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Abstract
We describe combinatorial dg-Hopf coloured cooperadic models for configuration
spaces of points in first quarter and in n-sided polygon. Using first model we obtain
another proof of version of Kontsevich formality theorem for two subspaces in vector
space and extend formality morphism to a G one.

1 Introduction

Our work is inspired by the papers [5] and [7]. In [7] Thomas Willwacher constructed
combinatorial cooperadic model for Swiss-Cheese operad and proved that every L, stable
formality morphism T = Dpory can be up to homotopy extended to Go. We extend his
results for two different configuration spaces.

Firstly, we construct cooperadic model for the configuration space of points in the first
quarter. This configuration space is important for stable formality morphism for vector
space with two subspaces (branes). In [5] authors constructed a Lo, stable formality
morphism U : T}y, — CC*(Cats(A,B,K)). We describe another L, stable formality
morphism, such that restriction to CC*(A) we obtain the Kontsevich stable formality
morphism. We prove that this morphism up to homotopy can be extended to G, one.

Secondly, we construct cooperadic model for the configuration space of points in n-
sided polygon. We believe that this model can be used for the study of configuration
space of points on Riemann surfaces with punctures and in conformal field theory.

The structure of the paper is as follows. In section 2 we desribe configuration space
of points in the first quarter and operadic structure on it. Section 3 describes combi-
natorial 4-coloured dg-Hopf cooperad A. In section 4 we construct a map (Kontsevich
space integral I) of 4-coloured dg-Hopf cooperads between A and semi-algebraic forms on
configuration spaces. Section 5 is devoted to the proof that I is quasi-isomorphism. In
section 6 we recall key notions from A, framework. In section 7 we construct L., stable
formality morphism U : Ty, - CC*(Cate (A, B, K)) and prove that it can be extended
to a G, one. Section 8 describes how to adapt the constructions of sections 2-5 to the
configuration space of points in polygon.

2 Configuration space

Definition 1. Let C(n,m,k) be a configuration space of n + m + k points in the first
quarter of real plane without origin, such that m points belong to z-axis, k points belong
to y-axis and n points don’t belong to either of the axes. For convenience we consider an
element of C'(n,m,k) as n points of type I, m points of type I, k points of type 111
and distinguish additional point 0 in the origin. On this configuration space there is the
natural action of R*, (A(X))(p) = AX (p), where X € C'(n,m, k) is a configuration and p
is a number of point from 1 to n+m+k. We define QC(n, m, k) as factor C(n,m, k) /p+.

For every pair of numbers a, b from 1 to n+m+k we construct a map w, : QC'(n,m, k) -

S1, such that w,,(X) = % In other words to every pair of points we assign the
direction of vector between them.

For every ordered triple of numbers a,b, ¢ we construct a map O,;.: QC(n,m,k) -

[0; +00], such that O,;.(X) = % With this maps we have the embedding i :

QC(n,m, k) - (Sl)N x [0; +oo]M with N — number of pairs and M — number of ordered
triples.



Definition 2. The closure of i(QC(n,m,k)) is denoted by QC(n,m,k) and is called
Fulton-Macpherson compactification.

Proposition 1. The Fulton-Macpherson compactification QC(n,m, k) is homotopically
equivalent to the QC(n,m, k).

We define in the same way Fulton-Macpherson compactifications C'(n) of points in R?
and SC'(n,m) with n points in the upper half-plane and m points on z-axis.

2.1 Decomposition of the boundary of the compactification

For the short we write QC(V') instead QC(n,m,k). The element X in the boundary
of compactification QC (V') is determined by some clusters of points, such that for any
points a,b in the cluster and ¢ out we have ©,,.(X) = 0. More specifically let Y be a
configuration in QC'(n,m, k) and X; be the configuration, obtained from Y by reducing
¢ times all distances between points in this cluster. Then X is the limit of Y;. We have 4

types of clusters:
(i) The cluster match to the set of points, converged to the point of

type I. Therefore all this points should be type one too. This strata
has a form of QC'(n—I+1,m, k)xC(l), when C(1) is the configuration | . ,

space of [ points in R? modulo translations and multiplication by | |

scalar. On the figure the cluster of points converges to type I point.
(ii) The cluster match to the set of points, converged to the point
of type II. Therefore all this points should be types I or II. This
strata has a form of QC'(n—1,m—-t+1,k)xSC(l,t), when SC(I,t) is
the configuration space of [ points in R? and ¢ points on the z-axis

modulo translations and multiplication by scalar.
(iii) The cluster match to the set of points, converged to the point

of type I11. Therefore all this points should be types I or I11. This
strata has a form of QC'(n—1,m,k—t+1)xSC(l,t), when SC(l,t) is
the configuration space of [ points in R? and ¢ points on the y-axis

modulo translations and multiplication by scalar.
(iv) The cluster match to the set of points, converged to the 0.

Points in this cluster may be any type. This strata has a form of
QC(n-Il,m-t,k-s)xQC(,t,s).

Of course, we can have some different clusters and this clusters may
be included one in another. By the set of clusters and configurations
in each of them we can uniquely obtain our configuration.




Now we are going to define the specific coloured  graphs re-
sponsible  for  the classification of boundary strata of QC(n,m,k).
In the graph we have the unique root vertex root. We define the

length [(v) of a vertex v as the number of edges in the minimal path S
from this vertex to the root. Because considered graphs are trees . .
every path is minimal and therefore each edge connects two vertices v
with length differed by one. We call the vertex v external if for any
connected by an edge vertex w we have [(w) < (v). It follows that
every external vertex has only 1 edge (in other case we have a cycle,
considered of two edges from v to w and w’ and paths from w and w’
to the root vertex). We call internal all other vertices except for the
root vertex. For every vertex v we call the unique edge e between v
and w output if [(w) < {(v). It is convenient to add the output edge out to the root vertex
too. One can see that every path from the vertex to the root is a sequence of outputs and
therefore every edge is output for one of the vertices. If e, e’ are two consequent edges in
such path we call ¢/ an ancestor of e. Let out be ancestor to every other edge with the
endpoint root. Now the admissible coloured tree is a tree with all output edges for every
vertex coloured in one of 4 colours (we often say that the vertex is coloured in the same

A typical ele-
ment of admissible
coloured graphs.

colour) satisfying the following conditions:

(i) The ancestor of the edge of colour 4 can be only the edge of colour 4.

(ii) The ancestor of the edge of colour 2 can be only the edge of colour 2 or 4.
(iii) The ancestor of the edge of colour 3 can be only the edge of colour 3 or 4.
(iv) The edge out is colour 4.

We call the admissible coloured tree (n,m, k)-tree if it has n external vertex of colour 1,

m of colour 2 and k of colour 3.

Lemma 1. Boundary strata of QC(n,m,k) are in 1 -1 correspondence with (n,m, k)
trees.

