to prove deformation quantization
of quasi-Poisson structures. The prop DefQ” was first considered by S.A.
Merkulov [Me5], but the properad qPois is a construction that is original to
this thesis.

The second proof of the theorem employs the Merkulov-Willwacher poly-
differential functor O ([MWI]) to transfer the problem of finding a mor-
phism of dg props to that of finding a morphism of dg operads. We construct
the operad AssS, which is an extensions of the Assy, operad. The represen-
tations of Ass% in a K-module V is equivalent to an Assy, structure on the
K[[R]]-module V[[A]]. As the notation implies, the operad Ass?, is a minimal
resolution of an operad Ass®. This operad is an extension of the classical Ass
operad formed by adding a unary operation. The idea of the second proofis
to use the functor O to transfer the map

p:LieB,, — Endy
giving a LieB? , ; structure in a vector space V to a map
Op:OLieB; , , — Endo-v.
By constructing an explicit map
f:Ass® — OLieB?

we prove the existence of a universal deformation quantization by using the
exactness of O and cofibrancy of qPois and Assg,.
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1.3 Admission

Some parts of this thesis were already published in the authors licentiate
thesis [B]. To be precise, most of the content of the second chapter and parts
of the exposition about monoidal categories and operads were taken from
there.

1.4 Notations and conventions

Through out the thesis we let K be a field of characteristic zero. Vector
spaces will always be over the field K unless specified otherwise. The set
{1,2,...,n} will be denoted by [n]. The group of permutations of [n] will be
denoted S,,. Given a Z-graded vector space V = @,z V?, the shifted vec-
tor space V[k] is defined to have the component V[k] (@) = yl+k) jn degree i.
Let s denote the degree 1 isomorphism s: V — V[1]. We will often abbreviate
differential graded as "dg".

1.5 General background

1.5.1. Differential graded Lie algebras and deformation theory Let g be
a dg Lie algebra over the field I with Lie bracket [-, -] and differential 4.
For a formal parameter / we can give the structure of a dg Lie algebra to
g®KI[[R]] = gl[hl] by extending the bracket and differential to be K[[A]]-
linear. Let m = AK[[A]] be the maximal ideal of K[[A]].

Definition 1.5.1. A Maurer-Cartan (or MC) elementy of the dg Lie algebra g
is a formal power seriesy € g' ®m of degree 1 elements satisfying the equation

1
oy + E[Y’Y] =0.

Consider the Lie subalgebra g ®m of formal power series of degree 0
elements in g without "constant term". This Lie algebra is the inverse limit
of the system

05 0% 05
~ . em em em
g0®m:hm..._> Og,\ S R é;,\ N Og,\ T
— glemit g'em glemiV-

where the the maps are the natural projection maps.
The terms of the inverse system are all nilpotent Lie algebras, therefore
a group can be defined by taking the exponential map

G=exp(g’®m).

20



The group G acts on the MC elements of g according to the formula:

exp()y = exp([—,{Dy + f([—-,¢D)a¢,

where f is the power series of the function

_122

-1
X n=1 n!

er x"

fx)=
about the point x = 0. We have the interpretation

1 ~
exp(l=, ¢ = ) 5 [ [(=¢1,8),..., ] eKITA) ®End(g)°
k=0 ™* "
k

and in the same way we use the power series of f(x) to define f([—,¢])

From this we can define the Deligne groupoid MC(g) [GM]. The idea of
the groupoid is to capture the formal deformation theory associated to the
dg Lie algebra g. In this groupoid the objects are MC elements of g and
morphisms between two MC elements y; and y; are elements of the group
G which transform y; to vy, .

Let mo(MC(g)) denote the set of isomorphism classes of the groupoid
MC(g).

Every morphism p: gy — g» of dg Lie algebras gives us an explicit functor

s : MC(g1) — MC(g2)

between the corresponding Deligne groupoids.

For weakly equivalent dg Lie algebras there is a bijective correspondence
of isomorphism classes of MC elements. According to [G], [GM] and [SS] we
have the following theorem

Theorem 1.5.2. Ifu: Ly — Ly is a quasi-isomorphism of dg Lie algebras then
U« induces a bijection between isomorphism classes of MC elements mo(MC(L1))
and o(MC(Lp)) .

Remark 1.5.3. Theorem[1.5.3is an essential ingredient in M. Kontsevich proof
of deformation quantization for Poisson manifolds [Konl]. Where for a fi-

nite dimensional manifold M the dg Lie algebras (To1,(M), [, 1sn,0) and

(Dpoiy(M), [, 16,dy are found to be weakly equivalent - i.e. that they can be

connected by a zig-zag of dg Lie algebra quasi-isomorphisms

%Oly(M) —S e — 0 — L — 0o — Dpoly(M)

or equivalently, which M. Kontsevich proves, that there is an Lie,, quasi-
isomorphism
U : Tpoty (M) [1] — Dpory (M)[1].
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It follows that there is a bijection between their sets of isomorphism classes of
MC elements. The deformation quantization theorem follows from the fact
that the isomorphism classes of MC elements of T1,(M) are exactly Poisson
structures on M and isomorphism classes of MC elements of Dpo1,(M) are
exactly star-products on C*°(M).

However, Theorem has also been generalized and is a corollary to a
result by E. Getzler in the paper [G]; Proposition 4.9, which is a more general
result concerning the deformation theory of Liey, algebras.

1.5.2. Hochschild (co)homology and the HKR theorem(s) Let A be a K-
algebra and M an A-bimodule. For A and M we will define two related dif-
ferential graded structures; The Hochschild chain complex Hoch. (A, M) and
the the Hochschild cochain complex Hoch® (A, M).

The Hochschild chain complex is the differential graded vector space

Hoch. (4, M) := D M ® A®F[k]
k=0

and degree —1 differential d = {d"},,>( defined by

(n)
Mey A" L5 Moy A2
dmw:=y" (-1)'d"

where

dyimea®..9a,)=m-a1®a;®...9 a,
d(m®a;®...9a,) =m®a;®...0a;a4;11%®...9a, 0<i<n

d,(ime®a;1®...8a,)=a, M®aA1®...9 dy_1

The Hochschild cochain complex, Hoch® (A, M) is the differential graded
vector space with graded components

Hoch™ (A, M) := Hom(A®", M) [n]

and degree 1 differential

(n)
Hom(A®", M) 2 Hom(A®"+D | pp)
_ i 7(n)
dm =% ,(-1'd,

where

do(f)ar1®...0ap1)=ar-f(az®...® ap+1)
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di(f a1 ®...8ap41)=f(a1®...0a;a;+1®...8a,41) 0<i<n

dn(f)(a1®...® ay1) = fa1®...® ap) - aps1

When A = M we will simply write Hoch. (A) and Hoch® (A), respectively,
for the Hochschild (co)chain complex of A as a bimodule over itself.

The homology of the complexes (Hoch. (A, M), d) and (Hoch® (A, M), d)
are known as the Hochschild homology and Hochschild cohomology of M
with coefficients in A. We denote this group by HH. (A, M) in the homol-
ogy case and HH" (A, M) in the cohomology case. Again, we adopt the more
compact notation of HH.(A) and HH*(A) when A = M.

In the particular case when A = M the Hochschild cochain complex
Hoch® (A) has the structure of a shifted dg Lie algebra with bracket [—, —]¢.
Let f € Hoch”(A) and g € Hoch” (A), the degree —1 bracket in Hoch®(A) is
defined as follows

Hoch”(A) ® Hoch™(A) =% Hoch*"1(A)
[f,glg:=fog—(~1)IfI-Dlgi-Dgo f

where

fog((xl,xz ------ Xn+m-1)) =
n .
Z (—1)(1_1)(m_1)f(x1; e Xic1, 8(Xiy o Xiym=1)s Xivmy - -« Xnam—1)
i=1
When A is a commutative algebra then the Hochschild cochain complex
Hoch* (A) is equipped with a graded commutative product called the cup
product. Let f and g be as above, then the cup product is defined as follows

Hoch”(A) ® Hoch™(A) — Hoch"*™(A)
(xlwnyxn)@(ylwnym)&f(xl)'-"xn)'g(ylw-«)ym)

The shifted Lie-bracket and the cup product descend to well-defined
operations on the Hochschild cohomology HH* (A4). On the cohomolgy the
operations satisfy the coherence conditation that the adjoint action of the
bracket is a derivation of the cup product. This structure of a shifted Lie
bracket and graded commutative product for which the bracket acts as a
derivation is known as a Gerstenhaber algebra.

In many situations it can be convenient to shift the Hochschild cochain
complex so that the Lie bracket is of degree 0;

Hoch"*'(4) = @ Hom(A®", A)[n +1].

n=0
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Kihler differentials and derivations

Let A be a commutative K-algebra and let € denote the multiplication map

A A A
DX ®Yi— L XiYi

Let I be kernel of the map € and consider the module I/12.

Proposition 1.5.4. Let M be an A-module. There is an isomorphism be-
tween the module of derivations Dery (A, M) and the module of linear maps
Homy (I/1%, M).

The module I/I? is isomorphic to the module of Kéihler differentials of
A (as a K-algebra); which we denote by Q 4. The module Q 4/ is defined
as the free A-module on the symbols da for a € A subject to the relations

ed(a+b)=da+db
e d(ab) =adb+ bda
eda=0ifaek

Explicitly, the isomorphism Q 4/ — I/1? isgivenby da— 1®a-a®1

Proposition 1.5.5. Let A be commutative K -algebra and let M be a symmet-
ric A-bimodule, (i.e. am = ma.) Then

HH! (A, M) = Derk (A, M)
HH1 (A M) EM®4Qa/K

specifically when M = A we have that

HH! (A4, A) = Derg (A)
HH; (4, A) = Qa/k

In the seminal paper by G. Hochschild, B. Kostant and A. Rosenberg
[HKR], proposition|1.5.5|was given a generalization that has been come to
be known as the Hochschild-Kostant-Rosenberg Theorem. The generaliza-
tion works for certain well-behaved algebras. We remind the reader of some
definitions before stating the theorem.

Definition 1.5.6. Let A be a commutative K -algebra. We say that A is essen-
tially of finite type if it is a localization of a finitely generated K -algebra.
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Definition 1.5.7. Let A be a commutativelK -algebra. We say that A is smooth
if it satisfies the following lifting property: Let C be commutative K-algebra
with square-zero ideal N with a morphism of K-algebras A—— C/N. Then A
is smooth if there is a lift A 7, C such that po f = e where p is the natural
projection C L2 cIn.

Theorem 1.5.8. (Hochschild-Kostant-Rosenberg) Let A be a smooth com-

mutative K -algebra of essentially finite type then there are two quasi-isomorphism
of differential graded vector spaces

(A*Qa/k,0) — (Hoch. (A, A),dp)
(A\* Dery (A),0) — (Hoch® (A, A), dp)
Proof. See e.g. [We]| O

1.5.3. The polydifferential Hochschild (co)chain complex The Hochschild
cochain complex Hoch® (A) is a huge object in the case where the algebra A
is the algebra of smooth functions on a manifold M, A := C*®(M). In this
thesis we will mainly be interested in the subcomplex (in fact, the dg Lie
subalgebra) consisting of the so called polydifferential operators, which are
defined as follows.

Definition 1.5.9. A polydifferential operator D : C*®°(M)®" — C*°(M), ex-

pressed in coordinates (x'), is a map D of the form

alhl(fl) 6”2|(f2) allnl(f )
. _ (Iseer D) (4 . . .. n
D:fiefh®..®f, (Il,;ln)F (x) 0oL @xk 7 @0x)h

where the I; are multi-indices, F hoeln gre smooth functions, - is the ordinary
i1,
commutative product of functions and 6( 6x()]2)

that is associated to the multi-index I;.

is the partial derivative of f;

1.6 Deformation quantization

Deformation quantization is one approach to the procedure of quantizing
a classical mechanical system to produce a quantum mechanical system-
counterpart. In this formalization one considers the algebras of observ-
ables of the physical system; in the classical mechanical system one has the
commutative algebra of smooth functions C*°(M) and the aim is to find a
deformation of the ordinary commutative product of functions to a non-
commutative associative algebra structure on C*°(M)[[A]] satisfying some
limit conditions. Such a product is called a star-product. We give a rigourous
definition.
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Definition 1.6.1. Let A be the R-algebra of smooth functions on a manifold
M. A star-product on A is an associative R[[h]]-linear product on A[[h]];

AlR] ®gyipy Allh]] — A[lR]]
of the form

(f,8)— f*g=fg+hBi(f, g+ By(f,8) +...

where B; is bilinear and a differential operator in each argument.
We will consider star-products up to the equivalence of a particular group
of automorphisms. Consider the set of R[[h]] -linear automorphisms

D: A[[R]] — AllR]]
of the form
D(f) = f+hDi(f) +h*Dy(f)+... feA

where each D; is a differential operator. For the group of these automorphism
we can define an action on star-products D : x — %',

fx'g=D(D'(H*xD () f geAlhl]

We say that two star-products are equivalent if they are related by such an
automorphism.

The notion of star-product is closely connected to the deformation the-
ory of algebras. We develop this connection in the rest of the section.
Let %« be a star-product on A and suppose it has the explicit form

fxg=rfg+hBi(f,+h*B:(f, 8 +...

We can show that the commutator of B; defines a Poisson bracket on the

algebra A,
{—-1:A®A—- A

{fyg}-:Bl(fvg)_Bl(g)f)»

i.e. it’s a Lie bracket which acts as a derivation of the associative product of
A

{f,ght=1{f,gth+glif, h.
To see that this is the case we first notice that

1
[f, 8] Z=ﬁ(f*g—g*f)
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defines a Lie bracket on A[[A]]. If we reduce the commutator [—, —] modulo
h we still have a Lie bracket and this reduction exactly produces the com-
mutator of By, i.e. {—, —}. Considering the associativity of the star-product x
we find that the following relation holds for all a, 8,y € A[[A]]

Bi(aB,y)—Bi(a,By) —aBi(B,y)+yBi(a,f) =0 (1.1)

using equation repeatedly we can demonstrate that {—, -} is a Poisson
bracket

{f,ght=B1(f,gh) — Bi(gh, )
=Bi1(fg h) - fB1(g, h) + hB1(f,8 — B1(g, fh) + fB1(g, h) — gB1(h, f)
=B1(gf,h) —B1(g, fh) + hB1(f, 8 — gBi1(h, f)
=8&Bi(f, h) + hBi1(f,8) — gBi1(h, ) - hBi(g, f)
=gif W +hif g
We also notice that equation is exactly the criterion for B; to be a

2-cocycle in the Hochschild cochain complex of A. Furthermore, if the two
star-products

f*g=[g+hBi(f,8 +M*By(f.g)...
and
fx'g=fg+hB}(f,g +h*B5(f, &) +...

are equivalent through the automorphism D = Id +AE then we can deduce
that

B (f,&) =Bi(f,&) + fE() +gE(f)-E(fg),

which means that B} and B differ by a 2-coboundary. We summarize the
discussion in a theorem.

Theorem 1.6.2. The set of equivalence classes of first order deformations of
an algebra A is bijective to the second Hochschild cohomology HH? (A).

Let A be an algebra and let x be star-product on A. We let ¢ denote the
ordinary multiplication in A

HU:A®A— A
and uj denote the multiplication coming from the star-products
ur: Allhll @ AllR]] — AllA]]

The shifted Hochschild cochain complex of Hoch**!(A) is a dg Lie algebra
with the Hochschild differential dy and Gerstenhaber bracket [, |g. Let us
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apply the general idea of deformation theory and make some comments on
its Deligne groupoid of Maurer-Cartan elements.

A Maurer-Cartan element for Hoch**!(A) is an element y € Hoch! "1 (A)&m,
(where m = AR[[A]] is the maximal ideal of R[[A]]) such that

1
du(y) + 5[%7’]6 =0

We can think of 1, as an element of Hoch!*1 (A)[[A]]. We let the Lie bracket
be extended by R[[%]]-linearity. Now the associativity of u; can be phrased
as

0 =2(up(wn(f, 8, ) — un(f, un(f, 8)) = lpn, unlc(f, & h),

we conclude that
(ur, prlc = 0. (1.2)

Let us consider the decomposition of yj as a sum yy = g+ B where B €
Hoch!*!(A)®&m then we can expand equation [1.2]as follows

(wn unle = (W, e +2(u, Bl +[B,Blg =0
We notice two things:
* pis associative and therefore [, u] =0

« the Hochschild differential can be understood as the adjoint action of
K
dH =+ [/J’ _]

From this we can see that equation[1.2]is equivalent to the Maurer-Cartan
equation for B;

1
dn(B) + E[B,B]G =0
and that star-products on A are given by Maurer-Cartan elements of the dg

Lie algebra (Hoch**1(A), dp, [, ~1c).

1.7 Monoidal categories

The appropriate categorical setting for the higher algebraic structures like
operads, properads and props is that of a symmetric monoidal category.

Definition 1.7.1. A monoidal category is a category C with a functor ® : C x
C — C and a unit object I together with three natural isomorphisms,

i) theassociatoraspc:(A®B)®@C=A®(B®()
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ii) theleft unitorps:I® AZ A
iii) theright unitorvy: A®I= A,

such that the following diagrams commute

(A8B)®C)® D —2"" _ (A@B)® (C® D)

lCICAyB'c®D
(A®(B®(C)®D @ A,B,C®D

LUCA,B@C,D

A®apc,p
A®(B®C)®8 D) ——————= A®(B® (C® D))
(Ao )®B A®(I® B)
vVa®B
A®pB

A®B

Furthermore, we say that monoidal category C is symmetric if it's equipped
with an isomorphism o 45 : A® B = B ® A such that the following diagrams
commute:

A1 I® A

\/

B

C
(A®B)®C —2"" _ (BeA)&C

laA,B,C L“B.A,C

A®(B®C(C) B®(A®C(C)
loA,BMZ‘ LB@UA,C
@ A,B,C
BeC)® A——— B (C® A)
A®B

Example 1.7.2. The category of sets with Cartesian products form a sym-
metric monoidal category with the one element set as a unit and the map
0 : Ax B — B x A being given on pairs (a, b) — (b, a).
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Example 1.7.3. The category of dg vector spaces together with the tensor prod-
uct form a symmetric monoidal category with the ground field as the unit and
themapo:(A®B) = EBHj:nAi ®B/ — EBi+j:nBj ® Al = B® A given on ho-
mogeneous components as a® b — (—)9¢84degbp g g,

Example 1.7.4. The category of topological spaces with Cartesian products
form a symmetric monoidal category with the unit being the point and the
map o : Ax B — B x A being given on pairs (a, b) — (b, a).

Definition 1.7.5. A functor F :C — D between monoidal categories (C,®, I, a)
and (D, ®, ], B) together with a natural transformation

$ap: FASFB — F(A®B)

and a morphismv : ] — F1 is called monoidal if the following diagrams com-
mute

(FA®FB)®FC—ﬁ>FA®(FB®FC)

l¢®1d lld ®

F(A®B)® FC FA®F(B®()

N

F(A®B)®C) ———— = F(A®(B® ()

Idey yeld
FA® ] ——— = FA®FI J®FA———FI®FA
Fvy Fpa
FA<——F(A®]I) FA<——F(®A)

Furthermore, the monoidal functor F is called symmetric monoidal if it’s a
functor between symmetric monoidal categories and if the following diagram

commutes
o

FA® FB——— = FB®FA

X X
F(AeB)~—L2  F(Bw A)
Example 1.7.6. Two central examples of symmetric monoidal functors are
the chains functor on a topological space and the homology functor on com-

plexes. That these functors are symmetric monoidal is essentially the content
of the Eilenberg-Zilber theorem and the Kiinneth theorem, respectively.
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1.8 Operads

1.8.1. The classical definition of operads ].P. May gave the definition of an
operad in a suitable category of topological spaces [May]. We will restate
this definition with the generalization to objects of a symmetric monoidal
category, as has been done in [MSS].

Definition 1.8.1. Let G be a group and x an object in some categoryC. A left
action by G on x is a group homomorphism G — Autc(x, x), where Autc (x, x)
is the group of units in the monoid hom¢(x, x). A right action by G on x is
function G — Autc(x, x) such that it is a group homomorphism when com-
posed with the inversion map G — G

Definition 1.8.2. Let X be the category with objects the sets [n] ={1,...,n} and
morphisms the elements of the symmetric groups. A Z-module in a category
C is an element in Fun(Z°P,C). Alternatively we could say that a E is a Z-
module if there are objects E(n) (where it is understood that E([n]) = E(n))
for all n = 0 with a right action of S ,,.

Definition 1.8.3. A non-unital operad in a symmetric monoidal category
(C,®,1) is aZ-module {O(n)} =1 and a composition map

k
y:0(k) ®®O(jr) -0 (Z]r)
r=1

such that the following diagrams commute:

1. (associativity)

0(k) ® (®F_, 0(j) ® @2 0(iy)) — = O(TF_, jn ® (@= 0(iy)
lshuffle
Ok ® (®F_,(0(j® @57 . Olig)) Y

lid@(@,y)

Ok) ® (@, OT), ijis.tjy1vq) O iy)
2. (equivariance)

0k ® (®_, 0(j,) — 227 O(k) ® ®*_, Ojo(r)

A |

ok, jn ok, jn
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id®(1,®...81%)
_

O(k) ® (®F_, 0(jr) O(k) @ ®*_, O(j)

) )

ok, jn AL ok, j»

foro € Sy andt; €Sj,, whereo(ji,..., jx) € Sy j, is the induced per-
mutation action on the k blocks rj and wheret,1 ®...® 7y € Sy j, is the
block sum permutation.

Definition 1.8.4. A pseudo operad in a symmetric monoidal category (C,®,I)
is aX-module {O(n)},>1 and with composition maps

0;:0(me0(m)—O0(m+m-1) 1<j<n

such that the following conditions are fulfilled

e (associativity

ojip-1(0;®@id)(id®T) forl=<i<j-1,
oj(0j®id) =1 o;(id®o;j41) forj<i<j+n-1and
0j(0j_p+1®id)(id®T) forj+n<i,

where T is the transposition O(n) ® O(m) — O(m) ® O(n).

* (equivariance)
oj(c®p) =(009;p)og(
whereg €S, p € Sy, suchthatoo;p €S,y p—1 Withoo;p=01,. 1,m1,.1(1x

~ex1xpx1x---x1), and whereoi, 1,m1,.,1 S the block permutation on
the n blocks1,...,1,m,1,...,1.

Definition 1.8.5. An operad in a symmetric monoidal category (C,®,1) is a
>-module {O(n)} =1, a unit map v : I — O(1) and a composition map

k
y:0(k) ®®O(jr) -0 (Z]r)
r=1

such that the following diagrams commute:
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1. (associativity)

0k @ (®_,00j,) & (@ 0(i) ——= 0(Zk_, j) @ @ 0(iy)
lshuffle
Ok ® (®F_, (0D @ @5 . Olig) Y

lid@(@ry)

Ok) ® (@K, O/, ijis..tjy1+q) ! OZXi iy
2. (unitality)
O(k) ® (I)®* 10 0(k)

id ®(v®")j Z Lv@id =

O(k) ® (O(1)®) — = 0(k) O(1) ® O(k) ——~ O (k)

3. (equivariance)

080!

O(k) ® (®F_, 0(jr) O(k) 8 ®F_, Ojo(r)

O'(fl ----- jk)

id®(11®...97)
—_—

0(k) ® (®F_, 0(jr) O(k) @ ®*_, O(ji)

) )
ok, j» AL ok, jr
foroe Sy andt; €Sj, whereo(ji,..., jx) € Sy j, is the induced per-

mutation action on the k blocks rj and wheret,1 ®...® 7y € Sy j, is the
block sum permutation.

We can also give a partial definition of the operadic composition map.

Definition 1.8.6. An operad in a symmetric monoidal category (C,®,1) is a
2-module{O(n)},>1, a unit map v : 1 — O(1) and n composition maps

0;:0(m®0(m)—Om+m-1) l<j<n
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such thato; =yon where

7:0)e0m)=0me ! 'eOm e 1"/
g: 0l 'e0meI™ i -0m)e01)!/ 1e0me01)*
y:0(m)e01)/ 'e0(m) e01)"/ - O(n+m-1).

where y satisfies the associativity, unitality and equivariance axiom of the
preceding definition.

Example 1.8.7. LetC be a symmetric monoidal category with internal hom-
functor Hom and let X be an object in C. The endomorphism operad of X,
Endy, is the objects Hom(X®¥, X) with the operadic compositiony defined as
a certain pre-composition scheme. Explicitly

y :Hom(X®", X) ® Hom(X®", X) ® ... ® Hom(X®*, X) — Hom(X®®*), x)
acting on f € Hom(X®", X) and g; € Hom(X®*, X) such that

Y181 8n) = [(81(=), .., gn(=)) € Hom(X*=H), X).
Definition 1.8.8. Let O = {O(n)},>1 and P = {P(n)},>1 be operads. A mor-

phism ¢ : O — P is a sequence of maps ¢p(n) : O(n) — P(n) such that the fol-
lowing diagram commutes

ide(@; ¢p(k;))
O(n) ® (®; O(k)) de@; ¢ ki) P(n) ® (®; P(k))
jYO jYP
P ki)

O k) P ki)

whereyo is the composition map in O and yp is the composition map in P.

Definition 1.8.9. Let O be an operad in a symmetric monoidal categoryC. An
algebra A over Q is an object from C and a morphism of operads0 : O — End 4.

Definition 1.8.10. An ideall in an operad O is a collection of subobjects|(n) c
O(n) such that wheneveri el theny(...,i,...)€l.

Given a family of elements, (x;) ey, from an operad O. The smallest ideal
in O that contains all the x; is the ideal generated by the family (x;);c;.

Definition 1.8.11. The quotient of an operad O by an ideal | is the operad
(O/N(n) := O(n)/1(n) and with the induced composition map from O.
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1.8.2. An alternative definition of operads

Definition 1.8.12. A rooted tree t is a genus 0 connected graph with one
marked vertex called the root of t, root(t). The root must be a vertex with only
one edge connected to it. We call all other vertices with only one edge leaves
and denote them with the set leaves(t). The vertices with more than one
edge are called internal vertices and we denote the set of them with ver t(£).
Choosing a root in a tree endows the graph with a flow; for every edge at
a vertex it is either leading toward or away from the root. Call all edges
that lead away from the root at an internal vertex v input edges and denote
the set of them with in(v). Denote the set of edges of t with edges(t). Call
the edge connecting to the root the stem, stem(t), the edges connecting to
the leaves the branches, branches(t) and call the union of these be the legs;
legs(t) = stem(t) U branches(t)

Example 1.8.13. Consider the rooted tree t with vertices a, b, ..., and edges
a,B,..., A,

f & n i j k1
We designate the vertex a to be the root, root(t) = {a}. The set of internal
vertices is given by ver t(t) = {b, c,d, e} and the set of leaves is given by the set
leaves(t) ={f,g h,i, ], k,1}. Input edges are as follows,

in(b) =1{B,v, 6}
in(c) = {¢,}
in(d) =1{n,0}
in(e) ={,x, A}

The legs are given as follow, stem(t) = {a} and branch(t) = in(c)Uin(d) U
in(d) =1{¢,,..., A}

Definition 1.8.14. Let C be a non-empty set. A C-colored rooted tree is a
rooted tree t together with a map edges(t) — C. The set C is called the set
of colors of t.

Definition 1.8.15. Let X be a finite set. Let RT¢(X) be the set of C-colored
rooted trees t with a bijection leaves(t) — X.
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Definition 1.8.16. LetFinSet denote the category of finite sets with bijections.
A C-valued S-module is a contravariant functor O : FinSet — C, whereC is a
symmetric monoidal category. Denote by Mods(C) the category of C-valued
S-modules with natural transformations as morphism.

Definition 1.8.17. LetC be symmetric monoidal category with finite colimits.
Given a non-empty finite set Y with a bijection f : Y — {1,...,n} and objects
Ay inC foreach y € Y. Define the product

®Af = Af‘l(l) ®...®Af—1(n).
f

There is a natural action of the symmetric group S, on this product

0" QAr —~ Q@ Agor

We define the unordered product over Y as

n n
& Ay = coequalizer,. {U* I ®4r— I KA }

yey f:Y=(,..,ni=1 f:y=Q,..,ni=1

Let C be a symmetric monoidal category with small limits and colim-
its and with the property that the functor A ®¢ — preserves colimits for any
object A. Specifically this implies that C has an initial object 0. Let O be a
S-module with O({}) = 0. We define the treewise tensor product as the un-
ordered product

Om:= @ On).

vevert(t)

The treewise tensor product defines a functor T :: Mods(C) — Modgs(C) given
by
TOX= [] Owm.

teRTc(X)

We have two transformations of functors:

1. 1:1ds—mod — T, given on an S-module O and a set X as the map which
takes O(X) to the coproduct of the treewise tensor product

10(X): 0(X) — [ [ O(cor)

where cor is the graph with one vertex and | X| branches and where
the coproduct is taken over all ways to color the legs of the corolla.
Clearly O(cor) = O(X), regardless of coloring of cor.
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2. a:ToT — T, given on an S-module O and a set X as the grafting
of trees. The grafting works as follows: Given t € RT¢(X) and v €
vert(t), then for every tree with an admissibleE] coloring of its legs,
T € RTc(in(v)) we define the grafting of 7 at the vertex v in ¢ as the new
tree ¢’ where the vertex v has been replaced with the tree 7 and the
leaves of T connected (according to the bijection leaves(t) — in(v))
to the input edges of v. The grafting is performed in all possible ways
on all vertices.

Lemma 1.8.18. The tree functor T is a monad with composition map « :
ToT— T and uniti:Idveasc) — T

Proof. The grafting of trees as defined is naturally associative. Replacing a
vertex with a corolla is the same as replacing a corolla with a vertex so the
transformation ¢ is a unit. O

From this general framework the definition of the operad is easy to state.

Definition 1.8.19. A C-colored operad in the symmetric monoidal category
C is an algebra (O,y : T(O) — O) for the monad (T, a,1).

For the most part it's not important to consider operads valued on a gen-
eral finite set. For an operad O and the finite set [n] = {1,2,..., n} we define
O(n) :=0([n]).

Definition 1.8.20. The free C-colored operad on the S-module E is the alge-
bra T (E). We often denote the free operad by Free(E).

Definition 1.8.21. A morphism of operads f : (O,y) — (P, v) is map such that
the following diagram commutes

70) =L T(P)

F,b

0O——pP

Definition 1.8.22. A differential graded operad or dg operad for short, is an
operad in the symmetric monoidal category of differential graded vector spaces.

Much of the operadic theory is concerning this class of operads. Exam-
ples includes the operads of dg associative, dg commutative and dg Lie al-
gebras.

1 The coloring is admissible if the bijection leaves(r) — in(v) preserves color
and the non-input edge at v has the same color as the stem of 7.

37



Proposition 1.8.23. Let F :C — D be a symmetric monoidal functor and let
O be an operad in the symmetric monoidal category C. The object F(O) is an
operad in the categoryD.

This important result has as a consequence that there is an associated
operad of chains and homology coming from an operad of topological spaces.

Definition 1.8.24. A C-colored operad is said to be of transformation type if
the color set C is a union of two sets C;,, and C,y; such that input colors are
always from the set C;;,, and the output color is always from the set Cyy;.

1.8.3. Tensor products and shifts of algebraic operads Let the ambient
symmetric monoidal category be that of dg vector spaces over K. For this
category a Z-module, O, is exactly a series of differential graded vector spaces
{O(n)} =1 such that O(n) has the structure of a module over the group ring
K[Sy]. For this reason we shall refer to X-modules in this category as S-
modules.

Given operads O and P we can form the tensor product O ® P defined by

(O®P)(n):=0(n) e P(n).

One can show that O ® P inherits the structure of an operad.
Consider the S-module A

e
with sgn,, being the sign representation of S, . Let

oj : A(m)®@A(k) = Aln+k—-1)
be the partial composition operations defined by

Lpoi 1= (=DUP0=01, 4y, (1.4)

where 1,, denotes the generator s'~"1 € s'""sgn, . The obvious unit map
t=1id: K — A(1) = K will equip the S-module A with the structure of an op-
erad. It’s clear that representations of A in a vector space V are in bijection
with representations of Com in the shifted space V[1].

For an operad O we denote by O{k} the operad

Olk}i=A®...9 A®0. (1.5)
—_——
k

The representation of O{k} in dg space V are in bijection with representa-
tions of O in the shifted space V[k].
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Example 1.8.25. Let Lie be the operad of Lie algebras. A representation of
Lie{1} in a graded vector space V is equivalent to a binary operation:

L1VeV -V
of degree —1 satisfying the identities:
{v1, v2} = (=1)!"12l w0y,

{{v1, va}, 3} + (1) lv2lFesD o) Ty w1y 4 (—lvstun* D g 0y po) = 0.

1.9 Props and other generalizations of operads

For the theory of properads and props we follow B. Vallete [Val}Va2].
1.9.1. Props and properads

Modules

We include here a short summary of the monoidal categories of S-bimodules
and their construction for vector spaces over the field K. There is a natural
generalization to the differential graded framework.

Definition 1.9.1. AnS-bimoduleQ is a collection of K -modules {Q(m, 1)} m,n=0
such that each module Q(m, n) has an action of S,, on the left and an ac-
tion of S, on the right. The two actions are compatible in the sense that if
FeQ(m,n)ando €S,,, V€S, then

(a(F))v=0((F)v)).

Definition 1.9.2. A morphisms of S-bimodules f : Q — P, is a collection of
morphisms f, n : Q(m, n) — P(m, n) that are compatible with the action of
S, on the left and the action of S, on the right.

Remark 1.9.3. The objects S-bimodules with S-bimodule morphism form
the category S—biMod.

Definition 1.9.4. Let & be be set of non-planar directed graphs without loops
or wheels. To each vertex the set of input/output edges are labeled by integers
{1,2,...,n}. We allow for edges to only connect to a vertex at one end. Such
edges are essentially input (or output depending on direction) edges for the
graph as a whole. We will assume graphs of this type are drawn so that the
directed edges always point downwards.
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Definition 1.9.5. We say that an element of & is a 2-level graph if the vertices
can be distributed on two levels. We denote the set of 2-level graphs by &2. For
a2-level graph we denote the vertices on the i-th by £;

Let In(v) and Out(v), respectively, denote the set of input and output
edges of a vertex v.

Definition 1.9.6. Composition product X for S-bimodules. Let Q and P be
S-bimodules. We the define the composition product QX P as the following
S-bimodule

QRPm,m = P @ QUOutw)l |l In(w)hex @Q PUOutw)l,[Inw))|/ =,
geB2 ey vieEL)

with the relation = meaning that the action of symmetric groups on the in-
put/output edges of vertex should be compatible with the action on the S-
bimodules.

Definition 1.9.7. Concatenation product ® for S-bimodules. Let Q and P be
S-bimodules. We the define the concatenation product Q®P as the following
S-bimodule

! ! " "
QePm,n) = @ KiSpiml®s, s, Qum',n)exPm",n")8s s KISy in]
m'+m" =m
n'+n''=n

Proposition 1.9.8. The category S—biMod with the concatenation product ®
and the unit object |;
K m=n=0
I(m,n) =

0 otherwise
is a monoidal category (S—biMod, ®, I).

Definition 1.9.9. We say that a graph is connected if it’s geometric realization
is a connected as a topological space. We denote the set of connected graphs
with &,.

Definition 1.9.10. Connected composition product X for S-bimodules. Let
Q and P be S-bimodules. We the define the connected composition product
QX P as the following S-bimodule

Q&P(m,nh(@ Q) QUOur(wa)l, lnw)) ek Q P(IOut(vl)I,IIn(vl)I))/:
geB2 V2L, €L

Proposition 1.9.11. The category S—biMod with the connected composition
product X, and the unit object |;

K m=n=1
l(m,n) = .
0 otherwise

is a monoidal category (S—biMod, X, I).
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Definition 1.9.12. TheS-bimodules Tg(P) and S (P). We denote the free monoid
of P with respect to the monoidal product ® as Te(P). Explicitly, it'’s given by

Te(P):= PPe".

n=0
As the monoidal product ® is symmetric we also define the truncated sym-

metric algebra S (P);
S(P):=P(P*")s, -

n=1

The functorial assignment given by S express the relationship between
X, and X.

Proposition 1.9.13. For S-bimodules P and Q the following relation holds
SPXRQ=PXQ
Definition 1.9.14. We say that an S-bimodules Z is saturated if S(Z) = Z.
Example 1.9.15. For any S-bimodule Q we have that S(Q) is saturated.
Let sat—S—biMod denote the category of saturated S-bimodules.

Remark 1.9.16. Let|, as above, be defined as

K m=n=1
l(m,n) = .
0 otherwise

then S(1) is given explicitly as

Sa) = {0 m#n .
KI[S;,] otherwise

Proposition 1.9.17. The category sat—S—biMod with the composition prod-
uctX and the unit object S (1) is a monoidal category (sat—S—biMod, X, S(1)).

Props and properads

With the appropriate framework of monoidal categories developed we can
state the definition of props and properads.

Definition 1.9.18. A prop is a monoid (P, u,v) in the monoidal category
(sat—S—biMod, X, S(1)). Which is equivalent to the following:

o TheS-bimodule P is closed under concatenation P ® P — P.
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o The composition PX P £, P is associative.
e The morphism S() = P is a unit.

Properads are the specialization of props given by restricting to only
consider connected compositions.

Definition 1.9.19. A properad is a monoid (P, y,v) in the monoidal category
(S5—biMod, X, ). Which is equivalent to the following:

e The composition PX P £, P is associative.

e The morphism| — P is a unit.

Example 1.9.20. To every vector spaceV we associate a canonical prop(erad);
the endomorphism prop(erad) Endy. We make no symbolic distinction be-
tween the prop and properad case.

o The underlying S-bimodule of the endomorphism prop is given as fol-
lows
Endy (n, m) := Hom(V®", V®")

e Theassociative product Endy X Endy — Endy is given by composition
of functions.

o The unit morphism S(I) — Endy sends a permutation o € k(S,] €
S()(n,n) to the map f, : V" — V®" permutating the variables ac-
cordingtoo .

If we restrict to connected compositions Endy X, Endy — Endy we instead
get the endomorphism properad.

Definition 1.9.21. Let P and Q be props . A morphism f : P — Q of S-
bimodules is a morphism of props if the following diagram commutes:

pxp 2L QmQ
lNP L#Q
f

o) P

The definition of a morphism of properads is acquired if one, in the
above definition, replaces the composition X with the connected compo-
sition Xl.

Definition 1.9.22. LetV be an S-bimodule. The free properad on V, denoted
by F(V), is defined as follows

FV):=| @ ®V(|Out(u)|,|1n(v)|))/=

geB . vel
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Algebras over props and properads

We define the notion of an algebra over a properad and prop in complete
analogy to how it’s defined for operads.

Definition 1.9.23. LetP be prop (or a properad). The structure of a P-algebra
on the vector space V is a morphism of props

E:P—»Endv

Example 1.9.24. Many classical and well-known algebraic structures can be
recovered as the algebra over some prop(erad). Examples include (co)associative
algebras, (co)Lie algebras, bialgebras and Lie bialgebras.

Differential graded analogue

One can mimic the above constructions for the category of differential graded
S-bimodules to generalize the framework to that of differential graded pr-
operads and differential graded props.
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2. Configuration space model
for A, homotopies

2.1 Introduction

One of the first and most important operads is the topological Ass., operad.
It was introduced by J.D. Stasheff [St] with the help of the following motivat-
ing example.

2.1.1. Amotivating topological example An H-spaceis atopological space
H with a multiplication map

p:HxH—H

and a point e € H such that u(—, e) and u(e, —) are homotopic; p has unit up
to homotopy. We say that an H-space is topological monoid if the multipli-
cation map is associative;

po (Idxp) = po (uxI1d),

and the maps p(—, e) and u(e, —) are equal.

The space of maps v : [0,1] — X such that y(0) = y(1) = b where b is the
base point of X is called the based loop space of X. Denote the (based) loop
space on X with QX. We can define a multiplication on QX as the concate-
nation of loops;

my: QX xQX—-QX

Y120 re(0,5]

t), 1)) — ’ )=
(Y1(2),y2(8)) — ma(y1,72)(8) {yg(Zt—l) reli]

The loop space QX with concatenation as multiplication and the constant
map as unit is an H-space but not a topological monoid; the unit axiom is
satisfied up to homotopy but the multiplication map fails to be associative.
While multiplication in QX is non-associative, at least there is a homotopy
between m; o (Id x my) and my o (my x Id);

ms: [0,1] x (QX)% - QX.
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The homotopy can be explicitly defined in coordinates, but instead, we de-
scribe it with a picture as follows

my(a, ma(B,7))

my(maz(a, B),7)

Where a, and y are appropriately variable-substituted so that on every
horizontal line, each loop takes its full course before the next one starts. We

represent my with a corolla
Y

the two top edges are the inputs and the lower one is the output. Analo-
gously, m3 can be thought of as a map with three inputs and one output for

every fixed ¢ € [0,1];

It’s natural to associate the interval to m3 due to the parameter dependence.
The following schematic picture of this would look like

ms

1y o (Id x 1715) Y My o (my x 1d)

—_

Choosing to orientate the interval in the positive direction we see that
0ms := m3(1) —m3(0) = ma(my xId) — my (Id x my). Along the same lines; four
loops can be composed in five ways, and there are homotopies connecting
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them. The following picture describes the situation

The appearing pentagon is called K*. We define a homotopy
my: K* x (QX)* - QX,

such that on the edges of K* the map my4 acts as the map corresponding to
trees built from m, and mgs. On the corners m4 act as trees built from m,
alone. We orient K* in the positive direction and we have that the induced
orientation on the boundary will give signs to the formula for how m4 acts
on the boundary of K. If the arrow along the edge points in the same direc-
tion as the orientation we have a plus sign, otherwise a minus sign. Explicitly

am4 = I’I14|6(;C4)

= Z £myls

sesegments of 9K*
=mgo (IdxId xmy) + mgo (my x Id x Id) —

my o (Id x m3) — mgo (Id x my x Id) — my x (m3 x 1d).

For five loops there are 14 binary trees built from m1,, one for each way to
concatenate five loops. Letting each binary tree represent a vertex, adding
an edge when there is a homotopy between two vertices and adding a face
when two edges are homotopic we get polytope K° describing a general ho-
motopy

ms: K° x (QX)° — QX.
The polytope K° has two quadrilateral faces and six pentagonal faces. It is
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given a geometric representation in the following figure.

In general, for each n = 2 there is an n — 2 dimensional polytope X" where
the vertices are labeled by binary rooted trees with n leaves. The spaces K"
are called associahedrea or Stasheff’s associahedrea. For each associahedron
K", there exist a map m, : K" x (QX)" — QX. The map m,, is controlling
the homotopies between the different ways to multiply together n loops,
either by concatenation or by their induced higher multiplications. Note
that K2 = {x} is just a point and that K3 =0, 1] is the unit interval.

A topological space X equipped with a series of coherent maps m;, : K™ x
X" — X subject to the relations which one reads of the loop space in the
above manner is called an A, space. The notion of an A, space was first
introduced in the thesis by Stasheff [St],which was devoted to the study of
H-spaces. It explored the idea that a strictly associative multiplication can
be weakened to a sequence of higher multiplications wherein the condition
of associativity has been relaxed in a certain sense. From this perspective
a topological monoid can be regarded as a special case in a larger class of
spaces, the Ay,-spaces, where the associativity condition is demanded to
hold up to coherent homotopy of higher multiplications.

It was proved that all A, spaces X are of the same weak homotopy type
as the loop space QY, for some space Y.

In fact the set of Stasheff’s associahedra {K"} give us an example of a
non-symmetric topological operad.

2.1.2. Strongly homotopy algebras The algebraic analogue of A, spaces
are called A algebras and the examples include the singular chains on an
A space. Morally one can say that A, algebras are to associative algebras
as Ao spaces are to topological monoids.

Having defined some algebraic structure it is natural to ask what the cor-
rect notion of morphism between these algebraic structures should be. In
the case of associative algebras (A, m4) and (B, mp), where

my:A®A— A
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and
mp:B®B—B

are multiplication maps, we know that the correct notion of morphism is a
linear map
f:A—B,

such that
mpo(f®f)=fomay.

One can define a 2-colored operad encoding the structure of an associative
algebra morphism between a pair of associative algebras. We denote this
operad by Mor(Ass). Due to the work of Van der Laan [VdL] there is a gener-
alized theory of Koszul duality for colored operads that can be used to give
models of operads like Mor(Ass). It was proved by M. Markl [Mar4] that the
minimal model of Mor(Ass) is a 2-colored operad encoding a pair of A
algebras and a series of maps between them, we denote this operad with
Mor(Ass). The encoded maps are, not surprisingly, the correct notion of
morphism between A, algebras. Similarly one can describe a 2-colored op-
erad describing the structure of a L., morphism between two L, algebras.
The structure of strongly homotopy algebras have also been exhibited in
(closed) string field theory, see for example Zwiebach [Z] and Markl [Mar3].