Proof. We associate to every boundary strata of QC(n,m, k) an admissible coloured tree
in the following way. For every point we assign the external vertex coloured in the colour
associated to the type of point, i.e. colour 1 to the points in the first quarter, 2 to the
points on z-axis and 3 — on y-axis. For a configuration in the open part of QC(n,m, k)
we assign graphs without internal vertices. For every cluster of type ¢ we add an internal
vertex v of colour ¢ and connect vertices corresponded to the points in cluster to v. In
such way for every set of clusters we obtain the unique graph. On the other hand by
the same rules from every (n,m,k) tree we can construct the set of clusters and the
corresponding boundary strata. Therefore this construction gives 1 — 1 correspondence
between (n,m, k)-graphs and boundary stratas of QC(n,m, k). O

Corollary 1. The collection of spaces {@, SC,SC ,6} can be endowed with the struc-
ture of the 4-coloured operad.

Proof. We have 4 colours and therefore 4 different type of actions. The first colour
operad action is the composition with 5(l ). For the second, third and fourth components
of operad it is the usual composition in the operad of small discs (in 4-th case) or in
the Swiss-Cheese operad. For the forst component we define o! : QC(n,m, k) ® C(l) -
QC(n+1-1,m,k) as replacing i-th type I point, by the configuration space C(1). For the
boundary strata we replace i-th external vertex in the associated graph by the subgraph
of [ external and 1 internal vertices of colour 1.



The second colour operad action is zero on the 3-d and 4-th components of the operad.
On the second one it is usual operadic composition in the Swiss-Cheese operad. On the
first component we have o? : QC(n,m, k) ® SC(l,t) - QC(n+1,m+t~1,k) where m > i
is mapping two configurations to the boundary strata of QC(n +1,m +t - 1,k) of type
QC(n,m, k) x SC(I,t) replacing ith type II point, by the configuration space SC(,t).
For the boundary strata we replace i-th external vertex in the associated graph by the
subgraph of [ external vertices of colour 1 and ¢ external and 1 internal of colour 2.

The third colour operad action is zero on the 2-d and 4-th components of the operad.
On the third one it is usual operadic composition in the Swiss-Cheese operad. On the
first component we have o? : QC(n,m, k) ® SC(I,t) - QC(n+1,m,k +t—1) where k > i
is mapping two configurations to the boundary strata of QC(n +1,m,k +t - 1) of type
QC(n,m, k) x SC(I,t) replacing ith type 111 point, by the configuration space SC(I,t).
For the boundary strata we replace i-th external vertex in the associated graph by the
subgraph of [ external vertices of colour 1 and t external and 1 internal of colour 3.

The fourth colour operad action is non-zero only on the first component of the operad:
ot : QC(n,m, k) ® QC(I,t,s) - QC(n+1,m+1,k +s) is mapping two configurations to
the boundary strata of QC'(n +1,m+t,k+s) of type QC(n,m,k) x QC(l,t,s), replacing
0 by the configuration space QC(I,t, s). For the boundary strata we replace i-th external
vertex in the associated graph by the subgraph of appropriate number of external vertices
and 1 internal of colour 4.

The associativity condition implies from the one for the coloured graphs. O

Proposition 2. The image of ¢ consecutive applying of partial operad compositions is a
submanifold with corners codimension 1.

Proof. The image of i operadic compositions is included in the boundary strata corre-
sponded to the graph with ¢ internal vertices. Such graphs correspond to the strata form
of X1 x Xy x...xX;. It remains to prove that each product reduces the dimension by one.
For all components without first it is well-known. For the first one we have:

The dimension of QC(n,m, k) is 2n +m + k — 1. The dimension of C(1) is 20 = 3. The
dimension of SC(I,t) is 2 +t — 2. Let us consider the dimension of the image of each
partial composition:

()dim(QC (n,m, k) x C())=2n+m+k-1+21-3=2(n+l-1)+m+k-2=
=dim(QC(n+1-1,m,k)) - 1.

(i1)dim(QC (n,m, k) x SC(I,t)) =2n+m+k—-1+2l +1 -2 =
= 2(n+l)+(m+t-1)+k-2 = dim(QC(n+l,m+t-1,k)) -1 = dim(QC(n+l,m, k+t-1))-1.

(i11)dim(QC (n,m, k) x QC(I,t,8)) =2n+m+k-1+2l +t+s-1=
=2(n+D)+(m+t)+(k+s)-2=dim(QC(n+1l,m+t,k+s))-1.

O



The collection of algebras {Q(QC(n,m,k)),Q(SC(n,m)),Q(SC(n,k)),Q2C(n))} of
semi-algebraic forms on the corresponded topological spaces has induced cooperadic struc-
ture and de-Rham differential. It is easy to see, that they are compactible with each other
and give the structure of dg-Hopf 4-coloured cooperad. Now we can formulate the main
problem of our paper.

Question 1. Find the algebraic-combinatorical model for
Q= {QQC(n,m, k)), 2(SC(n,m)),ASC(n,k)),2(C(n))},

i.e. the dg-Hopf 4coloured cooperad A and map [ : A — €2 such that [ is quasi-isomorphism
compactible with product, differential and cooperad structure.

It will be useful to describe more suitable decomposition of the boundary in the faces
codimension 0. Let A be a subset of V', i.e. a collection ([, s,t), such that [ <n, s <m
and t < k. It is convenient to call points from A external and points from V\ A - internal.
We have a canonical projection 7 : QC(V) - QC'(A) forgetting all points not from A.

Proposition 3. For every V' the space QC(V') is manifold with corners. Moreover, the
projection map 7 : QC (V') - QC(A) is the semi-algebraic map.

Proof. The proof is parallel to the case of configuration space of points in R?. For more
details we refer to the [5, subsection 5.9]. O

Proposition 4. The boundary of QC(V) is the union of images of operadic compositions
o/ 1 QC[U] ® QC[W] - QC(V), such that [W]|> 2 and |U| > 1. For the j = 4 we permit
W to be cardinality 1. Here we embed C'(X) and SC(X) in QC(X) for the abuse of
notation. This images are codimension 0 faces of QC (V') and their intersection is at least
codimension 1.

Proof. The proof of the statement is parallel to the one of the [5, Proposition 5.11]. [

2.2 The decomposition of the corresponding to 7 fiberwise bound-
ary.

Let us describe the decomposition of the corresponding to 7 fiberwise boundary.

Recall that QC%(V) = (6QC(V)) nm=1(QC(A)/0QC(A)).

We call the operadic partial composition o/ : QC[U]® QC[W] - QC(V'), where j < 4
7good” if Ac W or [AnW]| <1 and all external points in W are of type j. In other
words the subset W may contain only one external vertex if the composition is applied in
this point. The partial composition o? is called "good” if Ac U or A c W, because this
composition is always applied in the point 0.

Proposition 5. The images of ”good” partial compositions give a stratification of QC?(V")
into codimension 0 faces. More specifically, each image is codimension 0 strata, an inter-
section of every two of them is at least codimension 1 and every configuration belong to
one of these stratum.