2.2 Operads and A, algebras

Definition 2.2.1. The operad Ass is defined as the quotient
Ass = Free(E)/R
where the S-module E is given by
KIS =2
En) = [S2] n
0 n#2

and the ideal R is generated by a quadratic relation; R = span{(id ® )oo —
(0 ®id) 0 0)ges, < Free(E)Z?,

The operad Ass gives an operadic description of associative algebras; a
dg associative algebra V is a map of operads Ass — Endy.
The operad Ass has a minimal model, which we call Ass..

Definition 2.2.2. The dg operad (Ass.,0) is quasi-free on the S-module E
given by

B = {K[Sn][Z—n] n=2

n<2
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Represent the generator o € E(n) by the corolla

|

01 02 O3 Op-1 On

The differential is defined as

l n-2n-k

0 — Z Z (_1)k+l(n—k—l)+1 }\
//\ k=0 =2 /\
01 02 O3 Op-1 Op (21 U;//.“\\U;Hm [

Ok+1  Ok+l

Definition 2.2.3. The 2-colored operad Mor(Ass) is defined as the quotient
Mor(Ass) = Free(E)/R

where E = Ey ® E1 ® Ef with Ey = Ey = K[Sz]and

_span(f) n=1
0 n#l

is the one-dimensional space spanned by the indeterminate f. The elements
of E; are monochrome with color i and the elements of E¢ are two-colored,
having input color 0 and output color 1. The relations in this operad are given
by R = Ry ® Ry ® Ry where the spaces Ry and R, correspond to the associative
relation for the elements of Ey and E, respectively; Ry = span{(id ® gg) ooy —
(o9 ®id)o0¢)g,es, and Ry =span{(id ® o1) ooy — (01 ® id) 0 01)g,es,. Lastly,
the space Ry is given as the space span{(f ® f)oo1 - 000 f)g0,€S,-

The operad Mor(Ass) gives an operadic description of dg (associative)
algebra morphisms. The operad Mor(As) has a minimal model, which we
call Mor(Ass) .

Definition 2.2.4. The 2-colored dg operad (Mor(Ass),0) is quasi-free on the

S-module E = Ey ® E; ® Ef, where E; is monochrome with color i and Ey is

dichromatic with input color 0 and output color 1. The S-modules E, and E»

are copies (if we disregard the colors) of E appearing in Definition[2.2.2 The
S-modules E¢ is defined as

By ) = {[K[Sn][l -nl n=z1

n=0
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Represent generators o € Ey(p) and T € E1(q) by monochrome corollas, either
black edges or dashed edges and represent elements ¢ € Ey(n) by dichromatic
corollas;

| -

//\ - /f\

02 O3 Op-1 Op Ty T2 T3 Tg-1 Tq 1 P2 @3 Pn-1 Pn

The action of the differential @ on corollas o and t is identical to the one de-
scribed in Definition[2.2.2 On the corolla representing ¢ the differential acts
as follows:

n n-I

a ) = (A5 )
/f\ l;kgbe //T\
Q1 @2 @3 Pn-1 Pn 1 (Pl%\\\q’kﬁﬂ Pn

Prk+1 Pk+l

n
+Z Z - ’nk)% A /k
k=2n=n1+..+ng

P1 o Pny Pny+le Pnptng
Wheree(k, 1) = (=1)k~DU=D+n g4

€(k, ni,... nk) — (_1)(kfl)(n171)+(k72)(n271)+...+2(nk_271)+nk_171
Definition 2.2.5. The 2-colored dg operad (Ho(Ass), d) is defined as the quo-
tient

Free(E)/R.

The free construction is taken on the space E = Eg ® E1 & Er & Eg & Ej, and the
relations are given by the direct sum R = Ry ® Ry ® Ry & Rg ® Ry,. The spaces
Ey, E1, Ef are just like above, Eg is like E f but spanned by the indeterminate
g. The last generator Ey, is defined as

-1 =1
b= {1

n;él’

the one-dimensional space spanned by the indeterminate h and concentrated
in degree 1. The relation spaces Ry, Ry and Ry are identical to the proceeding
definition, and the space Rg is defined just like Ry with g in place of f. Lastly,
the space Ry, is given by the spacespan{(f®h)oo1+(h®g)oo1-00°h)gy,0 €S,
The differential d is defined to be trivial on all generators except h, for which
it has the actiond(h) = f — g.
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The operad Ho(Ass) gives an operadic description of a homotopy of dg
algebra morphisms. There is a non-minimal model for Ho(Ass), which we
call Ho(Ass) .

Definition 2.2.6. The 2-colored dg operad (Ho(Ass),0) is quasi-free on the
S-module E = Ey o E; @EroEge Ej. The summands Ej, Ey,Ef are defined as
in Definition|2.2.4, Eg is a copy of Ey and Ey, is dichromatic with input color
0 and output color 1 and defined as

{K[§n][—n] n>1

Ep(n) = =0

Represent generators o € Ey(p) and T € E1(q) by monochrome corollas, either
black edges or dashed edges and represent elements ¢ € Ef(n), y € Eg(m) and
x € Ey (D) by dichromatic corollas;

| -

T X - //4\

o1 02 03 Op-1 Op . 2 Té TS Tq;l i’q . P11 92 @3 Pn-1 Pn
T /\ t //'\
Y1 Y2 Y3 Yno1 Tn XL X2 X3 Xn-1 An

The action of the differential on the generators coming from Ey, E1, E¢ and
Eg z}sz just as in Definition The differential acts on the generator
X € Ep as

_// ZSN
i in-1 In
n-2n—k

lk+1 I+

+ (-2 a4

f;,c"I,LYfo - // | // \ // \ / \\\

i1 e day lak I lak lak+1 lak+m lak+m+l lﬁl lp, 1+1- lﬁ,

Wherelsm<n-1,a;=a1+...+a; and j = ay+m+by +...b;. The factors
€1 and e, are signs;

ei=k-D(I-1)+n+1

e2=1+ Y (l—bi)(n—ij)+m Y ai+ ) (l—ai)(Zaf)

1<is<l Jj=i 1<i<k 2<is<k Jj<i
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From cofree coalgebras to A, algebras

We state here the relation between two common non-operadic definition of
strongly homotopy associative structures (algebras, morphisms and homo-
topies).

Definition 2.2.7. Let V be a graded vector space. The tensor coalgebra T,V
is as a vector space the direct sum ® o V®', where V®' is the i -times iterated
tensor product with itself,

V¥ =Ve..oV.

i-times
T.V can be given a coalgebra structure with the coproduct map
AT,V —>T, VTV
given on summand TI'V = V®" as
n
A (Ul»---r Vn) - Z(Uly---) Ui) ® (Ul'+r---y Un)y
i=0

where the term fori =0,n are1 ® (vy,...,v;,) and (vy,...,vy) ® 1 inside Velg
Ve and V" @ V®0, respectively.
The reduced tensor coalgebra T,V isasavector space the direct sum @ ;> Vel
with coproduct
AT, V—-TVRT.V

given, as above, on summands as
n-1
A: (V1o Up) = Y (V1...0) ® (Ui, Up).
i=1
Remark 2.2.8. From the coproduct we define the partial coproducts:

ab ._ yeath) T AT = ® ®b
NGO = VD STV —T VTV — VRV
This will be a convenient short hand in many of the proofs of this section.

Proposition 2.2.9. A map of vector spaces b : T,V — V can be lifted to a
unique coderivation of coalgebras,

B:T.V—T.V,

such that pri o B = b, when pr, is the natural projection T,V — V. If BT
denotes the composition

B ven T, vET . v_vem
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then the explicit formula for B])" is given by

B = Oifn<m . ‘
Yisjem-11d% ®by1_p @ 1d®/

where b, := blyea. Furthermore, the map B is recovered as a product;

B=[[B" B"=]]B}

nx=1 m=1
and note that B} = b,

Proof. The proof is by induction. The case B} is clear from the projection
property. Assume that for all m < M we have that B})" is given by the formula.

The equation
AB = (1d@) B+ BQId)A

is true. Specifically we can restrict its input to be V®” and its output to be in
V®M-D @V, in which case the formula becomes:

AVTPIBM = 1d®* MV Q B,y + BYT @ 1d)an .

By the induction hypothesis we know that ny__ll =2 ivj=M-2 Id® ® bpi1-m®
1d®/ so, as an M-fold tensor, the right hand side has the desired form; it’s the
formula given for BM. O

Proposition 2.2.10. A map of vector spaces f : T,V — W can uniquely be
lifted to a morphism of coalgebras F : T,V — T W, such that prioF = f,
when pry is the natural projection T.W — W. Ifwe let F}' be a composition;

Fm.ven T .v LT ,w—wen
and let fi. = f|ys« then, explicitly, F)!* will be of the form
Fm- {0 ifn<m

Livtotim=nSi, ®..-® fi,
where F can be recovered as the product;

F=[]F™ F"=]]F"

m=1 n=1

Proof. By the property of the projection, pry o F = f, it follows that F} = f;.
We proceed by induction; assume that

Fl'= )  fi®..®fi,

h++im=n
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for all m < M. The equation
(FQF)oA=AoF

can be restricted to taking the input V®” and having the output W*™-D @ W,
in which case it becomes

M-1,1 - [,
Ny EY =Y (EMTTQFE)AL

i+j=n

Now we can expand FM~! with the induction hypothesis and compare the
two sides of the equation as an M-fold tensor. It follows that FM is of the
correct form. O

Proposition 2.2.11. Let F,G: T.V — T .W be two morphisms of coalgebras
andleth:T.V — W bea map of vector spaces then, there exist a unique map
H:T.V — T W, such that (HQ G+ F® H)A = AH and so that prio H = h
when pr is the natural projection T.W — W. Define H* as the composition

H": v T v ETw—wen
Explicitly H]"* is of the following form

{0ifm>n

H" =
1 1 1 1
D4t b=m—1 iy ot iqh S+ i+t jy=n Fil ®-~-®F,-g ®hs® Gj1 ®...® Gjb’

n

where a,b =0, s >0 and, F,i and Gl1 are as in the previous proposition, and
h; := hlyei. From H}' we can recover H by taking the product;

H=[] H™ H"=]]H"
m=1 n=1

Proof. We prove this with induction. When m = 1 this follows from the pro-
jection property; H} = h,. Assume that

H'= Y Y F.l®...®F}u®hs®G}l®...®G}h

121
a+b=m—-1ij+..+ig+s+ji+..+jp=n

for all m < M. Restrict the input to V®” and consider the projection to the
(M —1,1)-th component in the equation (HQ G+ F® H)A = AH to get:

M-1,1 N M~ M- i J
Ny eHY =Y F'TIQHj+H'TI@GH oA,

i+j=n

if we expand HZM ~1 with the induction hypothesis and FlM ~1 with the help
of Proposition|2.2.10| then we see that this, as an M-fold tensor, is precisely
the formula that was given. O
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Definition 2.2.12. An A, algebra is a graded vector space V equipped with
the structure of a codifferential by on the associated reduced tensor coalgebra
(of the shifted vector space);

by : T,V[1] = T, V[1].
A morphism of A, algebras
f:(V,by) — (W, by)
is a morphism of dg coalgebras
F:T,V[1] - T.W1].
Let F and G be the morphism of dg coalgebras
EG:(T;VI1],by) — (T WI[1], bw),

where by and by, are codifferentials giving V and W the structure of A al-
gebras. We say that a map

H:T.V[1] - T,W[1]
is a homotopy of F and G if it satisfies two relations:
1. FRH+H®GoAy=AyoH
2. F-G=bwoH+ Hoby.

By analyzing the relations it is possible reinterpret the definitions con-
cerning A, algebras without referencing the tensor coalgebra explicitly.

Theorem 2.2.13. An Ao, algebra structure on the graded vector space V is a
sequence of maps m,, : V®" — V of degree 2 — n such that following equations
are satisfied

nmyom, = 0
—mpo(Idemy)—mpo(m;®Id)+myomy =0
—my o (my ®1d) — my o (Id ®my) + ms o (my ® 1d®?)

+mgo (Ide®m; ®1d) + msgo (Id®? ®m;) + myoms =0

Y (DM 'm0 (1d* em; 1d®) =0
s+j+t=n
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Proof. The proof is a matter of expanding the expression by o by = 0 and
recognizing that m, = s~! o by o s®", where by is the restriction of by to
(V[1])®" followed by the projection onto V[1]. The sign factor comes from
applying the Koszul sign rule when shifts are reorganized. O

We will occasionally denote an A, algebra with the pair (V, m"), where
m" is the system of maps given in the above theorem.

Theorem 2.2.14. A morphism of A algebras f : (V,m") — (W,m") is a
collection of maps fy, : V®" — W of degree 1 — n such that

Y D frggeld® em{eld®) =Y Y (—DPmy o(fi®...8f;,)

r+s+t=n q=liy+..+ig=n
wherep=(q—1)(i1—-1)+(g-2)(i2— 1) +...+2(ig—2 — 1) + (ig-1 - 1).

Proof. Let F: (TCV[I],BV) — (TCW[I],BW) be a coalgebra morphism. Ex-
plicitly f;, is given as s~ o F} 0 s®", where F is the restriction of F to the n:th
component followed by the projection to the first; F} : (V[1])®" — WT1].

We start with the equation By o F = F o By. In it we restrict the input to
(V[1])®" and output to W[1]. The result is

n . n .
Y (Bw)joF, =) F}o(Bv)
i=1 j=1

It can be determined that
B'= Y 1d*eB!eld®
i+j=m-1

and
F'= Y F,®..®F,.

m+..+n,=n
Using these explicit formulas we arrive at the expression
n n
Y Bwiol( Y Fre..eFi)=Y Flo( Y 1d* @By, _;eld)
i=1 n+..+n;j=n i=1 a+b=i—-1
O
Theorem 2.2.15. Let (V,u") and (W, u") be two A, algebras and let f,g :
(V,u1V) — (W, u") be two Ao, algebra morphisms given on the form of maps
fn: V" —-W
gn: Ve - W
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A system of maps of graded vector spaces hy, : V®" — W of degree —n is a
homotopy of f and g if

n
fn—8n= Z Z (—l)s[,l%lvo(fil®...®fik®ht®g]’1®...®gjl)
m=1
k+l=m-1

i1+ tigtHt+ i+ ji=n

T S ALY PR (Id@”' o) @ Id®k),

i+j+k=n
s=l+ ) (I-jon=) jp+t Y, ig+ Y (1—ig() ip)
l<asl bza l<as<k 2<a<k b<a

Proof. The proof is along the lines of the previous theorems. Use a careful
analysis of the tensor coalgebra to lift 4 to amap H, f to F and g to G. In
that setting you can apply the rule for homotopy, project the formula to the
first component and lastly you recognize the sign that comes from taking
into account the degree-shifts. O

2.3 The configurationspaces Con f,(R), C,,(R) and €, (R)

2.3.1. Families of uncompactified configuration spaces Given a set A we
define the configuration space Con f4(R) as the set of injections of the set A
into the real line;

Confs(R):={A—R}.

Sometimes we will consider the full set of maps A — R, and for it we intro-
duce the notation
Confs(R):={A—R}.

In the special case when A = [n] we use the notation
Conf,R):= Confiy[R).

The set Con f4(R) is areal oriented manifold of dimension | A|. As a space
Confs(R) is the union of | A|! connected components, all isomorphic to

Conﬁ?4| R)={x1<x<...< X|A‘}.

The orientation on Conf;?(R) is given as the volume form dx; Adxa A... A
dxy. The group S, acts on Con f;,(R) by permuting the elements of [n]. We
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assume that the action of S, is orientation preserving on Con f, (R) and this
fixes the orientation on all connected components of Con f,(R).
The 2-dimensional Lie group G2 = Aff(R) acts freely on Con fa(R) via
the action
(Xays+or Xap) X (4, V) = (Axg, +V, .., AXg y +V).

The quotient space from this action is an (n —2)-dimensional real oriented
manifold. We define C4(R) and C%(R) as the quotient by the action of G

CA(R) = Coan(R)/G(g), CZ(R) = COI’le(R)/G(g)

The elements of C)(R) := C[on] (R) can be represented by the equivalence
classes of the form (0 = x; < x2... < x;_1 < X, = 1). The orientation orien-
tation on C;(R) is given by the form dx, A...Adx,-;. Let us also remark that
Cn(R) = S, x CO(R).

Alternatively we can represent equivalence classes of C4(R) with ele-
ments p = (x3,...,X,) € Confa(R) subject to

1
xe(p)=—> x=0 pll= /) (x—xc(p)?=1.
|A| xeA XeA

CH[R):={peConfa®)|x:(p)=0,llpll =1}, C;'R):=CjR)

n

We define

and

C3{®):= (pe Confa® | x:(p) =0, Ipll =1}, C}f(®) =Cl\(®R)

n

The 1-dimensional Lie group G(;) = R acts freely on Con f,,(R) by trans-
lation

(p,v)—p+v,

and we denote associated the quotient spaces
CAR) := ConfaR)/Guy, Cp(R):=Cpy(R).
We also introduce the notation
CYR):={peConfaR)|x:(p) =0}, C}R):=C}(R).
We have three homeomorphisms associated to these configuration spaces.

1. The space C,(R) is naturally homeomorphic to C3!(R)
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2. We have
W4 CAR) — CSL(R) x (0,1)

given by
_(p=x(p) _lIpll
lipll " 1+lipll)”

3. We have
®,,: Confy(R) — (—1,1)" x C3/(R) x (0,1) x (~1,1)
given by

= p—x:(p) llpll xc(p)
lpll "1+lpll’ 1+|xc(p)I )

These homeomorphisms provide a starting point to determine compact-
ifications of the configuration spaces in questions. The method employed
is essentially a variation of the Fulton-MacPherson compactification for the
configuration space of points in the complex plane as given by M. Kontse-
vich [Konl].

2.4 The Fulton-MacPherson compactification of C, (R)
and ¢, (R)

In this subsection we give a short summary of a compactification procedure
given in [? ]. This paper attempts to build onto and expand the construc-
tions of loc.cit., and therefore it's most natural for us to reiterate some of the
constructions.

The compactification of C,,(R)
We introduce a topological compactification C , (R) as the closure of the fol-

lowing injections

[Irn ~ ~
Ch®) —=> ] ca®— J] ci®— T[] C{m
\A\jlnl.lA\EZ IA\jlnl,lA\EZ \Alzan,\AIEZ

In the products A is a connected subsets of [n]. By a connected subset of [n]
we mean a set which contains all intermediate integers between any two
integers that are included in it.
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e The codimension one boundary strata of the configuration space C, (R)
is given by
AC,®) = |J Cpojar1 (R x Cia(R),
Acln]

where A is a connected proper subset of [n] with two or more ele-
ments. By a connected subset of [n] we mean a set which contains all
intermediate integers between any two integers that are included in
it.

o The face complex on C.(R) has the natural structure of a dg free op-
erad;

F< //l\ >

ig-1 g g=2

where the differential acts as follows

l q-2q-k

? TN kzolzée(k l)/l\
h I lg-1 lq i lk//\\ ikriv1 g

Ikl ksl

The factore(k, ) is a sign that can be worked out to be (—1) k+l(g-k-D+1
Representations of this operad in differential graded vector space are
given by A, structures. Thus this is a description of the Assy, operad.

The space En (R) as a smooth manifold with corners

Let RT},, ; be the set of rooted trees with n legs and [+ 1 internal vertices. The
set RT, ; parameterizes the codimension / boundary strata of C,(R) in the
following sense. Each tree ¢t € RT}, ; describes a space C;(R) which is defined
as the product

C®:= [] Cinm®,

vevert(t)

where, like before, vert(t) denote the set of internal vertices of ¢ and in(v)
the set of input edges at the vertex v. From this one gets a description of
C,(R) as a stratified disjoint union of spaces

=[] [ cm.

1>0teRT,;

To make the compactified configuration space C, (R) into a smooth man-
ifold with corners, we shall define coordinate charts U; near the boundary

61



stratum C;(R). We do this for a specific tree ¢ but the general procedure
should be clear from the given example. Let ¢ be the tree

|
N
AN

5 3 8

N

We define the coordinate chart close to C;(R) in a three step procedure.

1. Associate to the tree ¢ a metric tree, tierric by endowing each internal
edge with a bounded non-negative parameter ¢;

|
AP
N

5 3 8

€2

with €1,€2,€3 € [0,€).

2. Pick an Sj,-equivariant section y : C,(R) — Conf,(R), of the natu-
ral projection Conf,(R) — C,(R) and associate to the image of y a
smooth structure. The section could be either of the two description
of C,,(R) we mentioned above; C,sl’ (R) or the space of configurations
where x; =0 and x,, = 1.

3. The coordinate chart U; can now be seen to be diffeomorphic to the
smooth manifold with corners [0,€)'E' x [T ¢ yor () Clinw) (R). The dif-
feomorphism is given by the map @,

®,:[0,6) FD x [T CGinw®—U:.

vevert(t)

which we describe in the example of our tree . Coordinate-wise it is
defined as follows

0 x CI® x CI'® x CG'@® x CI'®
(e1,€2,€3) x  (x1,x",x") x  (x7,%4,%6) x (a2, X") x (x5,%3,X8)

— Cs(R)
Y1, ¥7, Y4, Y6, Y2, V5, V3, V8)
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according to

n=

y2 =x"+e2x0

V3 :x" + € (x"' +€3Xx3)
ya=x"+e€1x4

ys5 =x" +e2(x" +e3x5)
Yo =x'+€1xXg
y7=x'+e1x4

v =x" +€2(x" +€3x5)

In general the map @, is given as the recursive e-magnified substitu-
tion scheme. If the coordinates x;,..., x;, lie in a corolla controlled
by the internal edge associated to the coordinate x’ and where the in-
ternal edge is parameterized by the factor €, then the substitution give
the new coordinates x’ +¢ex;,..., x" +e€x; .

A compactification of @n (R)

Define the compactification of €, (R) as the closure of the following inclu-
sions

R [T ea® A [ cr®x0,0—s ] ES® x0,1]

[Al < [n] |Al < [n] |Al < [n]
[Al=1 |Al=1 |Alz1
Aconn Aconn Aconn

¢ The codimension one boundary strata of the configuration space L (R)
is given by

0C,(R) = JCpojaj+1(R) x Caj(R) U JCTr(R) x € 4,|(R) x ... x €4, (R)

where A is as above and where the A; are connected disjoint subsets
of [n] suchthatinfA; <...<inf Ay and UA; = [n].

o The face complex of the disjoint union
C.R)UC. R LC.(R)

has the natural structure of a dg free operad of transformation type;

F< _//l\ /)'\ >

lg-1 g I in1 dn it iz i3 ip-1 ip P2

nx=1
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The differential has the following action

n n-I
| A g
i in-1 iIn i1 l.k//.“\\ ikr141 in

ike1 Ikal
n
+ Z Z e(k ni,.. !nk)
k=2 N=n1+...+ ng /
nl lrz1+1 lﬂ1+fl2

Where e(k, [) = (—1)k*I+1n=k+1 g4

E(k; ny,..., Ng) = (_1)(k—1)(n1—1)+(k—2)(ng—l)+...+2(nk,2—l)+nk,1—1

On the corollas corresponding to the A, structure, /l\

7.

i ip i3 lq—l lq

and , the differential acts precisely like in the case

A S A 8

C,(R). Representations of this operad are given by three pieces of data:
two A, algebras, A and A’, and a morphism of A, algebras A — A'.
Thus this is the previously discussed operad Mor(Ass) .

The space ¢, (R) as a smooth manifold with corners

We generalize the procedure for C,,(R) to ¢,(R). For everytree t € Mor(Ass)eo
we define the sets vert. ,() and ver tm(t) as the vertices of  marked by {e, o}
or M. For the tree t we define €;(R) as a product;

C®:= ] Cinm®x ] Cinm®.

vevert,(t) vevertm(t)

We can describe the space @n (R) as a stratified union of spaces;

®= [ .
te Mor(As)s(n)

We shall define a coordinate chart U; around every boundary stratum ¢;(R)
with a metric tree. We associate to ¢ the metric tree t;,0¢;c with for
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2. every vertex of a dashed corolla associate a large positive number 7,

of

of1
3. every subgraph of #,,.ric of the type ETz an inequality 7; > 7.
o

Example 2.4.1. Asan example we consider a specific tree. The general method
should be clear from this description. Let t be the following tree

1/3/\5 6/\24&7/\8

Then the associated metric tree, tmerric, IS given by

of1

AN

Choose an equivariant section,
s:ChR) — Confr(R)

to the projection
Conf,(R) — €,(R)

and a smooth structure on the image of s. Define €}/ (R) := s(€,(R)), which is
called the space of configurations in standard position. One possible choice
of €$!(R) is subspace of points in Con f; (R) where ¥ x; = 0.

The coordinate chart U; c @n (R) is now defined to be diffeomorphic to
the manifold with corners,

|vert|(1) ledge™ ()]
(1, +0o] PTET x [0, )8 [T Gy ® = [T & ®)

vevert,.(t) vevertm (1)
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where vert, denotes the set of vertices of type o, vert,. denotes the set of

vertices of type o or  and edge® denote the set of edges of type T The

diffeomorphism ®; between the coordinate chart U; and the product above
is read from metric tree. The map is given in coordinates, for the specific
tree in the above example, as follows

(L+o0)®> x [0,5) x C3'(R) x C'R) x CI'R)
(T1,72) % € x (A X") < (") x (x7,x8)
x CFR)  x CHR) x CHR) x € (R)
x X1 x (x3, Xx5) x  (xg,x2) x  (Xxg,u)
— Cs(R)
(J/h ey J/S)
such that

y1=T1x + X
yo=T1X" + 721" + x2
y3=T1x" +Tot' + x3
ya=11x" + x4

Vs =T1x" +Tot' + x5
Vo =T1x" + 721" + x¢
yr=n1x" +u+ex;
ye=T1x" + u+exg

The boundary strata in U; are given by allowing formally 7; = 0o, T2 = 00
suchthat 7/t =0ande=0.

2.5 The operad Ho(Ass),

2.5.1. Compactification of the configuration space Conf.(R) In this sec-
tion we introduce our main result. We define the new compactification
Conf ,(R) of the configuration space Con f;,(R) as the closure of the follow-
ing injections

OxWY(, idxW¥. ~
Conf® 2" (-1, D" x €, X —1, 11" x  [] CE®) % [0,1]
o
where
[ X1 Xn
(X1,..., Xp) — yeens and V. = Y4
" 1+[x] 1+ [xpl |A\c[l;[|mz1

A conn
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We extend the previous result for C,, and ¢, to the space Conf, (R). The
codimension one boundary strata of Con f ,(R) are given as

dConf,R) =|JConf,_ 5.1 x C 4R UC,(R) UL, (R)
UCrs141R) x Epay (R) % ... x T4, (R) x Conf4R) x Cp, (R) x..... x &g,/ (R)

1. The first union runs over all connected subsets A c [n] such that | A| >
1. The stratum correspond to the collapsing of the points of A into one
point.

2. The stratum €, (R) appears when either all points go to plus or minus
infinity but in such a manner that the distance between the points is
finite.

3. The second union runs over all partitions of [n] into connected non-
empty subsets [n] = A U...U A UFUB; U...U B; with |F| > 0. These
limit points correspond to when the points from Ay, ..., Ax go to —oo,
the points from F stayin a finite position and the points from B;, ..., B;
go to oo. The points do this such that each point in A; and B; remain
a finite distance from each other; ||p4,1l, IIij || < oco.

By methods described in [? ] we can consider the fundamental chains of
{C.(R)LC.(R)uCon f.R)LC, (R) uC.(R)}asa dg free operad with two colors.
We identify the faces with corollas;

Cal®= // l\

12 lq 1 lq
We need to illustrate two versions of this space as it appears either as col-
lapsing or as controlling points at infinity. We distinguish between them by
the color of their internal vertex and legs; drawn black or white/dashed.

iWodods iy b
Points going to plus or minus infinity in a cluster are given a two-colored
corolla:

—00: €, (R) =
0: &) = ///'\\
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We represent points staying finite with a two-colored corolla as follows:

Conf,(R) = V
il%zg/' X

in—l ln

In this graphical notation the differential has the following action:

//\

In-1 lIn

e+l Dkl

f;::,;t'z;f // | // \ // \ / \\\

i1 e day lak s lak lak+1 lak+m lak+m+1 lﬁl lﬁl [Ea ks lﬁ,

+

Wherel<m=<n-1,a;=a; +.. -t a; and f; = ax+ m+ by +...bj On the
corollas corresponding to C. (R) and €. (R) the differential acts 1dent1cally to
the differential in the Mor(Ass)., operad.

Example 2.5.1. To convince the reader we proceed to work out the codimen-
sion 1 boundary strata of Con f;(R) :

Conf(R) < [-1,1]° x C3(R) x [0,1] x C35(R) x [0,1] x Cj33(R) x [0,1]

the points of which can be written in coordinates

X1 X2 3, lIp12ll . l|p2sll (xl—xc X2 — Xc X3—xc) lIpll
L+lxl T+x2l” T+1xg)” " 1+1pi2ll” " T+1p2sll’\lipll * lpll " lipll ) 1+1ipll
where
” ” X2 — X1 ” ” X3 — X2 X1 +X2+ X3
P12l = ’ p23ll = Xe=—"T" "
V2 V2 3
and

2X1—Xp— X3 2 —X1+2Xp2 — X3 2 —X] — X2 —2X3 2
lIpll = + +
3 3 3

There is some redundant information in x. The parameter ||p|| is at a bound-
ary value if and only if || p12|| or ||pasl| is at a boundary value. The same is
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true for the coordinates of (Aff;g (R), where a boundary point arises if || p12|| or
[|p23ll becomes zero.

To analyze the codimension one boundary strata it is enough to consider
the coordinates of the form (y1, ¥2, ¥3, S12, S23) With

Y1 <y2<ysel-1,1] and s12, s23 € [0, 1]

We will see that the codimension one strata are given in twelve different
ways:
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1. The configurations (y1, 2, y3) = (=1,—1,—1) with s12 and s»3 being points of the closed unit interval. This can be achieved
byx =r-— V21, Xo =1, x3 = 1 + V2, and then letting r — —oo. These limit points are scaling-invariant so we can
identify them with a copy of C(x, x,,x) (R)

= {(_1) _1) _1) S12, 523)} = a{xl,xz,x3}(R)

<
/T\ 1,¥2,y3)—(-1,-1,-1) /l\
X1 X2 X3 si2— M X1 X2 X3
s23— A2

2. The configurations (y1,y2, y3) = (1,1,1) with s12 and s,3 being points of the closed unit interval. This boundary strata
can also be identified with a copy of €ix, x,,x,) (R).

={(1,1,1, 512, 5230} = Ty ) (R)

»
/T\ (y1,¥2,y3)—(1,1,1) / | \
X1 X2 X3 S12— A1 x % %
$23— A2

3. The configurations (y1,¥2,y3) = (—1,—1,a) with s1o = sp3 = 1. Points of this type can be identified with elements of
Cix1, X2, X3} R) x €y x Eiyp (R) x Conf (R).

§ — o ={(-1,-1,8,1,1)} = Cix),u 05 R) x E ) x Cpy (R) Conf ., (R)
/T\ 1,2, y3)—(-1,-1,a) T

X1 X2 X3 s;2—1 T T ‘T

S23—1 X1 X2 X3

4. The configurations (y1,y2, y3) = (a,1,1) with s12 = s23 = 1. Points of this type can be identified with elements OfE{xl,xg,xg} (R) x



1.

Conf ) R) x iy (R) % Cpyy (R).

6 Z@LL1LDECly (R x Conf gy (R) x Epayy (R) x Ty (R)

/T\ (Y1,y2,y3)—(a,1,1)

X1 X2 X3 s12—1 T

523 1 X1 X2 X3

5. The configurations (y1, ¥2, y3) = (—1,—1, a) with s, = 0. Points of this type can be identified with elements of Ciy, v} (R) x
Cixy, ) R) x Confry 1 (R).

E o =(-1-1,4,0,1) EE{XZJQ}(R) X €{X1YX2}(R) X Conf{xs}(R)
/T\ (yvy2,y3)—(1-1a)
X1 X2 X3 s12—0 A T
X1 2 X3

So3—1 x

6. The configurations (y1,¥2,y3) = (=1,a,b) i.e. s;» = 1. Points of this type can be identified with elements ofaxth}(R) %
CyR) x Confyy, 0 (R)

/T\ 01,¥2,¥3)—(~1,a,b)
A N
s23—A

X1 X2 X3

= (-1,a,b,1,523) = Cyp xp) R) x &)} (R) x Conf iy, 1 (R

7. The configurations (y1,y2,y3) = (—1,a,1) i.e. s12 = sp3 = 1 These points can be identified with C(y, x,,x,)(R) x €5, (R) X



cL

Conf i, (R) x €y (R)

- o 2 (-1,4,1,1,1) = Cpz 1y, x5 R) x €y R) x Conf iy, (R) x €y R

pd T\ W1Ly2.93)—(La1)
S0 Ty
sp3—1

8. The configurations (y1,y2,3) = (a, b, 1) i.e. sp3 = 1. Points of this type can be identified with elements of Ciy, ;) (R) x
COI’lf{xlyXZ}(R) X Q{x?)} (R).

_ = (a,b,1,512,1) 2 Cpxy xp) R x Conf iy 1)) R) x Ty (R

5 s
/T (x1,X2,x3)—(a,b,00)
X1 X2 X3 /\ T

X1 X2 X3

9. The configurations (y1, y2,y3) = (a,1,1) with s»3 = A being an arbitrary real number of the unit interval. Points of this

type can be identified with elements ofE{xl, x,}(R) x Conf 1} R) x @{ 0,25} (R)

=(a,1,1,1,1) = Cx; ) (R) x Confy y (R) x €y, 1y (R)

H - o
/T\ (x1,%2,%3) — (@,00,00)
qoox X lIpasll—A T /\

X1 X2 X3

10. The configurations (y1,y2,ys3) = (a,a, b) i.e. s12 = 0. Points of this type can be identified with elements of Conf ,, ,.,(R) x



€L

E{Xl ,Xa} (R).

' —— v = (a) a, b) 07 523) = Conf{xz'xs}(R) X EJCLXZ (R)
/T\ (x1,%2,X3)— (a,a,) \
X1 X2 X3 [Ip121l—0 X3

X1 X2

11. The configurations (y1, 2, y3) = (a, b, D) i.e. s23 = 0. Points of this type can be identified with elements of Conf .. ..(R)x
Clay ) (R)

: —_ v = (a,b,b, $12,0) = Conf iy, o, (R) x Cy, 55 (R)
/T\ (x1,X2,%3)— (a,b,b) /
X1 X2 X3 [|p23ll—0 X1
X2 X3

12. The configurations (y1, y2,y3) = (a, a, ) i.e. s12 = sp3 = 0. Points of this type can be identified with elements of Conf . ,(R) x
E{xl,xz,)%} (R)

X1 X2 X3 [Ipll—0

: S : =(a,a,a,1,1) = Conf ., (R) x Cix, xy,x, (R)
/T\ (x1,%2,Xx3)— (a,a,a) /I\

X1 X2 X3



We summarize this in the formula:

AIT}ITI&T

X2 X2

- )Ixz/\xs * | 1/<xz\x3 >\ /}\

We summarize the result in our main theorem

Theorem 2.5.2. The face complex on the disjoint union
C.RUC.(R)UConf,[R) LE.(R)LC.(R)

is naturally a dg free operad of tmnsformation type

Ho(AsS)so = Free< /l\ // \ // \

i1 ik-1 ik 01 2 im-1 im

e )

i iy i3 inop ip k2 B -1 b pg=2kmn=1

lq 1 lq

)

Representation of this operad in a pair of vector spaces V' and V? is the struc-
ture of two A algebras, (V',u') and (V?,u?), two As morphisms, f,g :
(Vi uh) — (V2,u?) and a homotopy h between the morphism h: f — g. The
action of the differential was described earlier.

Proof. The proof is by inspection. We have worked out the cases of three
points in detail and we can see that they correspond the to algebraic formu-
las of the previous section. The general case is treated in complete analogy.

Let p be a configuration of n points on the real line p = (x; < xp <... <
Xn) € Confy(R). The possible codimension 1 boundary strata can arise in
three different ways.

1. A connected subset A = (x; < Xj4+1 < ...X;+x—1) of points collapsing
into single point; A limit point

p—p=@1<a2<...a;-1<a;=0j4+1=... = Qj+f-1 < Aj+k < ... < Qp).

74



Points of this type can be identified with Conf,_,,(R) x Cr(R).

/// \ p—p X% Xivk | Xn
X1 X2 X3 Xn [lpall—0 //\

Xi  Xi+k-1
. All n points moving in a cluster towards +oo; A limit point
p — %(o0,00,...,00)

where the distance between points remain finite, e.g. it could look like
p=({+A1,t+A,..., t+A) withA; <Ay <...< A, and t — +oo. Limit
points of this type can be identified with €, (R).

y - B
/// \ p—(=09,...,~0) //\
X1 X2 X3 Xn lpijll—c:j>0 X1 X2 X3 Xn-1 Xn
for all i#j
/// \ p—(00,...,00) //\
X1 X2 X3 Xn X1 X2 X3 Xn-1 Xn

[Ipijll—c¢ij>0

for all i#j

. For each k = 2 the n points congregate in k = k_ + 1 + k; clusters
where k_ clusters move to —oo, k.. clusters move to +oo and one clus-
ter for the points that stay finite. Within each of the k_ + k. clusters
moving to +oo the distance between points remain finite, while the
distance from any two points from different clusters tend to co. Ev-
ery such configuration is determined by a disjoint union of connected
subsets AjU...UAr UFUBjU...UBy, =[n]iswithinfA; <infA, <
...<infA;_ <infF <infB; <infB, <... <infBy,, and limit points of
this type can then be identified with

Cr(R) x €4, (R) x...x € g, |(R) x Confp (R x €p (R) x...x i, | (R).

[1pa;l—ci<o0 A Ay

llps;ll—dj<co

for all ie[k_1, jelk,]
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O

2.5.2. The space Conf, (R) as a smooth manifold with corners. We shall

endow the space Conf ,(R) with a manifold structure in an almost identical
procedure to how the space @n (R) was treated. For every tree t € Ho(Ass)
we define the sets vert. o (1), vert4y (¢) and ver ty as the vertices of t marked
by {e,o}, {«,»} or V¥, respectively. For the tree t we define Conf;(R) as a
product;

Confi(R):= [ Ciwy®x ] Cinwy®x [] Confr(®).

vevert, (1) veEvertqp (1) VEverty
We can describe the space Conf,,(R) as a stratified union of spaces;

Conf,(R)= [l Confi®.
teHO(AS)o (1)

We shall define a coordinate chart U; around every boundary stratum Con f; (R)
with a metric tree. We associate to t the metric tree t;,.¢r;c with for

<
1. every internal edge of the types J' , l or I a small positive parameter
€;

2. every vertex of a dashed corolla associate a large positive number 7,

of

o1
3. every subgraph of t,,.¢,ic of the type ETz an inequality 7; > 7.
¢}

Example 2.5.3. We consider a specific tree and associated the metric tree to

it. The general method should be clear from this description. Let t be the
following tree
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Then the associated metric tree, tmerric, 1S given by

T]é

TZO': >

DR
ANAN
1 5 2/\ 4

3

The coordinate chart U; < Conf,,(R) is now defined to be diffeomorphic
to the manifold with corners,

<>,V
1, +oo]\verto(t)| x [0, S)Iedge, 1 1—[ C|Sitn(y)
vevert,.(t)

x 1 C|sitn(r)\(R) x |l Confiinw ®

veEvertqp (1) veverty (1)

(R)

where vert, denotes the set of vertices of type o, vert,. denotes the set of

vertices of type o or » and so forth. The set edge*™" is give set of edges

<4 >
of type l, l or I The diffeomorphism ®; between the coordinate chart

U; and the product above is read from the metric tree. The map is given in
coordinates, for the specific tree in the above example, as follows

(L, +oo* x  [0,9)° C5'(R) G'®R) x  C'R)

(t1,72)  x  (e1,€2,€) x (xf,x) (x},x5)  x  (x1,%5)

X
X

X

Cs'(R) C5H(R)
(x",xa)  x  (x2,x3)

X
X

CIR) CIR) x Confi(R)
Xg X N X u

X

X

—  Confs[R)
V1,---,Y6)

such that

Y1=T1X +Toxp + T+ e1x

Vo =T1X" +Tox + u+e€'(x' +e3x0)
y3=T1x" +Tox + u+e'(x' +e3x3)
ya=T1x" +Tox +u+e'xy

V5 =T1X] + ToX] + L +€1X5

V6 =T1x" + x¢

The boundary strata in U; are given by allowing formally 7; = 0o, T2 = 00
suchthatt;/t2=0ande; =0,65 =0, €' =0.

77



2.5.3. The cohomology of Ho(Ass),, We will state two results without giv-
ing a proof, both of which we need in order to calculate the cohomology of
the operad Ho(Ass)oo.

Theorem 2.5.4. [MeVadj Let P be a koszul operad. Define the 2-colored operad
Mor(P) whose representations are two P -algebras and a P -algebra morphism
between them. The operad Mor(P) has a minimal model given by the operad
Mor(P)s whose representations are two P -algebras and a P,-morphism
between them.

Corollary 2.5.5. The 2-colored operad Mor(Ass) has a minimal model given
by the 2-colored dg operad Mor (Ass) .

Lemma2.5.6. Let f : B — C be a map of filtered complexes, where both B and
C are complete and exhaustive. Fix r = 0. Suppose that " : E;q(B) = E;,q(C)
forallp and q. Then f :H(B) — H(C) is an isomorphism.

This result is known as the comparison lemma, and can be found in a
textbook on homological algebra, e.g. [We].
We can now state our result.

Theorem 2.5.7. The natural projection of operads
7 : Ho(AsS) oo — Mor(Ass) s
is a quasi-isomorphism.

Proof. We describe the explicit action of the map 7 on corollas by using the
presentation of Ho(As)s and Mor(As)y from theorem and section

respectively;

" //l\ ) /1\

" //l\ ) /l\

The map m obviously respect the differentials of the operads.
We introduce a filtration on Ho(Ass) s (72) and Mor(Ass) o, (1) on the num-
ber of internal vertices in a tree,

FpHo(Ass)eo(n) = {x € Ho(Ass) (n)Inumber of internal vertices of x = p}
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and
FpMor(Ass) oo (1) = {x € Mor(Ass) (1) Inumber of internal vertices of x = p}.

Clearly the differentials in Ho(Ass), and Mor(Ass), respect these filtrations
as the number of vertices can only stay the same or increase when the dif-
ferentials are applied. Note that the filtrations are both exhaustive and com-
plete, this follows from that the objects in question are finite dimensional
for any given n. The induced differential on Eg q(Mor(Ass)oo) will either map
a corolla to zero or increase the number of vertices and therefore

E},,(Mor(Ass)s) = H(E),, (Mor (Ass)so)) = Ej,, (Mor (Ass)o).

On the other hand, in the case of qu(Ho(Ass)oo), we have that the differen-
tial will map all trees except those containing a corolla of type

T~

to zero. We get that the image of a0 : E?,q(Ho(Ass)oo) — qu(Ho(Ass)oo)
will consist of trees (operadically) generated by the difference of corollas;

>c Ho(AsS)so-

The first page is then determined;

E,},q(Ho(Ass)oo)

= Ep ;(Mor(Ass)oo)
= E,,(Mor(Ass)oo)

By Lemma it follows that 7 is quasi-isomorphism. O

Corollary 2.5.8. The 2-colored dg operad Ho(Ass), is a non-minimal quasi-
free model of the 2-colored operad Ho(Ass).

Proof. There is a natural projection of operads

p : Ho(Ass)eo — Ho(Ass)
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defined in the obvious fashion. We determine the cohomology of the operad
Ho(Ass). Let H(Ho(Ass)) = Z/B, then, if ,uV and ,uW are the multiplications,
f,g8:V — W are the dg algebra morphisms and & : f ~ g is the homotopy
between them. We will have that 0f = dg = du" =du" =0, so these genera-
tors all constitute cycles. The boundaries are generated by 0h = f—g. Hence
it’s easy to directly calculate the cohomology

H(Ho(Ass)) = Z/B = (f, g, u”,u"yI(f — &) = (f1, 1", ")

and we see that the cohomology is equal to Mor(Ass).
It follows from the preceding theorem that

H(Ho(AsS)so) = Mor(Ass)

We will use this explicit description to prove that the projection is a quasi-
isomorphism.