Proof. This statement is the adapted to our problem version of the [5, Proposition 5.20].
The only difference in the proof is that we can compose configuration QC(W') with 1
external point by the 4-th colour action. O]



3 Graphs

3.1 Graphs with external vertices

Now we can start the definition of the sought-for collection of alge-

bras A. Firstly, let us define the space of graphs Gr(m,n,k). The

graph of type (n,m, k) in our convention is the set of n numerated

vertices in the first quarter (type I), m on the z-semiaxis (type I1),

k on the y-semiaxis (type I11) and distinguish vertex 0 in the origin

and ordered oriented edges between them. We prohibit loops, mul- A typical element
tiple edges, edges between points on the same axis (include 0) and of Gr(5,2,3).
edges, started in a not type I vertex and ended in a type I one. Let

Gra(m,n,k) be the set of all graphs of type (n,m,k) and Gr(V)

be the vector space over R, generated by Gra(m,n, k). From now on we write V(I') and
E(T") for the sets of vertices and edges of the graph I'. We have the natural action of

S = Sg) x Z/QZE(F) on G(m,n, k). Sgay acts by permutations on the set E(I') with

the sign of the permutation. The action of Z /QZE(F) is given by inversing of the edges
with the sign. Let us consider the space of coinvariants G(n,m,k) := Gr(n,m, k). In
other words for every graph in Gr(n,m,k) we can choose its orientation by numerating
and orientating all edges and obtain an graph representing an element of G(n,m, k).

Corollary 2. Any graph I' € Gr(n,m, k) consisting a loop or multiple edges is equal to
0 in G(n,m, k).

Proof. (i) If T' contains a loop e then we have an action of Z /97, by inversing this edge e.
SoI'=-I'=T=0.

(ii) If I" contains two edges e; and ey with the same ends then we have an action of Sy
by permutations of the numbers of these edges. SoI'=-I"=1 =0. O]

In the same way we define Graphsy(n) as graphs with m and k equal 0 and without
vertex 0. According to the [5] the collection of { Graphss(n)} is endowed with the structure
of cooperad. By considering graphs without 0 and type 111 (respectively type I1) vertices
we obtain Grage (respectively Gral,). From [7] we know that {Grasc, Graphs,} (resp.
{Gradly.,Graphs,}) is endowed with the structure of 2-coloured operad.

Proposition 6. The collection of vector spaces {G, Grasc, Gray, Graphs,} can be en-
dowed with the structure of 4-coloured operad.

The cocomposition action is given by fragmentation of the graph into subgraph clus-
ters. We demand second color action to act trivially on third and fourth component, third
—on second and fourth and fourth — on all except fourth. The action on Grasc, Gray., Graphs,
are as in [7]. We need to show the action of operadic cocomposition on the first component.

(i) Let I' be a graph and I be a subgraph of I" consisted only
of [ type I vertices and edges between them. Then we have a map
ol : G(m,n, k) > G(m—-1+1,n,k) ® Graphss(l), such that o}(T") = L .
I'/rr e T7. By I' /v we understand graph with the set of vertices (> X@
V(F/) V(T'") with type I vertex p corresponded to I'" and with the

set of edges E(I) /E(F,)a where the edge with one end at V(I")
now has this end at the vertex p.




(ii) We have the map o2 : G(m,n, k) - G(m-Il,n-t+1,k) ®
Grasc(l,t), such that o2(I') = I' /{7 @I, when I consists of [ vertices [N <L v
of type I and t > 1 vertices of type II. We demand p to be type %j X £
IT in this case. Of course any type I1[ vertex can not be included
in subgraph IV, because type I1I vertex can not be infinitesimal to
type I one.

(iii)) We have the map o®: G(m,n, k) - G(m-l,n,k-s+1)®
Gray.(1,0,s), such that o3(I") = I' /v ® T, when T consists of 1
vertices of type I and s > 1 vertices of type I1I. We demand p to @_}@E
be type I1] in this case. Analogously any type II vertex can not
be included in the subgraph I', because type I vertex can not be
infinitesimal to type 111 one.

(iv) We have the map o* : G(m,n, k) - G(m-Il,n—-t,k-5s)®
G(l,t,s), such that o(I') = I' /;r ® T’, but now I consists of I .
vertices of type I, t vertices of type Il and s vertices of type I11. s . N Xm
We demand p to be 0 in this case. In all this cases we can obtain ;% f é
a non-admissible graph (for example with double edges). All such
graphs we equate to 0.

3.2 Differential forms on configuration spaces

Let us consider configuration spaces with two points. We want to assign for every case one-
dimensional form w on the appropriate configuration space. In all cases we can embed this
points in C' and consider them as complex numbers x and y. Let w*(z,y) := %d (arg(;—:Z))
and w™(x,y) =w*(y,z). We put w = w* +w~. There are 4 different cases:

(i) QC(2,0,0) ~ C(2) ~ S, and the map of the last homeomorphism is (z,y) —
arg(y —x). Then

“ %d(wg(y —x)—arg(y-x) +arg(z - y) - arg(z - y)) =
- %d(arg(y —z)—arg(y-x)+arg(y—z)+7+arg(y-1z)) = %d(cwg(y _ 1)

- double standard volume form on S*. One can see that fQC(z,0,0) w=2.

(i) QC(1,1,0). Let x be a point on the line. We have a function ¢* = %arg(g:—i
measuring the hyperbolic angle between x and y in H. This function is invariant by
translation and scalar multiplication and gives an isomorphism QC(1,1,0) ~ (0,1). One
can see that w* = d¢*. On the other hand w~ = %arg(z—:z) =0. From the statement above
it is immediate then fQC(LLO)w =1.

(iii) QC(1,0,1). Let x be a point on the line. We have a function ¢~ = targ(y — x)
measuring the angle between y and x. This function is invariant by translation and scalar
multiplication and gives an isomorphism QC'(1,0,1) ~ (0,1). By the reasons in (i) we
have w = d¢. From the statement above it is immediate then fQC(l,O,l) w=1.

(iv) QC(0,1,1). Let x be on z-axis and y on y-axis. We have a function ¢ =
%arg(ﬁ). This function is invariant by scalar multiplication and gives an isomorphism



QC(1,0,1) ~ (0,1). We have

w = %d(am(y—x)—arg(—y—:r)mrg(:r—y)—arg(x—y)) = %d(am(y—x)—am(ymﬁﬂ) =

1 —
= —d(arg(T=") + 1) = do
27 Y+

From the statement above it is immediate then fQC(l,O,l) w = %

We assign to every graph I' € G(m,n, k) the differential form wr € Q(QC(n,m,k)),
such that wr = Accgpw,, where w, is defined in this way. Let s and f be two ends of this
edge. We can consider projection 7 : QC (V') = QC(s, f), where QC(s, f) is configuration
space of two points of the same types as s and f. Let w, := 7 * w, where w is defined as
above.