Let 1! and p! be the parts of the operad corresponding to A, struc-
tures in Ho(Ass) .. The projection p will send the binary parts to the associa-
tive products, " and p", and all higher multiplications to 0. The induced
map on cohomology will then map the cohomology classes [,u;/ ] and [,u;’V ]to
the cohomology classes py and pw . Let f, and g. denote the operations cor-
responding to A, morphism in Ho(Ass),. The projection p will send their
linear parts to f and g and all higher morphism to 0. The induced map on
cohomology will then map the class [f1] (= [g1]) to [f] (= [g]). We conclude
that p is a quasi-isomorphism of 2-colored dg operads. O

Corollary 2.5.9. The 2-colored dg operad Ho(Ass), is a non-minimal quasi-
free model of the 2-colored operad Mor(Ass).

Proof. The model inducing quasi-isomorphism comes from the map
P : Ho(Ass)so — Mor(Ass),

which is given by post-composing the map n from Theorem with the
natural projection onto cohomology classes;

Ho(Ass) s, — Mor(Ass)so) = Mor(Ass).
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3. Deformation quantization of
quasi-Poisson structures

3.1 Operads of Graphs

3.1.1. The Lie algebra of Polyvector fields Let V be a d-dimensional graded
vector space, and let Oy = [],=0 @" V* be the commutative algebra of formal
power series functions on V. Where we have defined the components of the
graded dual V* as (VM .= Hom(VW K).

Now let V, be a infinite-dimensional graded vector space with infinite
basis {e}, e2,...} and let Vi be the span of the k first basis-vectors,

Vk = K(el,.. .,ek).
We define the graded-commutative algebra of power series on V. as

O := H Gnd*

n=0

There is a chain of injections of formal power series algebras,
o™ 0y — 0441 — Opyp — ...
and we denote the associated direct limit by
Ouo = nh—I»Ic}o Oy.

Suppose that {x!,x?,...} is the associated dual basis of V%, |x| = —|e;|. The
algebra O has the property that any given formal power series f € Oy is
expressible as a power series in a finite subset of {x!, x?,...}, i.e. there exist
some k such that f € O.

For V4, an infinite dimensional graded vector space, we define the polyvec-
tor fields 701, (Vo) as the following product of spaces

Tpoty(Voo) := [ ] Hom (0™ (Voo [—11), Oco)

m=0
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Let y; be associated basis in the shifted space V,[—1] with |y ;| — |e;| =
lyil+ |x‘| = 1. We can explicitly describe ﬁoly(voo) as the subset of

K[[x11x2)~-~)w1’w2)«-~]]

consisting of formal power series where the coefficient for each monomial
in{y;,v,,..}is a power series in Oy for some k, i.e. a power series in a finite
subset of {x!,x?,...}. The space Tpoiy(Veo) is endowed with the Schouten-
Nijenhuis bmcket

f03f ENTIENTAE 020 0 fi

(1, folsn = Z Gy; oxi v ox

This operation is of degree —1 and defines a Lie bracket on ’Tpoly(Voo) [1].
3.1.2. Operads of graphs and their representations in 7,,,;,, (V)

The operad Gra © and its representation in 7;,0 1y(V) when dimV < oo

We make some minor notational changes but otherwise follow the conven-
tions in [Wil;Wi2].

Let gray ; be the set of directed graphs G with N vertices, Ver#(G), or-
dered with [N] ={1,2,..., N} and [ directed edges , Edge(G), ordered by [I] =
{1,2,...,1} The group S; acts on a graph by reordering the edges. We use this
set of graphs to generate an S-module {Gra%(N)} N>1»

@IEO(K(graN’l) ®s,Sgn))ll(n-1)] ne2z

Graj; (N) =
an (V) {@,Eo(wgrawmg,Sgng”)[l(n—1)] ne2z+1

The Sy-action on Gra(,f (N) is given by permuting the vertex labels.

The described S-module can be given the structure of an operad; the
directed graphs operad. The (partial) operadic composition in GraéD is given
by a simple graph substitution scheme; The i-th composition I'y o; Iy is de-
fined to be the sum of graphs given by deleting the i-th vertex in I'; and
substituting in its place the graph I'; and finally summing all the ways of
reconnecting the edges indecent to the eliminated vertex to the graph I'.

We present the following calculation of the operadic composition as an
example of how it works.

Example 3.1.1. Asimple example of a partial composition:

1 3 1 4

VAN (S ANIRYANE

2 4 2 3 2 3 4 2 4 3
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For a finite dimensional V we have a representation of the operad Graé5
p: Gra? — End”/;wly(v).

ToeachT € Gra<2D () we associate a map
p(I):=®r € End7,,, (v)(N) = Hom(T;01, (V)®N, Tpory (V).

The map ®r is defined as the composition of two maps, p o ¢, where y is
just the regular multiplication map in the graded commutative algebra and
where ¢ = [lecpager) Ae, the product is taken over the edges in their associ-

ated ordering. The map A, is defined on an edge e = i as follows

. 9 . 9 .
Ae=)id*" e —oid® "Te—id®"/ +
= ox® 0wy
id®i-! @i ®id®/~i"! <x>i ®id®"/
oYy 0x¢

The operad Grag and its representation in 7,,;, (V) for V any dimension

For each N = 1 we define the sub-Sy-module Grall(N) c Grag(N) as the
subspace spanned by the set of graphs which don’t contain oriented cycles
of directed edges. We denote the set of such graphs that have V vertices
and E edges by gra {, g+ As in the case of the directed graphs, the action of

the symmetric groups on Grall is given by permutation of the vertex-labels.
In a completely analogously manner, the S-module Gra; can be given the
structure of an operad called the oriented graphs operad. The composition
in Gra ; is the same one defined for GraéD but restricted to graphs without ori-
ented cycles of directed edges, and as the composition preserves this prop-
erty, we have a well-defined suboperad.

For an arbitrary vector space V (not necessarily finite dimensional), we
can define a representation of Gra; in 701y (V). The representation

p': Grag — End7,,, ()

is given in much the same manner as in the directed case with a finite di-
mensional V;toeachT € Gra;(N) we associate the map

p! (1) := @] € Endr,,, (v)(N) = Hom (T 01y (V)N Tpory (V).

Where we define the map (DTF as the composition of two maps, o ¢, where
1 is just the regular multiplication map in the graded commutative algebra
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and where ¢! = [],e Edge(T) AL, the product is taken over the edges in their
associated ordering. The map AL is defined on an edge e = ¢4 as follows

; 0 i 0 .
A=Y id*le— ®id® "le— gid®" /.
a 0x® 0wy

The difference between A, and AL is that we don’t symmetrize to forget the
direction of the edge e.

The undirected graphs operad Gra

For completeness and for the purpose of stating some known results, we
also want to consider an operad of undirected graphs Gra,. It is defined
along the same lines as Grag . The generating set of graphs gray ; is replaced
by set of undirected graphs ugray ;. To be precise, ugray ; is the set of undi-
rected graphs G with N vertices, Ver t(G), ordered with [N] ={1,2,..., N} and
l edges,Edge(G), ordered by [I] ={1,2,...,1}.

The operadic composition is defined in the exact same way as for Gra’,?
and Gra,T,; the lack of directed edges is of no consequence.

Remark 3.1.2. There is map of operads Gra, — Gra(n) defined on a graph G
by sending it to the sum of all the ways to add directions on the edges of G.

3.1.3. The Kontsevich graph complex and its oriented version. Let
fT :Liefn-1} — Grall
be the map of operads given by

£l (/l\) “1.3413

From this we define the map f© :=io f! where i is the natural inclusion
GraL — Gra%. For the undirected graphs operad we define the map f : Lie{n—
1} — Gra,, as

We shall define particular dg Lie algebras, called graph complexes, by con-
sidering the associated deformation complex to f©, f! and f. A, for this
text, relevant dictionary follows:

. . f
e The full directed graph complex: fGC$ := Def (Lie{n — 1} = Gra%).
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1
 The full oriented graph complex: fGCI1 := Def(Lie{n -1} L, GraL).

o The full undirected graph complex: fGC,, := Def(Lie{n — 1} 7, Gray),
This chain complex is also known as the (full) Kontsevich graph com-
plex.

Relative to these we define the following subcomplexes

o fcGCS which is spanned by directed graphs that are connected.

. cGC% which is spanned by directed and connected graphs that con-
tain at least one trivalent vertex and all other vertices are at least biva-
lent.

. GC% which is spanned by directed graphs that are connected and at
least bivalent.

. chCll which is spanned by directed graphs that are connected and
does not contain any oriented cycles of edges.

. GCL which is spanned by directed graphs that are connected, at least
bivalent and does not contain any oriented cycles of edges.

o fcGC,, which is spanned by undirected graphs that are connected.

. GCL which is spanned by undirected graphs that are connected and
at least trivalent.

Proposition 3.1.3. Thereis a natural identification of complexes coming from
splitting a graph into a product of its connected components

fGCY = $* (fcGCS [-nl)[n]
fGCl, = S*(fcGC, [=n])[n]
fGCp, = S* (fcGCp[—nl)(nl
where S* denotes the non-unital symmetric algebra functor.

For the case of the undirected graph complex, M. Kontsevich and T. Willwacher
has shown how its cohomology is related to that of the connected version.

Proposition 3.1.4 ([Will). GC, is a sub-dg Lie algebra. The cohomology sat-
isfies
H*(fcGCp) 2H'(GCle P  Kln-jl.
j=1
jf2n+1

The class K(n — j] is represented by a loop with j edges.
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The directed graph complex is closely related to the undirected graph
complex as the following proposition demonstrates.

Proposition 3.1.5 ([Will). There is an explicit quasi-isomorphism
q:GC, — cGCY

induced by the map sending each graph to the sum of directed graphs where
each edge is taken in both directions.

For n = 2 the directed and undirected graph complexes have had their
zeroth cohomology calculated by T. Willwacher. The result is very interest-
ing from several points of view.

Theorem 3.1.6 ([Will). The zeroth cohomology of cG C’ZQ is the Grothendieck-
Teichmiiller Lie algebra,

H(cGCY) = grt, =HY(GCy).

It has also been discovered by T. Willwacher that the undirected graph
complex is a related to the oriented graph complex but with a shifted degree;

Theorem 3.1.7 ([Wi2]). The cohomology of the oriented graph complex GCL
is isomorphic to the cohomology of the connected undirected graph complex

H*(GCl) =H* (fcGCp_y) =H*(GCp_1) ® P Kin-jl.
j=1
jf2n+1

An important open problem related to the graph complex GC; is to de-
termine its first cohomology group. The conjecture, named the Drinfeld-
Kontsevich conjecture by T. Willwacher, is that the first cohomology group
is zero.

Conjecture 3.1.8 (Drinfeld-Kontsevich). The cohomology group HY(GCy) is
trivial.

In contrast to the open problem mentioned above we have the following
result.

Theorem 3.1.9 ([Wi2]). The first cohomology group of G C; is one-dimensional
H'(GC)) = H' (fcGCy)
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Remark 3.1.10. The class that spans H' (GC%) in GC; is given by the following
linear combination discovered by B. Shoikhet [Sh]

TN A

Remark 3.1.11. In (Wi2] T. Willwacher notes that the zeroth cohomology of
the oriented graph complex for n = 2 is trivial;

HO(fcGC)) = 0.

3.1.4. Universal deformations of Schouten-Nijenhuis bracket For any Lie
algebra (g,[,]) = ¢ : Lie — Endy, the deformation complex of g is given by
the operadic deformation complex of the morphism p;

Def (Lie 4, Endg) = H Hom(A®g, g)[1— n].
n=2

The Maurer-Cartan elements of this Lie algebra determine Liey,-structures
on g. If we, instead, assume that the bracket has degree —1 then the structure
is determined by a map

Lie{l} — End,.

We define the dg Lie algebra
CE*(g, ) = Def(Lie{l} — Endg) = [ | Hom(S(g), 9)[3 - 2n].

n=2

Then the Maurer-Cartan elements of CE® (g, g) that have degree 2 are exactly
(Lie{1})oo structures on g.

Consider the special case g = 7j0;,(V) of polyvector fields on a vector
space V. The representation p : Gral — Endr,,, /) can be precomposed
with the morphism f! to yield a map

f:: o OfT :Lie{l} — End'n;oly(v)’

determining a Lie{l} structure on ﬁoly(V) which is exactly the Shouten-
Nijenhuis-bracket. The deformation complex of the morphism ¢ = po f!
is, thus, the deformation complex for this bracket;

Def (Lie{l} -, End%y(v)) = CE* (Thoty(V), Tpoty (V).
Precomposition with f!
—ofT .
—o f1: Homggoper (Grai, E”dn,ﬂy(v)) — Homggoper (Lief1}, End7,,,, (1)),
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is functorial and induces a map of dg Lie algebras of the associated defor-
mation complexes

| o fl
Def(Lie{l} L Gra;) — Def(Lie{l}éLf End7,,,, |-

Or expressed in the terminology of graph complexes, there is a map
fGCl — CE* (Tpo1y (V), Tpoty (V).

In a completely analogously manner it can be demonstrated that there is a
canonical map
fGCS — CE* (Tpoty(V), Tpoty(V))

for finite dimensional V.

We can understand fGCéD as a universal deformation complex of the
Schouten Lie algebra of polyvector fields on vector spaces V, when V' is finite
dimensional. And likewise, we can understand fGC; as a universal defor-
mation complex of the Schouten Lie algebra of polyvector fields on vector
spaces of arbitrary dimension.

We make two remarks, one for the finite dimensional case and one for
the arbitrary dimensional case.

o The cohomology group H! (fG Cg)) determines all homotopy non-trivial
infinitesimal deformations of the Schouten bracket when V is finite
dimensional. The Drinfeld-Kontsevich conjecture would then imply
that the Schouten bracket on Tpgly(V) is rigid i.e. there are no non-
trivial deformations in finite dimension.

 The cohomology group H! (fG C;) determines all homotopy non-trivial
infinitesimal deformations of the Schouten bracket when V is of arbi-
trary dimension. By Theorem the cohomology H! (GC;) is one-
dimensional and thus there is a unique infinitesimal non-trivial de-
formation of the Schouten bracket. The full deformation was con-
structed by Kontsevich-Shoikhet and will be described in the next sec-
tion.

3.2 Configuration spaces and transcendental methods

3.2.1. The Kontsevich-Shoikhet L, structure on 7,,;,(V)[1] Werepeat the
construction of two configuration spaces due to B. Shoikhet [Sh]. The spaces
are generalizations of the configuration space C, which M. Kontsevich used
to prove his famous Formality theorem [Konl].
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Definition 3.2.1. Let G(n, E) be the set of directed and connected graphs T
with n vertices and E edges such that:

o ThegraphT has no oriented cycles of edges.

o The vertices of I by labeled by {1,...,n} and let [(v) be the label corre-
sponding to the vertex v e V(I').

e for every directed edge v, <. v, the label increases along the direction
of the edge l(v2) > 1(vy).

Remark 3.2.2. The set G(n, E) is a subset of gran g I,

Let Conf, denote the configuration space of n distinct points in the
complex plane C. Let Call the quotient space of this action C,.

Let Con f4 stand for the space of injections, A — C, of a finite non-empty
set A into the complex plane and a)\nif 4 for the space of all possible maps.
Let G be the three dimensional Lie group of transformations {z — az+ w|a €
R*, w € C}. The group G acts freely on Con f4. We define C4 = Confs/G and,
for a configuration p = {z;};c4 € Con fa, we set,

1
ze(p)i=— ) zi, Ip—zc(Pli=_ | lzi—zc(p).
#A i€A i€A

There is a section s: C4 — Conf4 given by on a configuration p = {z;}iea

as
p—2z:(p)

S:p—
P Ip—2zc(p)l

The image of s is denoted by CS7;
C ={peConfylzc(p)=0, Ip—2z:(p)l =1}
Similarly we can construct the space C i
Cy =1peConf 4(C) | z:(p) =0, Ip—zc(p)| =1},

which is a compact (2#A — 3)-dimensional manifold with boundary. The
compactification C. can be defined as the closure of an embedding,

o L= o= 168
Ac([n]

Ac(n) Ac(n]
#A=2 #A=2 #A=2

where the product is taken over all possible subsets A of [n] with #A = 2, and

TTA. Cn — CA
p=1{zitien — pa:={ziliea

is the natural forgetful map.
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Remark 3.2.3. The face complex of the compactified configuration space C,
assemble to the operad Lie{l},, as was determined by E. Getzler and ].D.S.
Jones in [G]].

Relative to an admissible graph we can define a particular subspace of
C,. Let T € G(n, E) and define the configuration space of n complex points
associated to T;

Cur:=1{(z1,...,2n) €C" | Im(z)) — 21(1)) < 0 when (v, u) is an edge of T'}/ G

where G is the three-dimensional group of transformations mentioned above.
It should be clear how to mimic the compactification of C, to the configura-
tion space C, r.

For a subgraph I'' < T there is a natural forgetful projection map

prr:Cupr— Cp

such that all coordinates and relations not associated to I are forgotten.

Let I be an admissible graph and e an edge of I' with endpoint vertices
labeled by i and j. Suppose that the edge is directed from the j-vertex (to
the i-vertex). Let I', be the subgraph given by the edge e. To every edge e we
associate the 1-form

$e = pr.r,(dArg(2) - 2)))

The labels on the vertices induce an enumeration on the edges; first enu-
merate the edges outgoing from the vertex labeled by 1 in the order of the
end-vertices, then continue to the vertex labeled by 2 and so on.

We define the weight cr as an integral over the configuration space Cy, r;

Cr:nzi—3ﬁ AR

Cur ecE)

We also denote

Qr:= /\r)(pe

ecE(

fore future use.

With these definitions and constructions we can describe the deforma-
tion of the Schouten bracket that was mentioned in the end of subsection
and also give the Lie{1}, structure it implies the existence of.
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3.2.2. Explicit description of the Kontsevich-Shoikhet Lie,, structure on
7;901y(V) Let us first assume that V is a finite dimensional vector space.
Given a graph T' € G(n, E) let in(v) denote the set of directed edges end-
ingin v and let star(v) denote the set of directed edges that start in v
Let I' be graph in the set G(n, E). Let V be a finite dimensional vector
space. We define the multilinear map

Lr: N Tpory (V)1 — Tpo1y (V)3 - n]

by the formula

EF(YI’-H’YI’Z): Z El{(')/l,...']/n)
LLE—{1,2,...,dim V}

where

Ll = N\ ¥
veV ()

and the wedge product is taken in the order the vertices of I are labeled, ‘P{,
is defined as the sum

0
‘I’{; = ( H m) (Yl(v)(/\eestar(v)dxl(e)))

ecin(v)

A result by B. Shoikhet states this construction can be extended to the
infinite dimensional case.

Lemma 3.2.4 ([Sh]). LetT bea graph without oriented cycles of directed edges.
The map Lr is well-defined for an infinite-dimensional V.

Theorem 3.2.5 ([Sh]). The Kontsevich-Shoikhet Lies, structure is defined on
polyvectorsyy,...,Yn € ﬁoly(V) as

(Y1 Yn) = D Y D% LrYoy - Yom)
T'eG(n,2n-3)c€S,

where the sign (—1)? is determined by the rule that (- i+ D+ appears
when y; switches place withy ;.

Remark 3.2.6. Let {uy, : A" Tpo1y (V)1 — Tpo1y (V)3 — nlip=1 be the Lies
structure defined by yXS. B. Shoikhet proved that yiz,41 = 0.

Theorem can be reinterpreted as the existence of a Maurer-Cartan
element in the oriented graph complex of section|3.1.4
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Theorem 3.2.7. The sum of graphs

,yKS — Z Z cre Iv

nz2 I‘egrallymg
is a Maurer-Cartan element of fG Cg. Thus )/K S determine a Liew structure on
7;0 1y(V)[1] which is a deformation of the Schouten bracket.

Proof. Given an oriented directed graph I" with n vertices and 27 — 4 edges,
i.,e.eanelementI €gra L)Zn_4. A subset of vertices A< Vert(I') = [n] is called
admissible if 2 < #A < n—1 and the associated subgraph I' 4 (which is by def-
inition has vertices A together with all edges between them inherited from
I') belongs to graL A2#a_3- Note that in this case the quotient graph I'/T 4,
that is the graph obtained from I' by shrinking all vertices and edges of the

subgraph I' 4 into a single new vertex, belongs to grall_#AJrl 2t A+1)-3"
1

By the Stokes theorem, for any I' € gra, ,,_,, we have using the fact that
the differential forms Qr are closed,

0

| dQr
Cn,F

[ o
0Cpr

Y (=14 f, Qrrr, f, Qr,
Cyary,

AG[n] Ch-sas1,rir,
#A=2

= Y =D%cr,crr,.

Acv ()
Aisadmissible

Then we obtain

KS . KS
WSy = Y Y Y oo (Tl
=2 ! !
m,ny Tiegray on -3 12€8ra,, 5,3
= Z Z Z cr,cry - Z Tienl
nl,nZZZ 1“1 Egra;lyznl _3 rzEgraL2'2n273 veVer t(rl)

where ¢, means operadic substitution of the graph I', into the vertex v of
the graph I';. This substitution gives a graph with n; + n, — 1 vertices and
2(ny + ny — 1) — 4 edges, i.e. an element of gra}\,ym_4 for N=n;+n,-1.
Hence we can rewrite the above expression as follows,

Sy = Y ¥ Y D% err, |T

N=3 1 AcVert(I)
F€gra N,2N-4 \ Aisadmissible
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which proves the claim.
O

3.2.3. Formal quasi-Poisson structures Let us begin by making some re-
marks about Maurer-Cartan elements. The Kontsevich-Shoikhet Liey, struc-
ture in 7;0 1y(V)[1] involves infinitely many operations so that in order to de-
fine a Maurer-Cartan element of the latter one has to introduce formal pa-
rameters to assure convergence. Consider a formal power series extension,
Tpory(V)[11[[A]], of the space of polyvector fields, A being a formal parame-
ter (of homological degree zero); the Kontsevich-Shoikhet Liey, operations
un extend by R[[A]] linearity to 7, (V)[1][[A]] and hence make the latter
into a topological Liey, algebra. A degree 1 element 7 € 7;,oly(V)[[M] of the
form

f=Am=A(mo+Amy + Ama+...)

forsome 7 € 7;,01y(V) [[A]] which satisfies an equation

A

1 .1 A
02E[.Lz(]'[,]'[)+Z,U4(T[,JT,7I,TL')+... —— i (A, )+

(2k)!
is called a Maurer-Cartan element of the Kontsevich-Shoikhet Lie, algebra.
Notice that this equation is well-define, and can be rewritten in terms of 7
as follows

1 2 ;sz—z
0=—ua(m,m) + —pg(m, 7,7, 7w) + ... (7T,..., M) +...

S H2 1 Ha (2 ! o K2k

The equation is clearly invariant under the transformation A — —A so that
it makes sense to look for solutions 7 which are also invariant under such
a transformation, i.e. which are formal power series in A2. This class of
Maurer-Cartan elements of the the Kontsevich-Shoikhet Lie, algebra are
of special interest to us in this work, and we call them quasi-Poisson struc-
tures. Replacing A2 — h we arrive at the following definition.

Definition 3.2.8. A quasi-Poisson structure on the vector space V is an ele-
mentmTeh ﬁoly(V) [[A]] such that

k-1

(zk)'uzk(n LT+

1 h
0= E,uz(n,n) + Em(n,n,n,n) +..
i.e. an MC-element for the Lie, algebra (T o1, (V)[11, po) ® K[[A]]
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Remark 3.2.9. It was proven by Merkulov and Willwacher [MWZ2|] that, for
any finite-dimensional vector space V, the Kontsevich-Shoikhet Lies, alge-
bra (Tpo1y(V)[1], ) is Liew, isomorphic to the standard Schouten algebra
(Tpoly(V) (11,1, Isn), but the isomorphism is highly non-trivial and depends
on the choice of associator. This result implies that, in finite dimensions, there
is a 1-1 correspondence (up to gauge equivalence) between the ordinary Pois-
son structures and the above quasi-Poisson structures. In infinite dimen-
sions, however, these notions become very different. We show in Chapter 4
below, that (finite or infinite-dimensional) quasi-Poisson structures can be
quantized by an inductive procedure without using associators.

Next we recall B. Shoikhet’s explicit formulae for the universal defor-
mation quantization of quasi-Poisson structures which use the Kontsevich
propagator, and then we offer some new and much simpler formulae which
use the standard homogeneous volume form on the circle S'. Both sets of
formulae rely on transcendental methods.

Definition 3.2.10. A directed graphT is admissible if satisfies the following:
o The graphT has no oriented cycles of edges.

o The vertices of T are of two types. The first type labeled by {1,2,...,n}
and the second type labeled by {1,2,...,m} with2n+m = 2.

o Ifv, — vy isan edge of T with vy and v, being of the first type then
[(v1) < I(v2), where [(v) denotes the label of the vertex v.

Let G(n, m, E) denote the set of admissible graphs with n vertices of the
first type, m vertices of the second type and E edges.

Definition 3.2.11. Let zy and z, be two points in the upper half-plane. We
define the binary relation z, <p z; if the the point z, is contained in the half-
circle C with diameter on the real axis and "highest" point at z,.

Given an admissible graph I" we shall define a configuration space of
points in the upper half-plane.

Definition 3.2.12. Let Conf,, , be the set of n+ m distinct points in the upper
half-plane with m points being on the real line;
Confum=1(z1,...,zs) €H", (X1,...,xm) ER"| 2; # 2}, x; # X7}

LetT € G(n, m, E) be an admissible graph and define the subset Con f, mr ©
Confy,m as the subset of configurations coherent withT;

Confomr =
xi<..<xm  always
. . e
(Z1yeer Zmy Xy ey X)) EH X R™ & Zi(ny) <P Zi(vy)  If thereis an edge vo — vy

/
Xi(u) =P Zluy) If thereis an edge u; o
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where uy, v2, V1 are vertices of the first type and u; a vertex of the second type.
The 2 dimensional group of real affine transformations G> = {z— az+b | a€
R+, be R} act on Confy . We define Cp, 1, as the quotient Confn,m/G2. The
group action is well defined on the subspace Con f,, ,, r and we can also define
Cy,mr Which is the quotient Confy, v/ G?.

In [Konl] M. Kontsevich defined for the space C;, ,, a compactification
Cp,m as the closure of the image of the following inclusions

Cn,m - Con+m —  Cop+m

{ZI;---vZn;xl)---rxm} — {Zl,---,Zn;zly---;zn;x];---yxm}

For an admissible graph I, the configuration space C,, ,,r can be com-
pactified in analogy with the construction above. Let C,, ,;r denote the
compactification of Cy, ,;, r.n

Definition 3.2.13 ([Kon1}/Shl). LetTy denote the 2-vertex graph with one di-
rected edge; T : 1 — 2. A modified angle function is a map 6 of Caor, toa
unit circle S' such that 0 is the angle varying from the —m to 0 on the upper
half-circle, and 0 contracts the two other upper boundary components to a
point0e S'.

Example 3.2.14. An example of a modified angle function is given by the
doubled Konsevich’s harmonic angle:

flz,w)= l.Logw
i (z—w)(z—w)

Given a subgraph I < T there is a natural projection map
pr,r Comr — Cu o 1.

Definition 3.2.15. Let e be an edge of an admissible graphT'. Let0 be a mod-
ified angle function. Define the 1-form ¢, as the pullback of d0 along prr,;

¢e = pr.r,(dO)

The weight Wr associated to the space C, 1 is given by the integral

1
WFWﬁ A ¢e

Cnmr ecE(T)
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3.2.4. Description of boundary strata of C,,; The only boundary strata
that will be of consequence is those of codimension 1. The codimension
1 boundary strata of C,,  fall into two types.

» Type 1: some proper subset of points S = {p;,,..., p; }, s = 2 approach
each other. Let I'; be the restriction of the graph I to the vertices cor-
responding to the set S and let ', be the graph obtained from con-
tracting the subgraph I'; to a vertex. The boundary strata of this con-
figuration is then given as the product C,_s41r, x Csr,.

» Type 2: some point g with an edge p — ¢q approaches the horizontal
line through p.

3.2.5. Description of boundary strata of C,, ,, r with hyperbolic height or-
der The codimension 1 boundary strata of En, m,I comes in three types:

e Type 1: Some points p;,, pi,,..., pi, € H s = 2 approach each other in
such a way that they stay inside the appropriate geodesic half-circles.
This corresponds to a boundary strata isomorphic to the product

Cn—s+1,mT, X Cs1y,

where I'; is the subgraph given by restricting I' to the subset of ver-
tices labeled by {ij,...is} and I'; is the graph given by contracting the
subgraph I'; into a new vertex.

 Type 2: Some points p;,..., p;; € H and some points gj,,...,q;, € R
such that2m+n—1=2s+r = 2 approach each other and a point on the
real line in such a that the points stay inside the appropriate geodesic
half-circles. This boundary strata is isomorphic to the product C -, x
Cn—r+1,m-r+1,1, where I'; is the subgraph induced by the restriction to
the ij,...islabeled vertices and I'; is the graph attained by contracting
the subgraph I'; into a new vertex of the second type.

* some point p with an incident edge g — p approaches the geodesic
half-circle of a point 4.

3.2.6. The Lie,, morphism F, We use this subsection to remind the reader
of the definition of the map

Ur: noly(v)x’IVert(l")l - Dpoly(v)
which was given by M. Kontsevich [Konl].
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For any admissible graph I" with 7 vertices of the first type, m vertices of
the second type and 2n + m —2 + [ edges [ € Z, we define the linear map

Ur : Tpoty (V)" = Dypory (V)1 + 1 - nl.

44444

is the number of outgoing edges from the i-labeled vertex in I'. For [ = 0
the map Ur becomes a pre-Lie,,-morphism after anti-symmetrization. Let
Y1,-.-,Yn be polyvector fields of degree k; +1,..., k, + 1 respectively and let
fi,--., fm be functions on V. We define the polydifferential operator

(fl’---yfm)'_'q)y

where the formula for @ is given as follows

(OBES (Z/{F(Yl;-~-»Yn))(f1,~~;fm)

where ® is sum over all configurations of indices running from 1 to dim V
labeled by Ed ge(I);
@
I:Edge(l)—{1,...,dim V}
The term ®; is the product over all n + m vertices of I" of certain partial
derivatives of functions g; and of coefficients of the polyvectors y; :

o For each vertex i € {1,2,..., n} of the first type we associate the func-
tion y; € V* which is a coefficient of the polyvector field y; :

ki+1

1
Yi= <Y1,dx1(ei) ®..0dx' )y

Here we use the identification of polyvector fields and skew-symmetric
tensor fields;

SN A1 Z sgn(0) g, ®...®8g,.,
UE§k+1

e For each vertex 7 € {1,...,m} of the second type the associated func-
tion vy is the function f;.

Ateachvertex of ' we "put" a function y; or 4 Ateachedgeec Edge(D),
there correspond coordinates I(e) in V. In the next step we put into each ver-
tex v a certain partial derivative of the function v ;

9 v
I vr
ecIn(vjcEdge(r) 0% @
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The product of these functions running over the set of vertices of v defines
@;.

The complete formality morphism constructed by M. Kontsevich is lin-
ear combination of Ur with coefficients given by the weights cr;

Un: 7;)Oly(v)®n — Dpoty(V)

where

U, = Z Z cr-Ur

m=0TeG,, n

and the second sum is taken over all admissible graphs with 7 vertices of the
first type m vertices of the second type and 21 + m — 2 edges.

3.3 Transcendental quantization formula from
dArg-propagator

We will give a new proof of B.Shoikets theorem for infinite dimensional de-
formation quantization by using the dArg-propagator and the order on C
given by imaginary part.

Let I' be an admissible graph with n vertices of type I, m vertices of type
II and edge set E. Define the configuration space Cj, ,r as the subset of
configurations (z1,...,2n; X1,...,Xm) € Cp,m such that Im z; > Im z;, when-

ever there is an edge e = {>icE.

Remark 3.3.1. This definition is similar to the one given by B. Shoikhet [Sh).
Our definition is a slight simplification as we don’t have to consider any in-
tricacies of hyperbolic geometry.

Recall the definition of the weights cr

Cr=f, N e

Cpr ecE()

w for an edge e = Lt Em).

We define another weight coming from the configuration space C, . r;

wr=f, N\ e

Cumr eeE)

where ¢, =

)
as above.

. dArg(zi—z;
with ¢, = —rg(;’ Zj
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3.3.1. Description of boundary strata of C,, ,, r with height order by imag-
inary part The codimension 1 boundary strata of C,, ,,,r comes in three
types:

» Type 1: Some points p;,, pi,,..., pi, € Hwith s = 2 approach each other

in such a way that the relation Im p;, > Im p;, for every edge (R
This corresponds to a boundary strata isomorphic to the product

Chns+ 1,m,I', X Cs,F1 ’

where T'; is the subgraph given by restricting I' to the subset of ver-
tices labeled by {i},...is} and I'; is the graph given by contracting the
subgraph I' into a new vertex.

» Type 2: Some points p;,,...,p;, € H and some points gj,,...,q;, € R
such that 2m+ n—1=2s+ r = 2 approach each other at point on the
real line in such that the points in the upper half-plane stay at their
relative heights as determined by the directed edges. This boundary
strata is isomorphic to the product Cs .1, X Cy—r+1,m-r+1,r, where I'; is
the subgraph induced by the restriction to the ij,... i; labeled vertices
and I'y is the graph attained by contracting the subgraph I'y into a new
vertex of the second type.

» Type 3: Some point p with an incident edge g — p approaches the
line {ze H | Imz = Img}.

3.3.2. Infinite dimensional deformation quantization To produce a for-
mality morphism in the infinite dimensional setting B. Shoikhet applies Kont-
sevich’s Ur to define the Lie,, morphism

Fo: Tpoty (N — Dpory (N1,

explicitly it’s given by a formula which is completely analogous to the one
given by M. Kontsevich;
f" n= Z Z wr ~Z/[1".
mz=0TeGy,

Theorem 3.3.2. [Sh] Let V be a Z» graded vector space over C with finite-
dimensional graded-components V'. Then the maps F, constitute a Lies
quasi-isomorphism

(7-!,013,(‘/)[1],[1.) - (Dpoly(v) (1], dH; [-, _]G)-

Where the first component is the Hochschild-Kostant-Rosenberg map, (L. is
the Kontsevich-Shoikhet Liey, structure, di Hochschild differential and [—,—]g
the Lie bracket on the Hochschilld complex.
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Proof. Let the S(a, b) denote the subgroup of (a, b) shuffles. To show that
F is a Lie,, morphism we have to demonstrate that the following equation
holds for all n = 2 (The case n = 1 is the Hochschild-Kostant-Rosenberg The-
orem)

0=dug(Fn(y1,...,Yn))
+ Z Z + [Fa(}/g(l),...,Yo(a)),Fb(Yo(aH),---;Ya(a+b))]G

a+b=n geS(a,b)
a,b=1

+ Z Z iFa+1(,Uk(YU(1)»---,Ya(a));YU(cHl)y---vYU(a+b))

at+b=n geS(a,b)
a,b=1

We employ the same trick as M. Kontsevich (cf. [Konl]) and consider Fj :
Tpoty(V)®0 — D)y, (V) defined by Fy : 1 — my where my € Hom(O%?, Oy)
is the ordinary multiplication. We can see Fj in terms of the polydifferential
operator coming from a graph I'y which has 0 vertices of the first type, 2
vertices of the second type and 0 edges. The associated weight wr, is equal
to 1. The above equation can now be given the following equivalent form

0= Z Z + [F(l(YU(l))---;Y(T(d))er(YO'(a+l)y---7YU(ﬂ+b))]G

at+b=n geS(a,b)
a,b=0

+ )Y P (ko) Yo@) Yota+)s - Yolath)

atb=n geS(a,b)
a,b=1

We substitute F, and . for their definitions as sums of operators given
by graphs

Y x| Y orUnows--Yew) D, wr, Ur,Yoas1)-- Yota+rh)

a+b=n I'1€Ga,m T2€Gp
a,b=0 m=0 m=0 G
o€ S(a,b)

+ ) ) oryUn Y Eery Lo, vie) - Yot Yo(ash)

a+b=n I'3€Gpi1,m r 1
ab=1 m=0 4€8g20-3
oeSa,b) veSk

Z Z Z twr, ‘or, [Url ()/g(l),--.,)’g(a)),urz (Ya(a+1))---,Ya(a+b))]G

a+b=n T1€Ga,m T2€Gy

a,b=0 m=0 m=0
o €S(a,b)
+ Z . GZ ; +or, - cr, -Ury (Lr,(Yve) -- ) Yotas1)s - Yola+h)
b= €
aaszln s mb;(»)l,m F4Egragv2“’3
oeS(ab) VESk

For a fixed m, this expression is of the form Y r arUr where ar are coef-
ficients coming from the products of weights and where I" are admissible
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graphs with n vertices of the first type, m vertices of the second type and
2n+ m— 3 edges. Specifically the weights are given as

Zwrl “wr, + Zwrs Cry

The first sum is over pairs of graphs (I'1,I'2) such that they together have
n vertices of type 1 and m + 1 vertices of type 2. The second sum is over
pairs of graphs (I's,I'y) such that they together have n + 1 vertices of type 1
and I's alone has m vertices type 2 while I'y has no vertices of type 2. For
all four graphs the relation 2#|vertices of type 1| + #|vertices of type 2| - 2 =
ledges| is satisfied. The pair of graphs (I';,T'2) and (I's,T'4) that determine
the coefficient for Ur are the one that appear in the process of determining
the codimension 1 boundary strata for En,m,r- This fact is why the weight
ar vanishes. We consider the integral of a closed differential form over the
compactified configuration space Cy, 1.
By closedness of the form and Stokes’ theorem we have that

OZﬁ d /\ (,be) 2[7 /\ be
Chmr (eEE(F) 0(Cpm,r) e€E(T)

A decomposition of 3(Cy,,, 1) was given in Subsection ‘ we find that

Lo ANee=[ Aver[ Aver[ A o
0(Cn,mr) eeEI) 0T1 ecE() 0T2 ecE() 0T3 ecE(D)

In fact

f /\ (»be =0
0T3 ecE()

We conclude the calculation

0= d e
j;:n.m,r (eeé\(l")(p )

=[N e[ A o
=f > f N ¢e

§=2([T1,T2)eGy(s,T) Y Cn-s+1,mr, XCsry ecE(T)

+2m]+n—l Z Z f /\ ¢e

=2 2s+r=I(1,T2)€Gy(s,r,1) Y Csrry XComrs,m-r+1,1, e€ E(T)

n
o S (R |
§=2(T1,T2)eGy(s,T) \Y Cn—s+1,mr, e E(y) Csry ecE(T)
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2m+n-1

5D S v [ B AR A o
1=2  2s+r=I1(T1,I'2)eG,(s,r,I) Cs,r,l"l ecE(T) Cn—r+l,m—r+1,l"2 ecET»)

n 2m+n-1

= Z Z wr, - Cr, + Z Z Z Wr, - Wr,
§=2(T1,I2)eG(s,T) 1=2 2s+r=1T,I)eGy(s,1r,I)

3.4 Formality as a map of operads F : OC,, — KGra
3.4.1. Open-closed homotopy algebras The operad OC, is a quasi-free 2-

colored dg operad [KS] generated by two types of corollas, of degree 3 —2n
and degree 2 —2n — m, respectively;

0Cw J-'ree< /‘L\ % >

3 p-1 P71 2 m o e
2n+m=2
The first class of corollas are subject to the relation
//l\ //l\ , YVoeS,;,, n=2 3.1
n ol o2 o(n)

with differential defined by the second class of corollas are subject to

1 2 n 1 2 'ﬁl ol o2) on) 1 .2 'n'1

, 2n+m=2,YoeS,

The action of the differential on these corollas is given by the following for-
mula

+ (_1)k+l(n7kfl)
k1=l uly
2#I +m=1+1

2#Ip+122
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A representation of OCy, in a pair of dg vector spaces (X, X,) have been
called open-closed homotopy algebras or OCHA for short.

It was shown in [H] that representations of OC, are equivalent to degree
one codifferentials in the tensor product, ©°(X.[2]) ® ®°(X,[1]), of the free
graded cocommutative coalgebra cogenerated by X.[2] and the free coalge-

bra cogenerated by X,[1].
Being a free operad, OC, has the property that any representation, p, is
uniquely determined by the values on the corollas,

Vpi=p /l\ e Hom(e" X,, X.[3-2n]), n=2,
1 2 3 a1

n

and

n m
eHom(QXC®®Xo,X0 [2—2n-ml],

2n+m=2

which satisfy quadratic relations presented above for the differential 4.

Let Coder(®°(X,([1]),[, 1) be the Lie algebra of coderivations of the free
coalgebra, ®°(X,[1]), cogenerated by X,[1]. The coderivations are not re-
quired to preserve the co-unit so that MC elements in this Lie algebra de-
scribe, in general, non-flat A, -structures on X,. Recall that we have an iso-
morphism of vector spaces,

Coder(®* (X, [1]) = @ Hom(®" X,, X,)[1 — m]

m=0

The structure of an Open-closed homotopy algebras was reinterpreted by
S.A Merkulov [Me3].

Proposition 3.4.1. An OC, structure on a pair of vector spaces (X, X,);
OCOO — End(XC'XG),
is equivalent to

1. Alie{l}, structurev on X.; {vy : @kXC — X.[3 —2kl} k0. Stated other-
wise, it's a Lies, structure on X[1].

2. AnAssq structure ppon Xo; {iiy ®kX0 — X,[2—k]}. The associated MC-
element of the Lie algebra Coder(®° X,[1]) corresponding to | gives a
differential d,, = [u,-].
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3. Aliex morphism F : (X;[1],v) — (Coder(®° X, [1]), [, =], dy.);

{Fk - ok X, — Coder(®' X,[1])[1 —21c]}k>1

such that the composition

ekXc Fr, Coder(®° (X, [11))[1 —2k] ’ﬂ Hom(®" X,, X,)[1—m —2k]

coincides with i, , forn=1,m = 0.

Remark 3.4.2. The face complex of Kontsevich’s compactified configuration
space C, , was considered in [Me3]. This face complex can be given the struic-
ture of an operad in the category of smooth manifolds, and the associated
operad of fundamental chains is isomorphic to the operad OCe.

3.4.2. The operad of Kontsevich graphs. In the framework stable formality
morphisms developed by Rossi-Willwacher the existence of a formality map
is reinterpreted as a morphism of certain 2-colored operads;

OCo — KGra

We will start with a definition of the 2-colored operad of Kontsevich graphs
KGra. The operad is so called because it consists of the type of graphs con-
sidered by M. Kontsevich in his original proof of the Formality theorem. The
operad KGra is intimately connected to the monochromatic operad GraéD
consisting of directed graphs.

Recall from Definition that an admissible graph has vertices of
two types, and the edge-set is subject to the restriction that no edge may
begin in a vertex of the second type. Let the colors of KGra be denoted by o
and c (standing for open and closed, respectively). We denote the subspace
of operations with n inputs of color ¢ and m inputs with color o and with
output in color o or ¢ by KGra.(n, m) or KGra,(n, m) respectively. Define
these subspaces as follows

Grag)(n) m=0

KGrac(n, m) = {
{0} m=1

and
KGra,(n, m) = @ K(G(n, m, k)) 8s, Sgn,) [k]
k=0
In order to promote KGra to an operad we will define its operadic com-
position by means of partial composition. As for the previous operads of
graphs the compositions are defined by substitution of a graph into a vertex
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and summing over all the ways to reconnect the edges. The partial compo-
sition of two graphs from KGra, is defined exactly as for Grag. The partial
composition of KGra, ® KGra. to KGra, at either a vertex of color c or o and
there are partial compositions KGra, ® KGra, to KGra, at a vertex of color o.
Just like for the other operads of graphs the partial composition includes a
re-labeling of vertices and an induced total order on edges.

As was implicit in M. Kontsevich definition of the individual compo-
nents Ur of the Formality morphism, the pair (’7},01),(X), Ox), X = K9 form
an algebra over the 2-colored operad KGra.