Let cr := fQC(n,mk) wr. It is important that cp # 0 only if

2n+m+k—-1=dim(QC(n,m,k)) = degwr = |[E(T)|.

3.3 Graphs with external and internal vertices

Further we are interested in the twisted in the sense of [2] version of

G. We have a natural action of Sj; 5 := S;x 5, xS on the vector space |«

G(n+l,m+t, k+s) as follows. S; and S permutate the last ¢ (respec-

tively s) vertices of the type I (respectively I11) with the sign of the

permutation. S; permutate the last [ first type vertices with trivial

sign. The twisted version of the operad {G(m,n,k)} is the collec-

tion of vector spaces {TwG (n,m,k) =¥, ,G(n+l,m+t,k+s)5+s}. The example of
In this graphs we have (n,m,k) numerated vertices called exter- &  graph  from
nal and any amount of vertices without numeration called internal. TwG(3,2,1) with
As the matter of fact we take the sum of all permutations of the (4,1,1)  internal
internal vertices. For our purposes it is convenient to use “aug- Vvertices.

mented” version of twisting, i.e we prohibit internal vertices with

valency 0. The collection {TwG,TwGrasc, TwGray, TwGraphs,} has induced from
{G,Gragc, Graly., Graphs,} 4-coloured cooperadic structure.

Proposition 7. For every (n,m, k) the vector space TwG(n, m, k) has structure of com-
mutative dg-algebra.

Proof. The multiplication is constructed as usual by gluing graphs on external vertices.
Let I' e TwG(n,m, k) be a graph with ([, ¢, s) internal vertices and k edges. Let introduce
grading deg(T") = k-2l —t —s. It is obvious that deg(T") + deg(I'") = deg(I"-T"). Let us
call the graph I" ”contractible” if I" is connected and has at most one external vertex. Let
P(n,m,k) c TwG(n,m, k) be vector subspace generated by all ”contractible” graphs. We
have a map cr : P(n,m,k) - R. Let us define the differential of I" as follows. We have a
full cocomposition map o : TwG — TwG ® TwG. Let us consider the composition with

the tensor product TwG — TwG @ TwG 2% TwG @ TwG ®p R. We have an evaluation

e: TwGE®TwG — Tw( defined as e(1®9x) = e(x®1) = z and e(z®y) = 0 with z and y from

the augmentation ideal. We define d as the composition d := TwG — TwG ® TwG il



TwG @ TwG ®p R ert TwG ® P erfk TwG. In this differential we have summands of

images of the cooperadic action with one of the tensor factors to be from P. From this

definition one can see that the differential has 5 pieces:
(i) If e is an edge and at least one of its ends is type I vertex, then we

can contract this edge with the sign. d;(I") =2 ZeeContr(F)(_l)eF e,
where Contr is the set of all contractible edges and (-1)¢ is depen-
dent on the parity of number of edge e. This piece of the differential
decrease number of internal type [ vertices and edges by 1, so has
grading 1.

(ii) Let I'” be a subgraph with all vertices types I and I, such
that at most one of them is external (necessarily type /7). Then
we can contract this subgraph to type Il vertex with coefficient.
dy = Yprepl /T, where ¢ will be defined before the part about
twisted operad. The coefficient ¢ is not 0 only if deg(T’) = -2.

Therefore this piece has grading 1.
(iii) Let I'" be a subgraph with all vertices types I and III, such

that at most one of them is external (necessarily type I17). Then
we can contract this subgraph to type I11 vertex with coefficient.
dy = Ypepl' /7, where ¢ will be defined before the part about
twisted operad. The coefficient ¢ is not 0 only if deg(I") = -2.

Therefore this piece has grading 1.
(iv) Let I'" be a subgraph consisting 0 and with some internal ver-

tices. All external vertices in IV except 0 are prohibited. Then we
can contract this subgraph to 0 with coefficient. dy = Y ep/l /7.
The coefficient ¢ is not 0 only if deg(I'") = —=1. Therefore this piece
has grading 1.

(v) Let I be a subgraph consisting all external vertices. Then we

can reduce all to this subgraph. ds = > _CF/F’ I'". The coefficient ¢

is not 0 only if deg(I' /p7) = =1. Therefore this piece has grading 1.
The whole differential d = d; + ds + d3 + d4 + d5 has grading 1 because
of all his pieces have grading 1.

Remark 1. After applying differential to our graph I we can obtain a graph with multiple
edges or edges between points on one axis. We equate such graphs to 0.

Corollary 3. {TwG,TwGragc, TwGray,, TwGraphss} is 4-coloured dg-Hopf cooperad.

Proof. The structure of dg-commutative algebra should be shown for every component of
the cooperad. We have done it for the first component in the Proposition 7. For all other
components there are well-known results, we refer to [5] and [7]. O

3.4 Lie decorated graphs

Let Gry be the vector space generated by graphs with n external vertices and m edges
to type II vertices. Our goal in this section is to change the basis of the Gr;. More
specifically we generate the vector space Gry by graphs of new basis and prove that this
two vector spaces are isomorphic. Let us introduce the notion of Lie decorated graph.
Now we can consider Lie brackets on the points on one axis, such that in any Lie cluster
we have at most one external vertex. For the Lie decorated graph we associate a sum of



usual graphs as follows. Between two vertices of a cluster we cannot have any external
vertices except consisting in this Lie cluster. Now we have two types of internal vertices,
free (without cluster) and fixed (in cluster). For a fixed vertices we have the sum of two
graphs (first with first vertex (or maybe bracket) before second one from this Lie bracket
and second - after). For every case we take a sum of all graphs obtained in the same way.
For a free one we have the sum of graphs, obtained by consecutive transpositions this
vertex with other with the sign. It is easier to understand with an example.

Let us define Gry as the vector space generated by all Lie decorated graphs with n
external vertices and m edges to type I vertices.

Proposition 8. Vector spaces Gr; and Gry are isomorphic. Therefore Lie decorated
graphs are another basis of the space of graphs.

Proof. Let V' be m-dimensional vector space, generated by edges vy,...,v, to type I
vertices. We can associate to the graph I' € Gr; with k internal vertices an element
of the T (SV)poiyiin, where index polylin means that the product of all elements is
U1z . ..Uy, in the following way. Let i-th vertex on the line has edges v;,,vs,, ..., v;,. We
associate to this vertex an element x; := v;,v;, ... v;, € S(V). If i-th vertex is zero-valent
we associate to it an element 1 € S°V. To the graph we associate r1 ® 13 ® ... ® Vgyn. TO
the element of T*"(S'V),e1in We can associate graph in the same way. Therefore we
have G711 ~ @0T**" (S V) poryiin- Let us first consider the case n = 0, when all vertices are
internal. We have the natural actions of Sy on Gry by permutating vertices. Then we
have Gy = @107 (SV ) poiyiin = k0T (SV ) poiyiin ®k[s,] K[Sk] = k0T (SV) polyiin ®r(s,]
Assoc(k).

Lemma 2. Operad Pois governing Poison algebras is associated graded operad to operad
Assoc governing associative algebras.

Proof. We have a canonical map 7 : Assoc - C'om, induced from the projections k[S, ] -
k on the space of n-ary operations. Let I be the kernel of this map. We have a natural
filtration Fy o Fy o Fyon Assoc, Fy := Assoc, Fy := I, Fy:=I?,.... Let us consider the
graded operad associated to this filtration. g¢r(Assoc) = Fo /F1 o 1 /F2 ®.... Now
we claim that the induced product x -y : E/Ful X Fj/FjH — Ly /Fi+j+1 becomes
commutative. The ideal I is generated by the bracket [z,y] := zy — yz. And if x €
F;,y € F; we have [z,y] € Fj;js1. Therefore z-y -y -z € Fi;;s1. On the other hand
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{z,y} =2 -y-y -z e Firjn /Fi+j+2 defines Poisson bracket. One can check the anti-

commutativity, Jacobi and Leibniz identities. So we have a map Pois — gr(Assoc).
The associative product can be uniquely determined from induced commutative one and
Poisson bracket, so this map is surjection. From equality of dimensions of Assoc(n) and
Pois(n) follows that gr(Assoc) = Pois. O

Therefore as vector spaces:

Gry ~ EBk;oTk(S'V)polylm ®urs,] Assoc(k) = EB@OT’“(S'V)I,O@“” ®prs,] Pois(k) = Gro.

The last isomorphism is clear, because ®g,1P0is(k) is the same as endowing graphs with
poison bracket on them.

Now assume that graph has n external vertices of type II. Then we have a natural
action of Sy x S, by permutating internal and external vertices. Therefore

Grl = ®k20Tk+n(S.V)polylin(@k(skxsn)k(Sk+n) = eakZOTlﬁ—n(S.V)polylin®k(Sk><Sn)ASSOC(k + TL)
~ ®k>0Tk+n(S'V)polylm ®k(SkXSn) POiS(k} + n) = EBkgoTk+n(S'V)polylin ®k(Sk) POiS(k + n)S".
We take coinvariants to the action of S,, and therefore the poisson bracket on external

vertices is identically 0. Therefore right hand side corresponds to Poisson bracket on
graphs such that any two external points are in different Lie clusters. This graphs generate

GTQ. ]

We can change basises in such way on both axes.

3.5 Admissible graphs

Definition 3. The graph is called externally disconnected if there is a connected subgraph
consisting only of internal vertices such that all vertices of types II and II1 are free. We
denote vector space, generated by all externally disconnected graphs I' € G(n,m, k) as
N(n,m,k).

Proposition 9. For every externally disconnected graph I' with at least one external

vertex we have cr = 0.

Proof. Let I'" c I' be externally disconnected connected component. Then I' = I"uI” and
[ is not empty.

Cr = / wr = / / wrrwrr =
CV(I) eV (I)-eC (VM) JQC(V(I))

/ wr» / wrr = Crr / wr» .
QC(V(I"))-QC(V(T)) QC(v(I)) QC(V(I')-QC(V(T))

Cr = / wr = f f wrrwrry =
QC(V(I) QC(V(IN)-QC(V(I™)) JRC(V(I™))

f wpr[ wr» = Cr [ wrr.
QC(V(IN)-QC(V(I™)) QC(V(T™)) Re(V(I)-C(V(I™))

From the formula above coefficient cr is not 0 only if both wr is top form on the

QC(V(I'")) and wr» is top form on QC(V(I')). Therefore
deg(wr) = deg(wp)+deg(wr) =dm(QC(V () +dim(QC(V(I™))) =dim(QC(V(1)))-1.

So wr is not top form and cr = 0. O
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Proposition 10. The vector space N(n,m,k) is an ideal in G(n,m, k) closed under
differential.

Proof. The multiplication of two graphs is constructed by gluing graphs. Therefore if
I'" cI'; is externally disconnected connected component then IV c I'; -T'y will be externally
disconnected connected component too.

Let I e N(n,m, k) be externally disconnected graph.

When we contract an edge between two type I vertices the resulting graph is externally
disconnected.

Every other summand in the differential dI" has form cp,I's. It is immediate that ['; or
I's is externally disconnected. If T’y is externally disconnected then this summand belong
to N(n,m, k). If I'; is externally disconnected then it has external vertices because I' has
and cr, = 0 by Proposition 9. [

Let us recall the notion of non-admissible graphs on Grage (and therefore Graly,) and
Graphsy from [7] and [5] respectively. One can see that this vector spaces are obtained
from the restriction N on appropriate graphs. We denote this sets as Ngo, N§- and N,
respectively.

Proposition 11. The collection Ny := {N, Ng¢, Ni, Na} is cooperadic ideal in T'wqy :=
{TwG, TwGrasc, TwGray,, TwGraphss }, namely o(Nyy) € Noy ® Tway + Tway ® Ny

Proof. For all components without first one it is well known fact and we refer to [5]
and [7]. It is enough to prove this fact for N ¢ G. Let I' € N(n,m,k) be externally
disconnected graph and IV c T" be its externally disconnected connected component. Every
cocomposition action sends I' to the product I'y x I'y, such that intersection of IV with at
least one of this graphs is not empty set. Then this intersection is externally disconnected
connected component in this graph. O

Corollary 4. Factors Age = TwG [N, Asc = TwGrasc /Nscv A = TwGral, /Néc

and A, := TwGraphs, / N, are well defined and induces from the T'wgy; the structure of
4-coloured dg-Hopf cooperad on the collection A := {Agc, Asc, Ay, As}.

4 Kontsevich space integral

Our goal is to construct the map I from the TwG(n,m, k) to the semi-algebraic forms
on QC(n,m,k). Let I' € G(n+1,m +t,k +s) be a graph represented an element of
TwG(n,m, k). Then we have a natural projection 7 : QC(n+1l,m+t, k+s) - QC(n,m, k)
forgetting all internal points. Let I(I") := m,wr. It is useful to rewrite I(I") as the integral

along the fiber. I(T') = 550, 1metkss) 00 (mmk) WT-

Theorem 1. The map I commutes with the 4-coloured cooperad structures on {A} and
{2}

Proof. The proof is parallel to the [5, Section 9.5]. ]
Proposition 12. [ is the chain map.

Proof. Let T' € G(n+1,m +t,k + s) be a graph represented an element of D(n,m,k).
I(dl") = ¥2, I(d,T"). On the other side we have dI(T") = df@(ml it ot 8) > 00 (mom k) WU =
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f@(s (Lt s 8) 0T (k) T by the Stokes formula. We have from statement above a

s
decomposition of QC (n+l,m+t,k+s). SodI(I') =Y _; fQC(U)XQC(W)_)w(nm )y wr, where
j K3

o] is "good” partial composition and U, W are defined as in statement above. Let us

consider three cases:
(i) AcWW

Ferecoms o™ [
QC(U)xQC(W)-QC(n,m,k) QC(U)xQC(W)-QC(W) JQC(W)-QC(n,m,k)

= P = (r
CF/F’ /C;O(W)—)Qc(n,m,k) wr CF/F’ (")
by the Fubini theorem. This summand is a part of I(dsI").