Recall that we can think of 7,;,(X) as being the graded commutative
algebra generated by {x?}, coordinates of X and {y,} the associated vector
fields (v, = a%z)- Let I' be an admissible graph with n vertices of type I and
m vertices of type II and let E denote the set of edges. For every edge e =

‘6‘ we set

. 9 . 9 .
AT —Vid® lg— id® " le— @id®" .
! §a1 8- @i ®5Wa®l

Amap CID% € Hom(7 01y (X)®"* ™, T 01, (X)) of degree | E| can now be defined

as follows. The map (IDTr is the composition of two maps, po ¢!, where y is

just the regular associative multiplication map in the graded commutative
algebra and where ¢! = [Tpcgg ge(D) AL, the product is taken over the edges in
their associated ordering. By the natural inclusion t: Ox — 7;,Oly(X) and
the natural projection 7 : 741, — Ox we can define a map

Hr : 7;,013,()()®n ® O?}m — OX

as the composition

®m (DT
Hr: ’Tpoly(X)®n ® Oim — 7;Joly(X)®(n+m) — noly(X) - OX
The association I' — IIr gives the map of operads mentioned above

IT: KGra — End(7,,,,,(x),0x)

3.4.3. Stable formality maps

Definition 3.4.3. A stable formality morphism is map of operads
Z:0C, — KGra

such that the induced OCy, structure on (Tpoly(X),(’) x) coincides with the
Kontsevich-Shoikhet Lie{l} structure onTpe;,(X), the standard graded com-
mutative A, structure on Ox and such that the one black vertex-part of
the Lieoo morphism coincides with the Hochschild-Kostant-Rosenberg quasi-
isomorphism.
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Theorem 3.4.4. There exist a stable formality morphism E : 0C, — KGra
given on generators as follows.

i) Thelie{l}, generators:

Evp)= ). ol
TeG(p,0,2p-3)
cr= |_ /\ be
Cpr ecE(I)

dArg(zi—z;

where ¢, = — ) foran edge e = e E().

ii) The Ao generators
IToo m=2
0 m=3

E(No,m) = {

Where the graphT o, is the graph ith two vertices of type I (and no edges);

[,o=0 o

iii) The Lie,, morphism generators

Enm) = Y, wrl
reG(n,m,E)

withn=1 and E =2n+ m -2 and weights

wr :ﬁ /\ be
Cnmr ecE(T)
dArg(zi—zj
T

with ¢, = ) as above.

Proof. The content of i) is exactly Theorem It’'s an obvious conse-
quence of how the representation KGra — End(7,,,,(x),0,) is defined that the
graph I'o, produces the standard graded commutative multiplication on Ox
and therefore ii) is satisfied. The graphs of the form

have weight % and thus give us the Hochschild-Kostant-Rosenberg quasi-
isomorphism;

Mo=(uy ) =11 (wr;r}c) = HKRy : Tpor, (X)® — Hom(O%F,0x)[1 - kI

The proof of iii) is the content of Theorem[3.3.2] O
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4. Wheel-free deformation
quantization

4.1 A propic approach to deformation quantization

4.1.1. The dg Lie algebra of polydifferential operators Let Oy = ©°V* be
the free graded commutative algebra generated by V*, where we as usual
mean that the k-th graded component of V* is the linear dual of the k-th
graded component of V; (V*)(k) = (V%))* It is well known that the graded
space of linear maps @ Hom((’)@k ,Ov)[1-k] can be given the structure of
a dg Lie algebra with the Gerstenhaber bracket, [—, —]¢, and the Hochschilld
differential, dyy. This dg Lie algebra is known as the Hochschild cochain com-
plex of Oy;
Hoch®(Oy) := @ Hom(O%¥, 0y)[1 - kI.
k=0

The Hochschild cochain complex has an interesting dg Lie subalgebra, Dy c
Hoch® (Oy), consisting of the operators in Hoch® (Oy) that, for k = 1, vanish
onanelement fi® 5®...® fr € O{‘ik if at least one of the polynomials f; isa
constant. Any degree one element, I' € Dy can be decomposed into a sum,
I' =) >0 'k, where each I'y is a "polydifferential" map ng — Oy of degree
2 — k. If we fix s system of local coordinates {x%*} that span V, then I' can
be represented as a power series (of finite total order as a polydifferential
operator)

In this series the 1"5‘ """ are a scalars from our base field and the I,..., I, J
are multi-indices; If I = a1 ay ... ) then

Pl
xli=x%x%  x% and 0j:= ———
0x% ...0x4%n

We say that an element I' € Dy is a Maurer-Cartan element in the Hochschild
cochain complex if it satisfies the equation

1
dgl + E[F,F]G =0.
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A Maurer-Cartan element in Dy (or more generally, in Hoch®(Oy)) deter-
mines a deformation of the associative (graded commutative) algebra Oy.

4.1.2. Prop profile of deformations In [Me4] S.A Merkulov gives a very in-
teresting alternative description of the Maurer-Cartan elements in the Hochschild
complex. In loc. cit. the author constructs a dg prop, DefQ, such that the
representations of it is exactly the structure of a Maurer-Cartan element in
the Hochschild cochain complex.

We remind the reader about the definition of the prop DefQ and its per-
turbative version Deth.

Definition 4.1.1. Define the S-bimodule D = {D(m, n)} ,,, n=0 where we set

Dim,n)=D(m)®1,[m-2],
D(0) = K[-2]
Dim=1)=@ @ Ind" L, ®...8 1y, [k—2]

P T A
The prop DefQ is now defined as the free prop generated by the D;
DefQ := Free(D).
Let the generators be graphically represented by planar corollas of de-
gree2—k

Lol Ty T

(4.1)

1 2 3 cee n
Where the edges labeled 1,...,n correspond to the input. The input edges
are symmetric; the order in which they are written down does not matter.
The edges labeled by elements from I UI... U I = {1,..., m} correspond to
the output. Within each group labeled by a I;, the edges are symmetric.
The differential on DefQ is defined by its action on the generators

L L I I L LUy Iy

n

Z Z(_l)(p+l)q+i(q—l)

[nl=/1uJz 520
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The proof that § squares to zero was given in [Me4].

Remark 4.1.2. Notice the limits on the parameter s. As s may be zero, the
graph created by the differential can be disconnected; the disjoint union of
two corollas. The number s is also not bounded above so we shall actually
consider DefQ to be completed on the sum of the number of vertices and the
genus.

The above formula for the differential shows that the free prop DefQ
makes sense as a differential prop only if it is considered as genus com-
pleted as the r.h.s. of the above formula involves infinitely many graphs of
increasing genus. This immediately raises a question: what can be a rep-
resentation of the completed prop DefQ in an arbitrary vector space V? A
morphism of dg props

o :DefQ — Endy
is uniquely specified by its values on the generators,
CRRA S N

€ Hom(O%*,0y) < Endy

which can be arbitrary. Hence an arbitrary representation p gives us an in-
finite sum of polydifferential operators with order tending, in general, to in-
finity. This is definitely not the object we are interested in as the Gersten-
haber brackets [, | can diverge on such infinite sums of polydifferential
operators. Therefore we introduce a new notion of an admissible represen-
tation p 4., which, by definition, satisfies the condition that the values

L L Ly Iy

Padm
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vanish for sufficiently for sufficiently large values of the cardinalities |I;|. We
give a rigourous definition
Let N be a positive integer. We say that a representation

o :DefQ — Endy

is N-admissible if
N e

—
\S}
w
S

whenever |I;| > N forsome i =1,2,... k.
DefQ

Let Rep, (V) denote the set of N-admissible representation of DefQ
in V. Clearly there is a chain of inclusions

DefQ
N-1

- — Rep N+1

we say that a representation is admissibleif it is an element of the direct limit

lim RepPefQ(v
A Repyy ™)
of the above diagram.

This condition assures that we get polydifferential operators of finite or-
der. There is a one-to-one correspondence between the set of admissible
representations and the Hochschild polydifferential complex

Dy < Hoch® (Oy) := @ Hom (O, Ov)[1 - k.
k=0

Moreover, the following stronger result holds true.

Proposition 4.1.3 ([Me4]). There is a one-to-one correspondence between
admissible representations

o : (DefQ,6) — (Endy, d)

and Maurer-Cartan elements, I, in the Hochschild dg Lie algebra of polydif-
ferential operators, Dy, that is, degree one polydifferential operators on Oy
satisfying the equation dyl" + %[F, I'lg =0.

4.1.3. Prop profile of perturbative deformations There is a perturbative
analogue of the polydifferential operators on Oy, Df,’, in which Maurer-
Carten elements correspond to perturbative deformations of the ordinary

product in Oy. Formally we define Df; := Dy ®hK[[A]]. This makes D@ into a
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dg Lie algebra of polydifferential operators on Oy [[]] which vanish at / = 0.
The elements I € D@ that solve the associated Maurer-Cartan equation cor-
respond to generalized Ao, structures on Oy [[A]]. These Maurer-Cartan el-
ements can also be described as the representation of a dg prop.

Definition 4.1.4. Let DefQ" be the free prop generated by D;
DefQ" := Free(D").
Where D" = {Dh’(m, n)} is defined by the following
D%m,n):=D(m)®1,[m-2],wherea+1,m,n€ Z=q

D"(m, n) := @ D*m, n)

a=1
where D(m) is the same module introduced in the non-perturbative case.

Analogously to DefQ, the generators of DefQ” can be identified with

corollas
’ bl

) 4.2)

which have the same properties as those defined in the previous section but
additionally they also carry a numerical label a € 7.

The differential in DefQ" is defined on generators by the following graph-
ical expression:

L L L I L Lulig Iy

p-1 .
+ Z Z Z Z Z Z(_l)(p+1)q+z(q—1)

b+c=a p+q=k+1 =0 1, ,=I' ul" nl=J1uj, s=0
bez1 p=1,4=0 LR 53 S 5 (m=hu/z
irg=1l, oIl

G i+q i+q

I I

i+1 i+q

1

b |
SOTTTT HERRN
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One defines the notion of an admissible representation of DefQ” in ex-
actly the same way as in the case of DefQ to assure that we do work with
operators of infinite order. For the prop DefQ” the following proposition is
analogous to Proposition[4.1.3|from the previous section.

Proposition 4.1.5 ([Me4]). There is a one-to-one correspondence between
admissible representations

p: (DefQ",8) — (Endy gz, d)

of DefQﬁ in a K[[h]] extension of the dg vector space (V,d) and curved Ao
structures in Ovy[[h]], i.e. Maurer-Cartan elements, T, in Dy[[hl] satisfying
the equations dyT + %[F,F]G =0andT | =d.

4.1.4. Propic formulation of deformation quantization Suppose we have
a mathematical structure ¢ on a dg vector space (V, d) that can be defined
as the representation of a dg properad (P, 9);

pg: (P,0) — (Endy, d).

Following [Me4] we understand the problem of deformation quantization of
this structure as finding a morphism of dg props

q: (DefQ,8) — (P, 0)

that satisfy some boundary condition to guarantee non-triviality. The com-
position g o py gives us an explicit representation of (DefQ, ) in (V,d) and
by the propositions[4.1.3|this determines a star-product on Oy .

This procedure of deformation quantization for P-algebras has the corol-
lary that if C(P) is a cofibrant replacement of P then the cofibrancy of DefQ
implies the existence of a lift for the map ¢;

G:DefQ — C(P).

Alternatively, if we wish to prove that a certain formal dg properad (Q, d) can
be deformation quantized then it is enough to find a morphism (DefQ, §) —
(H*(Q),0).

The main result of [Me4] was the proof for deformation quantization of
a formal graded Poisson structurein a dg vector space (V, d).

4.1.5. Properad of quasi-Poisson structures In [Sh] B. Shoikhet determines
a universal Liey, structure on 7,,;,(V)[1] and goes on to define the notion
of quasi-Poisson structure as a Maurer-Cartan element in this Liey,-algebra.
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We shall see that the notion of quasi-Poisson structure has a natural prop-
eradic interpretation.
Consider the Kontsevich-Shoiket Maurer-Cartan element as an infinte
sum of graphs
YK =T+ T4 +T6+...€ GCJ, 4.3)

where I';; is the sum of graphs with n vertices. This element has a natural
perturbative analogue

PXS =Ty + Wy + ...+ B T + ... € GCLI(A] := GCl @ K[[1].

We define a free properad, qPois on the following generators

12 m

>@< n+m+a=3

12 n n,m=1
az=0

with the relation

1 2 m a(l) o(2) o(m)
>< —(-1)° >< Vo €S, YT ES,.
2T n e ()

We will consider qPois to be completed with respect to the number of ver-
tices.
The dg Lie algebra GC; [[A]] acts on qPois. by derivation

12 m

© i iz\_”/ im
v e 2
grafting a1+...+a‘v(m:a—k //\\

2 Jn

12 n inputs/outputs

The first sum is over all the ways to graft the output and input edges to
the vertices of I'. The second sum is over all the ways to decorate the vertices
in I' by non-negative weights a; such that the sum of the weights total to
a—k.

From this action it follows that 7% defines a differential 0 on qPois.

Proposition 4.1.6. Representations qPois — Endy are in one-to-one corre-
spondence with quasi-Poisson structures on (V,d), i.e. Maurer-Cartan ele-
ments in the Kontsevich-Shoikhet Lie{1}, algebra (Tpoly(V) [[AI], ).

Proof. Let p: qPois — Endy be a map of dg props. Each corolla

1720 n
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gives rise to a map A"V — o™V, or equivalently, the image of every such
corolla is an element 7% (m, n) € A"V ® ©"V* and therefore it can be re-
garded as polyvector field on V. From the image of these corollas we define
the following power series

a° = Z Zh“n(“)(m,n)

m,n=1a=0

where we make the addition that 70 (1,1) := d. An inspection of the condi-
tion p o0 = dgng, © p reveals that this implies that 7° satisfies the Maurer-
Cartan equation

1 h
5[.12 (%, 7°) + Zm(]ﬁ,]ﬁ,zﬁ,n‘)) +...=0

for the Kontsevich-Shoikhet Lie{1}, structure g, on 747y, (V). O

4.2 Wheel-free deformation quantization

4.2.1. Odd Lie bialgebras and the cohomology of qPois We will give the
"classical" algebraic definition of odd Lie bialgebras and then the properadic
definition.

Definition 4.2.1. The structure of an odd Lie bialgebra in a graded vector
space V is a given by a degree 1 skew-symmetric bilinear map

[-,-1: VAV = V][1]
such that the pair (V[-11,[—, —]) is a graded Lie algebra and a map
A:V-VAV

such that the pair (V,A) is graded Lie coalgebra. Furthermore, we require that
the following compatibility rule is satisfied

Ao[—,—]=([-,-]®id) o (id®A) +To ([-, -] ®id) o (id®A)—-
([-,-1®id)o(id®A)oT—To ([, -] ®id) o id®A) 0 T
where T denotes the twist mapt: x®y — y ® X.

Let us now consider the properad of odd Lie bialgebra, denoted LieB ;4.
This properad can be represented as a quotient of a free properd F modulo
an ideal of relations R. The free properad F is generated by the S-bimodule
E ={E(m, n)}m,n=1 with all E(m, n) =0 except

1 2 2 1
E2,1):= id1®sgn2 =span< \I/ — \T/ >
1 1
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1 1
E(I,Z)::idz[—l]cbidl:span< /J\ = /J\>
12 2

The ideal R is generated by the following relations
1 3 2
3 2 1
\/( ) 4 ) { Y
A A A0
R: 3 2 1 4.4
) 7% N ) @4

L 2 2 2 1 1

\-l/ 1 1 2 2

/\z_ 2 1t 1t , = 0
I 1 2 2 1

Remark 4.2.2. For odd Lie bialgebras, due to the cocommutativity of the co-
bracket and the skew-commutativity of the bracket, the standard involutive
relation is automatically satisfied,

[_v _] oA = 0)
or in terms of graphs
=0.

LetLieB? , , be the properad of odd Lie bialgebras modulo the additional
relation

Remark 4.2.3. We call these Lie bialgebras super-involutive, because they
don’t only satisfy the ordinary notion of involutivity but also a higher notion
of involutivity corresponding to the genus 2 graphs given above.

It follows immediately from the definition of the differential in qPois that
there is an epimorphism of properads

g :LieB? ,, — H(qPois)
and existence of such a map is enough to prove the Main Theorem below.
After this chapter was completed, it was proven in [KMW] that the coho-

mology of qPois is precisely the properad LieB? , ,, i.e. that the map g is an
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isomorphism. We shall use this latest result below though it is worth em-
phasizing that it is not required for the purposes of this result. The natural
“forgetful" map

v:qPois — LieB?

which vanishes on all generators except the following ones,

v(/@\)::*, v(\@/):\l/, 4.5)

is therefore a quasi-isomorphism.

4.2.2. Super-involutive Lie bialgebras Our next purpose is to construct a
non-trivial morphism of props

po: (DefQ",5) — (LieB? ,;,0).

If r: LieB ;, — Endy is a representation of LieB? , , in a graded vector space
V, that is a quasi-Poisson structure in V, the above morphism p, induces
a representation r : Deth — Endy, that is, a Maurer-Cartan element in
Dy (1] satisfying certain conditions, see Proposition[4.1.5|above.

Any prop can be understood as a totality of its representations in all pos-
sible graded vector spaces V. Therefore, we can read of the morphism pg
via a universal construction of Maurer-Cartan elements I" in Dy [[/]] from
an arbitrary quasi-Poisson structure in V' (universal in the sense that the
construction does not depend on a particular choice of V). Moreover, it
is enough to work with a sufficiently large family of graded vector spaces
V which satisfy the condition that any non-zero element in LieB? , , or in
DefQ" can be represented by an element in Endy that does not vanishing
identically for sufficiently generic V in our family. To simplify the rules
of sign we choose to work (following the standard trick in mathematical
and theoretical physics) with all possible representations of the above props
in the category of free modules V over graded commutative K-algebras A
which satisfy the condition that V (and hence V*) admits a set of generators
{x!,...,x™} (over A) of homological degree zero for some (arbitrary large)
n € N. For sufficiently large n and generic A the non-vanishing condition
can be obviously satisfied so that we loose no information about our props
(cf. [MeVa]) while working in this family of representations. We can view
every such A-module V as a A-supermanifold (cf. [R]) and hence talk about
formal polyvector fields on V,

0 0

bl ----- bl ay .. +ak
Y Calrgix ™ x 5o NN Sk

116



whose coefficients are elements of the graded commutative ring A. This is a
standard “coordinate” approach to supermanifolds in mathematical physics.

In this context a representation r : LieBZ 4q — Endy is the same as the
following pair of polyvector fields

0
V= q)?bxc 9x7 AN ﬁ /\2 Ty~
0
&= C;bx“xb e €Ty

where the structure constants
ab _ ba
o =
are degree zero elements in A, and
c __ C
Cab - Cbu

are degree 1 elements in A. More elementary, v is a degree 0 co-Lie bracket
on V and ¢ is a degree 1 Lie bracket on V. If one wants to employ a geometric
intuition, with respect to the above interpretation as polyvector fields, then
they are given as a linear Poisson structure and a quadratic degree 1 vector
field.

In the same local coordinates, the differential dy on V will determine a
degree 1 linear vector field of the following form

0
dV = LZxaa—xb € TV*

The relations of LieB?, , , imply that the element A = dy +v+¢ is a graded
Poisson structure on V* subject to the super-involutive relation. Explic-
itly the element A will satisfy the Maurer-Cartan equation for the classical
Schouten bracket on 74y, (V*),

1
—[A A =0,
2[ Isn

and the equation

0
CreChe @y @y a8

o 0 (4.6)

which corresponds to the super-involutive relation.
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4.2.3. Structure constants The fact that v and ¢ make up an odd Lie bial-

gebra on V* implies that certain relations on structure constant for v and &

hold. We will state some of them explicitly for the sake of future calculations.
The structure constants of v satisfy the following relations

ober ol =0

b & i be g i ib _
o pic 1+ plepia + il = 0

Analogously one has formulas for ¢. The structure constants of ¢ satisfy
the following relations

Cgb - Cga =0
Ci.C,+CiC +CCia=0
The Lie bialgebra compatibility between the bracket and co-bracket gives
the following relation on structure constants.

clol’+clall -

b gJja b gja abpj
i1 Q% ijq)i -C’.D —q)j C.; =0

ij 7k

4.2.4. Quantization procedure To deformation quantize the pair (v,¢) is
to construct from it a degree 2 function T'y € Hom;y (I, Oy)[[R]], a differen-
tial operator I'y € Hom; (Oy,Oy)I[Al], and a bi-differential operator I'y €
Homy ((’){‘32, Ovy)I[R]] such that the following equations are satisfied

ITo=0
[2+[Tg,I2lg=0
dyl'1 + 1[I, T2lg=0

1
dpl's + 3 I2,T2lg=0 4.7

The bi-differential operator I',

As v determines a linear Poisson structure on V* we can deformation quan-
tize it to produce I', with the Poincare-Birkhoff-Witt isomorphism. The con-
struction is well known and we restate it here for completeness. Let [—,—]
denote the Lie bracket on V* coming from v and form the homogenous uni-
versal enveloping algebra U}, defined as the quotient

_ @Vl

Uy : 7
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where the ideal J is generated by all expressions of the form (x® y—y® x -
hlx,y]) with x,ye V*. Let —o—: U}‘?z — Uy, denote the associative prod-
uct in the enveloping algebra. The Poincaré-Birkhoff-Witt theorem gives an
isomorphism

s:Ovl[Rl]l — Uy
explicitly defined as
s(xix .. x) = L Y x0T oyl o o x7 W
k' O’E§k

We define the star-product through the isomorphism s;
frng:=s"(s(fosg)

and from it define the bi-differential operator I'y,
(feg:=f*g-fg.

That xj is an (even degree) associative product on Oy[[A]] is equivalent to
that %[*h, *;]1c = 0. We have that % = u+I', where u denotes the ordinary
product of functions. That this choice of I', satisfied dyI'» + %[Fz, I'slg=0
can now be seen by expanding the expression [xj, x316;

1 1 1
0=—[%p, % =—[(u,ul+[u,I's]+=1[T>,T
2[ m*hlG 2[# ul+ [, To] 2[ 2,1'2]

the ordinary multiplication is associative and therefore [, 1]l = 0.

The differential operator I';

To find I'; we need to solve the equation dyT'; + [I'1, 2], which is equivalent
to that I' is a derivation of the star-product;

Li(f*,8) =T1(f) *p g+ f*pT'1(8)

To start we form the map 60 : V*[[h]] — & V*[[h]] by using the structure
constants of ¢ and dy;

1 o .
0(x" = EhCl.“jx’ ®x/ +hL!x'

Let 6 be the extension of 0 to a derivation of the tensor algebra @ V*[[A].
By using the relations for ¢, v and dy implied by the LieB? , , representation
we can see that this derivation preserves the ideal

J= <x“®xb—xb®x“—h®szk>

and so it also becomes a derivation of the universal enveloping algebra U45.
Before proceeding we will establish a technical lemma
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Lemma 4.2.4. The following relations are exhibited

oxlex=x‘ox*®x’+ h@?cxf ®xP+ h(l)i.’cx” ®x'

1 . . .
x@wpxb xp x=x%® xP @ x° - > (d)?cx“ ®x' + 0% x" @ x’ +(I>?bxc®x’)
hZ

_ " (&abgic,.j acgib .. j
o (0fP 0 +oally)

Proof. We derive the first expression from

x4 @ xP — xP & x* hd)aﬁ k= o;

ox’ex=x"® (xc ®x”+ h@?cxi)
_ ,a c b bc .a i
=x"®x‘®x"+h®/ x"®x
= (xc ®x*+ hd);wxj) o x”+ htb?cx” ®x'
=x‘ox‘@x+ h@?cxj ox”+ h@?cx“ ®x!
The second expression is derived in a process of repeatedly using the quadratic
relation

h
X *hxﬁ—x ®xﬁ—5<l) /3
and we omit the proof O

Lemma 4.2.5. The map s~' o0 o s is a derivation of the star-product xJ,.