(i) j<4 and [AnTV|< 1

Lo | o
QCU)xQC(W)-QC(n,m,k) QCU)xQC(W)-QC(U) JQC(U)-QC(n,m,k)
= Cy w =crid ' /1
r ‘/Q‘C(U)»QC(n,m,k) F/F’ el (/1)

by the Fubini theorem. This summand is a part of I(dI")with use only of d; +dy+d3. This
is obvious from the definition to the cases, when W consist at least 1 not type I vertex.

In this case we refer to the [5, Section 9.4]
(ifl) j=4, AnW = @

Fercom o™ [
QC(U)xQC(W)-QC(n,m,k) QC(U)xQC(W)-QC(U) JQC(U)-QC(n,m,k)

=cpv w =cp I/
r ‘/C;C(U)—>QC(n,m,k) F/F’ el r)
by the Fubini theorem. This summand is a part of I(d,I").
On the other hand, to all summands in /(dI') we can assign such ”"good” operadic
composition that fQC(U)XQC(W)_)@(mm’k) wr gives our summand. Therefore [(dl") = dI(T)
O

Proposition 13. The map [ is the map of algebras, i.e. commute with multiplications.
Proof. The proof is described in the [5, Section 9.2]. O
Proposition 14. The map [ vanishes on N.

Proof. We refer to [5] and [7] for all components except first one. Let I' € N(n,m, k)
be externally disconnected graph and [V c I' be its externally disconnected connected
component. Then I' =1'1-1'2, where I'; is obtained from IV by adding all external vertices
without edges. We know that I is morphism of algebras. Therefore it is enough to prove
that I(I'y) = 0 Let A be the set of external vertices, V := V(I'y), W = V(IV) = (,, ).
Then map 7 : QC(V) - QC(A) factors as QC(V) & QC(W) x QC(A) 3 QC(A) where
q is the projection on the second factor. We know that dim QC(W) =2l+t+s-1 and
immediately dim (¢7'(x)) =2l +t+ s—1. On the other side dim QC(V') =2(n+1) +m +
t+k+s-1and dim QC(A) = 2n+m+ k- 1. Therefore dim (7~!(x)) = 2l +t + s >dim
(¢7'(x)). Now we refer to the proposition 8.14 in ”Real homotopy theory of semialgebraic
sets”. O
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As a consequence of the statements above we have well defined map [ : A - Q,
compatible with the 4-coloured dg-Hopf cooperad structure.

Theorem 2. The map [ : A - () is quasi-isomorphism.

Proof. 1t is enough to prove it for the dual operad. We know that this map is quasi-
isomorphism for all components of operad except for A(n, m, k)*. We devote next section
to the computation of cohomology of this component of the operad. O

5 Cohomology of graphs

5.1 Associated spectral sequence

Let us consider the filtration on graphs from A(n,m,k) by the number of internal type
I vertices. We have the associated spectral sequence E,,. This spectral sequence is
bounded above and on the left, so this spectral sequence converges to cohomology of
A(n,m, k). On the 0 sheet we have the differential not changed the quantity of internal
type I vertices. Any piece of the differential does not contain external vertices, so type [
vertices are not involved in dg.

Lemma 3. The first sheet E} , is generated by graphs I satisfying two following condi-
tions:

(i) All internal vertices of types II and II1 are univalent.

(ii) All external vertices of types I and I11] have valency 0.

Proof. Our goal is to compute cohomology of (A(n,m,k),dy). For this purposes we
consider another filtration by the number of internal type I vertices and the associated
spectral sequence F),,. The differential doy on F}), is contracting two points of type 11
to one. Due to [7, Section 5] on the first sheet we have the conditions of the lemma
for types I11 vertices. For the computation do; on Fy, we consider the filtration by the
number of all internal vertices and consider the differential contracting two points of type
11. Because of the same argument the cohomology satisfies conditions of the lemma. For
the completeness of the proof we want to sketch a proof of the used statement from [7].

Proposition 15. The cohomology of A(n,m,k) with the differential contracting 2 ver-
tices of type 1, at least one of which is internal, to one is generated by graphs I satisfying
two following conditions:

(i) All internal vertices of type I are univalent.

(ii) All external vertices of type I1 have valency 0.

Proof. We firstly give a proof for the case when all vertices of type I are internal.

Let us consider only graphs with m edges ending at points of type I/. We fix an order
on this edges and denote as V' vector space generated by edges vy,...,v,,. We denote
by STV the augmentated algebra, associated to S*V/, i.e. the kernel of the augmentation
map S*V — k. For edges v;,,v;,,...,v;, incoming in a vertex we associate an element
Vi) Uiy - .. 5, € SV, For a graph T" with m points of type IT we assign an element of
[STV @ STV ®...® S*V],uin, Where supscript polylin means that the product of all
elements is v1vy . .. v,,. Let uslook on the action of differential, contracting two consequent
points. If we have element x; € S*V for the first of them and z5 € STV for the second,
the resulting element is x1x5 € STV. So we have a differential STV @ S*V ®...® STV —
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StV e StV e...® STV, acting as Hochschild differential and STV @ STV @ ... ® STV
is complex. It is immediate that [S*V ® S*V ® ... ® S*V |,oiin is subcomplex. Thus
to find cohomology on first sheet of the associated spectral sequence is the same as to
find homology of the complex, obtained from [S*V & S*V ® ... ® S*V ] ouin by taking
coinvariants of S,,. The functor of taking coinvariants of finite group commutes with
homology functor. Therefore it is enough to find homology of [S*V@S*V®...®S*V |poiyiin-
It is subcomplex in Cp, = STV @ STV ®...® STV. We can consider syzygy degree on this
complex, deg(z1 ® T, ® ... ®x;) = Y~ deg(x;) — k. The differential increase grading by 1.
This cochain complex is called bar-resolution B(S*V).

Proposition 16. Koszul criterion. Let A be Koszul dual algebra and A" be its Koszul
dual coalgebra. Then the natural embedding i : A" - BA is quasi-isomorphism and the
image of ¢ has syzygy degree 0.

Proof. We refer to [6, Theorem 3.4.6]. O

It is well known (see [6, Example 3.2.5]) that S*V and A*V are Koszul dual algebras.
Then cohomology of bar-resolution are trivial except for H°(BS*V') that is equal to shifted
A*V in this part. Cohomology of our complex is trivial except for H® ~ A*Vipin = k.
Note that syzygy degree of 11 ® 12 ® ... ® x,, is equal to 0 only if deg(z;) = 1. Therefore
every vertex of type I is univalent. Cohomology elements are represented by the sum
over all permutations of graphs with n internal univalent vertices.