Proof.
9(x“®xb—xb®x“—hq)?bxi)
=0 e xP + x?@H(x?) - b(x") & x - xP @ H(x?) - NDIPH (x°)
= (lhcia.xi exf +hL?xi) exl+x%e (%th’jxi ®x/ +hL?xi) - (%hcf’jx" ®x/ +hL?xi) ®x?
-x ®( hC“ xlex! +hLlx ’) h(Dl.“b (th};.xkc@xj +hL§ka)

=h C“x exloxl+= Cbx“@»x ®xf——Cbx ox/ ®x? ——C“x exi®x/

+Li“x’®xb+L?x”®x’—Li’x’@x“—L?xb®x’ —R?

loabpqi ko _j, gabyi k
2<I>l. ijx ®x/ +@; ka

a b
=h [le(—xb®xi®xj+xi®xj®xb)+Zl](xa®xi®xj—xi®xj®x“)

+ L?(xi®xh—xb®xi)+Li?(x“®xi—xi®x“)

1 . . .
_ 12| tgpabpi Lk Jj abri _k
I lZCDi ijx ®x! +®; "L x

[using the relation implied by the ideal J directly and Lemma| |
a b
= |2 ((Dibxk ox) +allyi ®xk) - (CDiaxk ox) + i ®xk) - lfbabCl’ xF & x/
(m(;;l D 2 k k 2 k k 21 Tkj
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agib .k bgai .k abyi k
+Lill>kx +Li<Dkx _(Di ka

[dy is a derivation of v]
2Cu ib_k b i kctbj ia kg o ait.iq k\_Laabri kg
= N (CD x ®x/+<l> x ®x) (CIJ x‘ex) +d xex )——CD. Ci.x“ex/
(mod J) 2 2 Uk k 2 i kj
[by relabeling indices|

h?

T —(cg0l" +cfiol’ - ch ol - chal?-atbc] ) xF o 1!
mo

ij ok ij ok

[by the Lie bialgebra compatibility between bracket and co-bracket]

0
p))

=}
2

(m

This choice of derivation also squares to zero;
Lemma 4.2.6. The map s~' o0 o s is a differential.

Proof. It's enough to prove that 6%(x?) = 0 for an arbitrary basis element x“.
52 51 b b
0°(x" :B(EhCZCx *p, X +hLx )

1 A 1 N A
=S hCHBG") iy x4 SRC] x” %y B+ HLEH )

1 b.d 1 d d
:EhCZC( i‘C 4 xp, x° +hLYx )*hx += )‘Cb xP %y hcgex *p, x°+hLGx

+hLZ(7thdxc*hxd+hngxc)
1 1
2 2 b d 2 b da
7h Cbccdex *hxe*hxc+ih CpoCopx” xp x *hxe+§ﬁ CpoLgx” xp x
2qa b d c.Yi2a0b ¢ d, p2rarb_c
+Eh CpoLlgx® *xpx +£h Ly C yx" *xpx® + Ly Lix
relabeling indices and cancelling the linear term by using that L“L? =0
7h2C“C’ X kg 1k x4~ hZC“C’ xPxp xCxp x4 = hz @ LLxb xp, x°
RXXp dX *RX xR X" *p
+= FZC“L’x *p X6+ = I‘LL“Cbe *p, x°€
hz T (ClaChe+ i Cla) e w2 xpx +h—2(c L+ CRLL+L8C) ) w2
be ™ “bi~ed h h bi b be h

[by the Jacobi identity and since dy is a derivation of &|

h
Cu C’hx *hx *hx

[by Lemmald.2.4]

n2 A ) ) )
—C“Cdb o xtexd - 2[rbfdxb®x’+r1>§’dxc®x’+<1>£?cxd®x‘)

_ (pbegid . J bd gjic j)
; (‘1’1 i + oPdoic

h ns . . .
C“Cdbx ®x ®xd+—C Cdb (@fdxbebxl+(D§’dxc®x’+<1>?cxd®x’)

h
5 Ch ‘Ch, (qﬂ”@’dxf +c1>hdc1>’cxf)
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[using that C;ﬁfbfﬁ =0, the commutativity of { and skew-commutativity of v

n? aci bg cgo.d nt a i gbegld k
:7ICichbx ®x " ®x +Eciccdb®j O x
[by the super-involutive relation]
W a i bycgod, pa i
=- 3 (Chchy P extex +Clic)

[byx“@xb—xhébx“—hszbxkzo]

d b c a ~i _c d b
X exTex +Cichdx X ®x)

h? a ~i a ~i a ~i b c d » a ~i gdb .. j
- _ J c
=13 (ChCly + ClyChe + CiyCly) P @ xC 0! - T Cly ) 0P o @ x

—bjc“ i cbdﬂx%xf—b—’sc“ ! <Ddbxc®xj—EC“ cl P xJ g x4
12 id~bc™j 12 “ib~ced ™ 12 “ib~cd ™

=0
[using the Jacobi identity and the skew-commutativity of v|

O

We have constructed I'y which solves dyI'; + [I'1,I'2]g = 0 and satisfies
F% = 0, thus the last two equations for the star-product can be solved for by
setting I'o = 0.

4.2.5. Main Theorem There is a universal perturbative quantization of (pos-
sibly infinite-dimensional) quasi-Poisson structures which does not use Drin-
feld’s associators.

This theorem is an immediate corollary of the following proposition

Proposition
There is a morphism of dg props
o: Deth — qPois

such that

T10p

-, A fora=n+k-2
= >< and || =...= =1 (48

where 7; : qPois — (qPois); is the projection of the free prop qPois to the
subspace, (qPois.)1, consisting of graphs with precisely 1 internal vertex.

Proof. The above formulae show that there is a morphism of dg props
po: (DefQ",5) — (LieB? ,;;,0)

such that
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¢ po vanishes on all generators (4.2) with k =0and k = 3,

* po sends the generators (4.2) with k = 1 and weight a into a graph
incarnation of the i“-summand of the above explicit solution I'; of
the equations (4.7)

* po sends the generators (4.2) with k = 2 and weight a into a graph
incarnation of the i%-summand of the above explicit solution I'y of

the equations (4.7).

In particular one has the following formulae (cf. [Me5])

/ )\ for|[|=1,n=2
Po :0; Po =
0 otherwise.

Y for|hl=1|LI=1n=1
,0() :0)
0 otherwise.

12 «--n

and hence can use a standard lifting argument and a cofibrant structure of
Deth first observed in [Me5] to finish the proof of the Main Theorem.
Define E; to be zero for negative s and, for s =0,

L L Iin I

E; := span € Deth
{25 % 2a+k-2=5
k=0,a=1,n=0
For example,
Ey =span , E1 =span , E> =span ,
12"....;1 12"-.--n 12“.'..71 12".'..71

Let Defo/ c DefQ" be the free prop generated by &7_, E;. Thereby we get an

increasing filtration, 0 ¢ DefQSL c...c DefQ? c DefQ?H ...with

lim DefQ” = DefQ".
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A straightforward inspection of the formula for the differential § in DefQ”
implies
8Egs1 < DefQl,

i.e. that the dg prop (Deth, 0) has a cofibrant structure (even an elemental
cofibrant structure in the sense of Definition 17 in [Mar4] formulated for
props rather than for operads). As the natural projection

7 :qPois — LieB?

is a quasi-isomorphism, one can use an inductive argument to construct a
lift of the morphism pg to the required morphism p making the following
diagram commutative,

qPois
-
DefQ" —— LieB%,,

Indeed, we start our induction by defining the values of p on the subspace
Ey® E; @ E, as follows

/@\ for|1|=1,n=2
p =0, Y =
{2 tn 12 win 0 otherwise.
@ for |11 = 1,1l =1,n=1
p :0) =<
{274 0 otherwise.

On this subset of generators the equations 7op = pg and hold obviously
true

Let us assume next that we have a morphism
- Def h :
ps: DefQ§ — qPois

satisfying the condition 7 o ps = pg for some s = 3. Let us show that we can
extend p; to a morphism of dg props,

Os+1: DefQ’;ﬁr1 — gPois
a —  ps+1(a)
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such that m o pg41 = pg and the condition hold true. Let @’ be a lift of
po(a) along the surjection 7. Then ps(§a) —0a’ is a cycle in qPois. which the
projection  sends to zero. As 7 is a quasi-isomorphism, this element must
be exact, ps(6a) —da’ = da”, for some a” € qPois. We set ps+1(a) :=a’' +a”
completing thereby the inductive construction of p as a morphism of dg
props. The condition o p = pg is satisfied by construction. The second
condition is also satisfied by induction due to exactly the same obser-
vation as the one used in (cf. [Me4]) — the Gerstenhaber brackets, [y, y]g, of
a degree 1 polyvector field y (viewed as a polydifferential operator) contain
the Schouten-Nijenhuis bracket, [y, y]sy, as one of the the summands. O

Proof of the Main Theorem

Given a quasi-Poisson structure on a (possibly infinite-dimensional) graded
vector space V. This is the same as a representation

v :qPois — Endy

of the prop qPois. in V. Composing v with the above morphism p we obtain
arepresentation

V' DefQ" - qPois - Endy

of the prop DefQ” in V which gives us the required deformation quantiza-
tion of v. At no stage of this construction are Drinfeld” associators utilized.
The proofis completed.

Remark

The map p : DefQ"—qPois takes values in the ordinary prop, not in the
wheeled completion of the minimal resolution of the prop LieB,44 as in
[Me4]. Therefore the map p sends to zero all generators of DefQ” with
k=0.

Let I be the differential ideal of DefQ" generated by corollas with
k = 0; this ideal is clearly differential so that it makes sense to consider the
quotient dg prop

DefQ)} := DefQ".
Our morphism p factors through this prop, i.e. it can be written as the com-
position
o: Deth—>Deng e, qPois

where the first arrow is the canonical projection.

The prop Deng has a nice algebraic meaning. If admissible represen-
tations of DefQ" in a dg vector space (V, d) give us curved Ao structures in
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Ovllhl] (see Proposition representations of Deng’ in V give us ordi-
nary or flat A structuresin V.

We conclude therefore that contrary to the case of universal quantiza-
tions of ordinary graded Poisson structures which gives rise to curved Aso
structures in Oy [[A]], our universal deformation quantization of quasi-Poisson
structures always gives us flat Ay -structures, that is, Maurer-Cartan ele-
ments I in the reduced polydifferential Hochschild complex,

1

e D[] < [ @ Hom(OFF, Oy) 11 - k] | [[A)].
k=1

Put another way, our universal quantization of quasi-Poisson structures give
rise to morphisms of dg operads

€y, Asseo — Ende- v [[R]]
such that gy := €5=9 equals to the standard morphism
£0:Asse — Endgey
which factors through the composition
€0 :Assqe, — Ass — Endg-

and sends the generator of Ass into the standard graded commutative prod-
uct in the symmetric tensor algebra ©°V. We shall use this observation
heavily below when showing a second “more conceptual” proof of the Main
Theorem.

4.3 A second proof of the Main Theorem

Merkulov-Willwacher polydifferential functor

The authors of [MW1] constructed an exact functor from the category of dg
(augmented) props to the category of operads which has the property that
for any prop P = {P(m, n)};; n=1 and its representation

p:P— Endy

in a dg vector space V, the associated operad OP = {OP(k)}>; admits an
associated representation,

pP°Y : OP — Endo-v
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in the graded commutative algebra ®*V on which elements p € P act as
polydifferential operators.

Let P be an augmented prop. As an S-module the operad OP = {OP(k)} 1
is defined as follows [MW1],

OP(k):=Comk) e [ & OP}

mn=1tm= ho.og
#J1 et 20

where

.....

where id; stands for the trivial one-dimensional representation of the per-
mutation group S;, and Com = {Com(k)} > for the operad of commutative
an element of P(#]1 +...+#J, n) with all its n inputs symmetfi%ed and all its
outputs in each bunch J; c [m], s € [k], also symmetrized. We assume from
now on that all legs in each bunch J; are labelled by the same integer s; this
defines an action of the group S on OP (k).

It is often useful to represent elements p of the (non-unital) prop P as
(decorated) corollas,

AV 4 5
p ~ X e P(m,n)

.....

pictorially as the same corolla whose output legs are decorated by the same
symbol 1 (which is omitted in the pictures) and the input legs decorated with
possibly coinciding indices as in the following picture

N ...] B Tk \/
\! or l1<i<k
) M
Jn D

Note that some of the sets J; can be empty so that some of the numbers
decorating inputs can have no legs attached! For example, an element g =

123 45

>/l< € P(5,4) can generate several different elements in OP,
112 12 112 12 34
N eore) , ¢ cOP@, etc. (4.9)
/N /N

Often (but not always) it is useful to represent elements of OP not as corollas
decorated by elements from P whose legs are labelled by possibly coincid-
ing natural numbers, but as graphs having two types of vertices: the small
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one (with is decorated by an element of P) and new big ones corresponding
to inputs of OP and having a “non-coinciding" numerical labelling

LGP
A i

In this notation elements (4.9) gets represented, respectively, as

®®
\ and W
/N

/N
while generators of Com(n) c OP(n)as © ® ~® .

Using this notation it is easy to define an operadic composition,
0;j :OP(m)e OP(n) — OP(m+n-1)

for any i € [m]: take any elements I'; € OP(m) and ', € OP(n), thenT; 01Ty
is sum a graphs obtained by substituting the graph I'; into the i-th white
vertex of I'; and then taking a sum over all possible ways of attaching half-
edges of the i-th vertex to the output legs and/or white vertices of I's.

It is important to notice that the functor O is exact. For example, if

v:qPois — LieB?
is a quasi-isomorphism of props, then
Ov:OqgPois — OLieB? , |

is a quasi-isomorphism of the associated polydifferential operads.

4.3.1. An extended version of the operad Ass Let Ass® be an operad gener-

ated by degree 1 corolla é) and degree zero corollas

W 4ty -0

subject to the following relations,

N/ \ /
® © (0 ()

Thus Ass® is an extension of the operad of associative algebras Ass by one
extra degree 1 generator of arity (1, 1) subject to quadratic relations.
We want to construct a minimal resolution of Ass®.
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An extended version of the operad Ass.,

Let Ass2, be the free operad generated by the following S-module

E°(n) = span< \ﬁ”/ > (4.10)
g€eSy

n+a=2, a=0

the degree of the generators is given in the same manner as for the regular
Ass., operad;

gy 02 Tn

The standard differential in Assy, extends naturally to Ass® by the following
formula (which is analogous to the one in the operad "LieZ," introduced in
ICMWI])

=2-n.

Opi1 Tpig

o102 on o1 0p ©) Oprarl Oprgsr
dO ( ) — (_ 1) qr+p
p+;;;;=n ®

a=b+c

Theorem 4.3.1. The dg operad (AssS,, d°) is a minimal resolution of Ass®.

Proof. We shall use the exact functor F introduced in Step 1 of the proof of
Theorem 2.7.1 in [CMW],

1
F : category of dg E-props — category of dg properads,

where, for a %-prop P,

FPYmn:= @ | @ POut(w),Inv)e® H I,0I) ,
reGr(m,n) \vev(I) Aut(T)

with ﬁ(m, n) representing the set of all (isomorphism classes of) oriented
graphs with n output legs and m input legs an such that they do not have in-
ternal edges which might correspond to %—prop compositions. Here H! (T, 0T)
is the relative cohomology of the connected graph I viewed as a 1-dimensional
CW complex; the space H L1, 0n) is assumed to live in cohomological de-
gree 1. In particular the symmetric tensor algebra ©® H'(I',dT) is finite di-
mensional, and the square of any relative cohomology class vanishes. The
differential acts trivially on the H!(T',dI) part.

For any graph T', H' (T', 0T') may be identified with the space of formal lin-
ear combinations of edges of I', modulo the relations that the sum of incom-
ing edges at any vertex equals the sum of outgoing edges. Then ©F H'(T',dI)
may be identified with formal linear combinations of p-fold wedge products
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of edges, modulo similar relations. Such a product of p edges may be rep-
resented combinatorially by putting a marking of the form (1), on these p

edges. As for any edge e the wedge product e A e vanishes identically, we
have a relation
% ) 0

for these markings.

Operads form a special case of %—props, and the functor F restricted to
dg operads gives us an exact endofunctor

F: category of dg operads — category of dg operads.
Let us apply this functor to dg operads Ass., and Ass. The operad F(Ass)

is precisely the operad Ass®. The dg operad F(Assy,) is generated by corollas
(4.10) with either a = m = n =1 or a = 0 and m+n = 3 subject to the relations

The differential in F(Asss,) acts non-trivially only on corollas with weight
zero, and is given by the formula identical to the case of Ass.
As the functor F is exact, we have a canonical projection

F(Assy,) — F(Ass) = Ass®

which is a quasi-isomorphism.
We also have an epimorphism of dg operads

p:AssS — F(Asswo)

which sends to zero all generators which do not satisfy the condition
a=m = n=1 or the condition a = 0 and m + n = 3 (it is easy to check that
this projection respects the differentials). To complete the proof of the the-
orem we have to show that the morphism p is a quasi-isomorphism. Con-
sider a filtration of Ass?, given, for any graph I', by the difference a(T') — n(I),
where a(T') is the sum of all decorations of non-bivalent vertices and n(I") is
the sum of valences of non-bivalent vertices (cf.[CMW]). On the 0-th page
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E(’f TAss®_ of this spectral sequence the induced differential &, acts only on
bivalent vertices by splitting them as follows

©
o@ v ¢
e ®

By Proposition 2.6.1 from [CMW], the associated dp-cohomology (i.e. the
first page of this spectral sequence)

H(E}"AssS,,80) = E ! Assg,
consists of graphs which
i) have no bivalent vertices,
ii) have each non-bivalent vertex assigned weight a € Z=° and

iii) have every edge either decorated by the symbol (1) or not decorated at
all.

The induced differential 6; in Ef qung is given by

Now comes the main observation that each complex (E f’ qusgo(m),5 1), m=
2, is identical to the following one

F(Ass)(m) = P (@ Assoo(Out(v)) ® ©°C(T,0T) :

IeG(m,1) \vevI) Aut(D)

where G(m, 1) is the set of planar trees with one input leg and m output legs,
and C(T',dI) is the relative chain complex of the graph I" viewed as the 1-
dimensional CW complex; the differential in F (Assso) is induced from the
standard chain differential in C(T',0T"). Indeed, C(I',0T) is a graded vector
space

C(T,0T) =span(V(I'))[0] & span(E))[1]

concentrated in degree zero and degree one; the degree zero part is spanned
over a field K by the (internal) vertices of the graph T, and the degree one
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part is spanned over K by the set of its internal edges and legs. The differ-
ential 0 in C(I',dI") is trivial on edges, and is given on an arbitrary vertex
v € V(I') by the formula

dV:ein(v)_ Z €y,

e,eOut(v)

where Out(v) is the set of edges outgoing from v and e;,(,) is the unique
edge incoming to the vertex v. Therefore the symmetric tensor algebra

OCc(T,on)

is spanned over K by monomials of the form

H v¥ @ H e%e

veV(I) eeE(D)

where a, is some non-negative natural number, and «, takes values 0 or 1.
An element of

P | & AssOur(w) [[ vve [] e*e

reGom,1) \vevd) veV(I) ecE() Aut(T)

can be understood as an element of Ass,, whose vertices v are decorated
by non-negative numbers a, and whose edges e are either decorated with
symbol (1) (in the case a, = 1) or not decorated at all (in the case a, = 0).
The differential can then be identified with §, above. As H°(T',4T) = 0, we
conclude immediately that

H(Equssgoﬁl) ~ F(Asss)

proving thereby that the map p is a quasi-isomorphism.
The proof of the theorem is completed.
O

4.3.2. Representations of the operad Ass3, The representations of Assg in
aK-module V is a series of maps

wa . yen v
subject to the compatibility condition C,, foreach n=>1

Cn: ) (—l)qrﬂ’u;bilwo(id@” ou ®idr) =0
p+q+r=n
a=b+c
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We can think of the collection ¥, ul, ... as homogenous i components of
a continuous morphism of K[[/]]

pn : VORIl — V(A1)

which if extended to a completed tensor product of K[[A]]-modules can be

interpreted as
wh: (VIRD®" — VIR

One can check that the system of maps u! constitute an Ass., structure on
the K[[A]]-module V[[A]].

4.3.3. Lemma There is a morphism of operads
f:Ass® — OLieB? ,,

such that
1 2

'
-

Proof. Given any LieB? , , structure in an arbitrary graded vector space V,
we constructed above in section a universal Maurer-Cartan element
(T2,T) of the Hochschild dg Lie algebra of Oy, i.e. the structure of a dg as-
sociative algebra structure in Oy which deforms the standard graded com-
mutative multiplication in Oy. Put another way, we get a universal repre-
sentation of Ass® in Oy which sends the multiplication generator of Ass®
into I'; and the (1, 1) generator of Ass® into I';. Restating this result in terms
of graphs, we obtain the above claim.

© @ +:= T + terms with = 2 internal vertices

N =

j\D + terms with = 2 internal vertices
11

O

4.3.4. Theorem There exists a morphism of dg props
F: Assg, — OqPois

which makes the following diagram commutative,
Assd, —L5 OqPois
U

Ass® —f> OLieB‘;dd
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and satisfies the condition

nloF( 1%%'” ):Am %\af@ (4.11)

where 1,, is a non-zero constant of unspecified (and inconsequential) value
and where 7, : qPois — (qPois); is the projection of the free prop qPois to
the subspace, (qPois);, consisting of graphs with precisely 1 internal vertex
of weight zero.

Proof. The existence of F follows immediately from existence of the mor-
phism f and the fact that vertical lines represent cofibrant replacements of
dg operads. The second condition of 7, o F follows from the standard induc-
tion (cf. [Me4]).

O

4.3.5. Second proof of the Main Theorem Given a quasi-Poisson structure
in a dg space V, i.e., given a representation of dg properads

o :qPois — Endy.

By the very definition of the Merkulov-Willwacher polydifferential functor
O, there is an associated representation of dg operads

Op : OqPois — Endg-v

in the symmetric tensor algebra ©* V. Composing it with the canonical mor-
phism F from the above Theorem we obtain a morphism of dg operads,

AssS, — Ende-y

which gives us the required universal deformation quantization of the given
quasi-Poisson structure.
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