Now we are ready to proof the proposition in general case. Let us consider vector
space generated by all graphs with n external vertices and m edges ending at points of
type II. It is a subcomplex with respect to dy. Let us consider a filtration by the sum
of valences of external vertices and the associated spectral sequence. It is bounded from
left and above, so this spectral sequence converges to cohomology of this complex.

On the 0-th sheet of the associated spectral sequence we have a differential contracting
two internal vertices. From the fact proved above we have that on the 1-st sheet all internal
vertices are univalent.

On the 1-st sheet we have a differential, contracting one external and univalent internal
vertices to external one. We want to prove that cohomology of the corresponding complex
is represented by graphs with all external vertices of valence 0. Let us endow this complex
with a grading, induced by filtration and denote the vector space, generated by graphs
with the sum of valence of all external vertices k by Aj;. We see that the differential
reduces grading by 1. Our goal is to show that the cohomology of this complex is trivial
in all parts except for HY. Let us consider graphs I';, obtained by I' by replacing i-th
external vertex by a Lie bracket with one internal univalent vertex. Then dI'; = dI" + X;,
where X is the sum of graphs with the same vertices as I', but with the valency of one of
external vertices is increased by one. One can note that X; are linearly independent and
therefore all graphs obtained from I' by increasing valency of one external vertex by one
are linear combination of X;. Let us consider a sum of graphs G = Y’ G; representing an
element of H* k>0 and let Y = Y Y; be a sum of graphs, obtained from Y; by reducing
valency of one of external vertices by one. We can do the described above operation for
every Y; and obtain graphs Y; ;. Then for Z;; = ¥,.;Y; + Y, ; we have dZ, ; = dY + X, ;.
Since all X;; are linearly independent we have G =Y Z; ;. Therefore H>? = 0 and on the
2-nd sheet of the associated spectral sequence all ecternal vertices have valency 0. O]

]
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Let us look at the £} . Here we have the differential, reduced the number of internal
type I vertices by 1. d; consists of contracting of all edges, such that one of the ends is
internal type I vertex and the piece of the fifth part of the differential with I' /T consists
from 0 and one internal type I vertex and of piece of the differential that put down internal
vertex of the type I on the line (i.e. makes this vertex type I1 or I11).

5.2 String complexes

Definition 4. Let s and ¢ be two vertices. By Stry we denote the graph consisting of s,
t and the edge e between them. Stry is obtained from Stry_; by replacing first edge (let
it be from s to ¢') by internal type I vertex k and edges from s to k and from k to t’. Is
the second edge is prohibited for Stry then we inverse it. The collection {Stry} for all k
is called string from s to t.

Let d; be the piece of the differential d on A(n,m, k), reducing the number of internal
type I vertices by 1. We have three pieces of the differential on string complex:

(i) Contracting the edge between two vertices;

(ii) T IV, where I is obtained from I by adding one vertex and an edge from it;

(iii) If at least one of the ends of string is of type I then we can put down this vertex
on the line.

Proposition 17. d?(Stry) = 0.

Proof. d2(Stry) decomposes as the sum of applying different pieces of the differential. We
can think about two parts of piece (ii) as contracting 0-th and k + 2-th edges. Then if we
apply only (i) and (ii) pieces then the sum is zero, because we contract i-th edge after j-th
and j-th after i-th with different signs. If we can apply piece (iii) twice, than the same
argument gives 0. It is enough to consider the case when one applying of the differential
put s on the line (the same for f). For contracting the edge not to s we have that this
two pieces of the differential commute and cancel each other. All other summands are:

(i) Contracting k + 1-th edge with coefficient 2, after that putting vertex f down;

(ii) Contracting k + 2-th edge with coefficient 1, after that putting vertex f down;

(iii) Putting vertex f down and contracting k + 1-th edge with the coefficient 1.

By our sign conventions the sum of all pieces is 0.

O

Definition 5. The complex generated by {Str,} and all differentials with the differential
dy is called string complex.

Our goal is to compute the cohomology of string complexes for different types of s and
t. (i) Points s and t belong to different axes.

Proposition 18. d;(Stri,,,) = 2Stry, and d;(Stry,) =0 for k> 0.

Proof. Each edge between type I vertices is contracted with the coefficient 2. We have
two pieces with coefficient 1 corresponding to the first edge and to the last edge (2 and 3
pieces of d). The piece (iii) of the differential does not act in this case.

d(Stri) ==Stri | +25tri | —...+(=1)k2Stri |+ Stri | =2(1+ (-1)F)Stri_,. O

Therefore this string complex is acyclic.

(ii) Both points belong to one axis.

The only difference to the (i) is that Stry = 0 and therefore cohomology is one-
dimensional and spanned by Stri'.
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5.3 On the first sheet of the associated spectral sequence

Lemma 4. Let X be a sum of graphs I' consisting at least one edge between type I and
type 11 vertices, such that d; X = 0, then X =dY + X' for some Y € A(n,m, k) and X’
represents an element from the cohomology of the string complex between two vertices
on the axes.

Proof. Let us introduce the operator h: A(n,m,k) - A(n,m, k).
If T does not consist any edge between type I and type I1

vertices then hl':= 0. Let p be the leftmost I type vertex

connected by edge to a type I one. From all such edges

we can take the leftmost e. If the source of e is not internal

bivalent type I vertex then let hI" be a graph, obtained from

I' by dividing this edge into 2 parts by adding internal type

I vertex on it. If the source of e is internal bivalent type I

vertex then we repeat the operation for this vertex. Let us consider the filtration F' of
the length of the string started from the considered leftmost vertex.

Remark 2. Elements in A(n, m, k) are coinvariants with respect to the action of symmet-
ric group by permutations of internal vertices. So the graph in A(n,m, k) is the algebraic
sum of the graphs differed by this permutation. For each of them the notion of leftmost
is correctly defined. So it is correctly defined for the graph in A(n,m, k).

Proposition 19. Let '€ F*(A). Then d;(hl') + hdiI" = +T' + dY + I with IV € F**1(A).

Proof. Let T" be the graph with the length of the string of bivalent internal vertices k. Let
us denote this string as Str(k) and the remaining graph with the last point of the string
I'". Let v be the last vertex of Str(k).

(i) If v is vertex on one of the axes then we obtain an element Str} or Stri’ from string
complex. We drop upperscript for this case. hStry = Stry,; and dStr, = 0.

From the subsection about string complexes we have d;(hStry) + hd Stry = 2Str), =
Stry, + d(%StrkH) except for k£ =1 and two points are on one axis. In this case we have
the cohomology element Stri.

(ii) If v is type I vertex.

Recall the clasification of the pieces of the differential from the subsection about string
complexes. We know that valency of v is more than one, therefore pieces (ii) and (iii) does
not act on the string. We have d; (") = d(Str(k))I" + d(I")Str(k) = (=Stry_1 + 2Strp_, -

co+ ()RSt )T + X = £Strp 11TV + X with X € F*(A).

hdi;T" = +hStr(k - 1I" + hX = £Str(k)I'" + hX.

dy(hT) =dy(Str(k+1)-T") =FStr(k)I" + Str(k + 1)dI".

Then dy(hT) + hdiT' = hX + Str(k +1)dl" € FF1(A). O

One can see that the number of edges is not changed with this operations. So from
some m we have F™(M) is empty. But elements X, X', ..., X are homological.

Therefore X is the sum of a appropriate string and dY'.
O

The same argument can be applied in the proof of the analogous statement.

Lemma 5. Let X be a sum of graphs I' consisting at least one edge between type I and
type 111 vertices and 0, such that d; X =0, X =dY + X' for some Y € A(n,m, k) and X’
an element from a string complex between two vertices on the axes.
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5.4 The oo sheet of the associated spectral sequence

The vector space C' generated by all graphs with at least one edge between type I and
not type I vertices is closed with respect to the differential d;. The vector space DC
generated by all graphs without any edges between type I and not type [ vertices is
closed with respect to the differential d; too. Therefore E} , = C @ DC as complex. And
two lemmas above claim that the contribution of C' to the cohomology is trivial except
cohomology of string complexes between points on the axes. And in all such graphs we
have a component of points of only type I with all internal vertices valency at least 3.
Due to [5] the cohomology of this space with differential d; is equal to H*(C(n)).
Therefore all elements of E3 = are represented as graphs I" such that all external vertices
types 11 and I11 have valency 0, all internal vertices type II and [/ are univalent and
paired by strings of length one with points of the same type and d;I" = 0, where d; acts
on type [ vertices by contracting an edge. The differential dy reduces the number of
internal type I vertices by 2. One can see that dy contracts remaining strings with the
coefficient cgy, = 1. Therefore this spectral sequence converges on the third sheet and
the resulting graphs contain internal points only of type I and external points types I1,
IIT and 0 only valency 0. So the cohomology of graphs can be identified with m! ®
kl'® H*(C(n)) ~ H*(Cy(m)) ® H*(Cy(k)) ® H*(C(n)) ~ H*(QC(n,m,k)) and map I is

quasi-isomorphism.

6 A, framework

6.1 A, categories
Let us recall key moments from [1, Sections 2,3,4]

Definition 6. A small finite A, category is a set of data:
(i) the finite set I (objects);
(ii) the element of GrVect!*! A, i.e. A={A,,},(a,b) €I xI (morphisms);
(iii) The codifferential d4 on T7(A[1]).

Definition 7. A, category with the set of objects of one element is called A, algebra.

Proposition 20. Let A, B be two A, algebras and K — A,, — A — B-bimodule. Let us
consider Cpq = A, Cyp = K, Cp = 0 and Cyp, = B. Then C may be endowed with the
structure of A, category.

Proof. We need to define a codifferential d4 on T, ) (C[1]). This codifferential is uniquely
determined by its Taylor components dj : A®* - A, dj : B®™ —» B and d;;}" : A*" ® K ®
Bem -~ K. We take d, = ds and dy = dg — codlﬁerentlals on A and B respectlvely For
d,"™ we choose the morphism d"™ : A®" ® K ® B®™ - K, defined bimodule structure on
K . For defined in such way d¢ one can check that dZ = 0. [

Following [1] we denote this category as Cato (A, B, K).

6.2 The Hochshild cochain complex for A, category

Definition 8. Let us consider the space of I x I coderivations of the tensor algebra
CC(A) = Coderp g (Tr(A[1])) = Homp (Tr(A[1], A[1]). This space with natural grad-
ing is called Hochshild cochain complex of the A, category A.
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On the space of coderivations we have natural Lie bracket [e,e]. For our case we
call it Gerstenhaber bracket. One can see that CC(A) is actually cochain complex with
CC"(A) = C"(A,A) = Homy, (A[1]®", A[1]) and differential d as in usual Hochshild
complex. With respect to bracket [e, o] we may choose the Maurer-Cartan element -, i.e.
[7,7] = 0 and differential d, = [, ®] and obtain the structure of dg-Lie algebra on CC(A).
The usual Hochshild differential is obtained with v - A, structure in A.

Let us consider the case of C' = Cate(A,B,K). Then Hochshild cochain com-
plex has a form CC"(C) = @,y HomI(A®P, A) @ ®pigir—nHom™(A®? @ K ® B®1, K) &
Opiq=nHomi(B®P B). Let us denote the second summand as C"(A, B, K). Let us choose
the Maurer-Cartan element v = d4q + dx + dg and an element ¢ = ¢4 + ¢ + ¢ of
CC"(C). Then the differential d,¢ = [da, da] + dx{Pa} + [V, 0x] + dx{oB} + [dB, ¢5],
where P{Q1,Qs,...,Q,} is usual brace operation on Hochshild complex. One can see
that C*(A, B, K) is subcomplex in CC(Cat. (A, B, K)).

We have two natural projections py : CC(Cate(A, B, K)) - CC(A) and

pp : CC(Cate(A,B,K)) - CC(B). It is immediate that both of them are chain

maps.
Proposition 21. Maps ps and pg are L., maps.

Proof. We refer to [1]. O

7 Formality morphisms

7.1 The framework of the research

Let us consider X = R% and two subspaces U,V ¢ X, such that X =UnVeUnV<ieULn
Ve U+ nV?% and choose the basis x1, 2, ..., x4 compatible with this decomposition. To
every pair of U and V we associate three graded vector spaces, namely

A=T(UANU))=S(U*) e A(X/U)=S(U ) AU nV)eA(U+ V)",
B=T(V,A(NV))=S(V)A(X/V)=S(V)@A(UnVH) (U +V)*,
K =T(UnV,A(TX/(TU +TV))) =S((UnV)*) & A(U + V)*,

Proposition 22. The set of graded vector spaces A, B, K may be endowed with the
codifferential and generates an A, category Cato (A, B, K).

Proof. We endow A and B with the trivial A,, structure (every associative algebra is an
A, algebra in natural way). For the K we define A, — A - B-bimodule structure by its
Taylor components dy™ use graphs Gr(0,n,m).

Let T" € Gr(0,n,m) be a graph and I : E(T') - [1,...,d] be a labeling of the edges.
We assign to I' a morphism OF : A®" @ K ® B®" — K. Let us choose the element
atlas]. .. |an|klb1|...|bm. Tt is convenient to renumerate vertices, 1,...,n - vertices of I
tpe with respect to the order on them, n+ 1 - vertex 0 and n+2,...,n+m+ 1 - vertices
of type IIl with respect to their order. Let ¢;,i € {1,...,n+m + 1} be an element,
corresponded to i-th vertex, i.e. a; for : <n, k for n+1 and b; for 2 >n + 1. Let e be the
edge in I'. For every edge e with source ¢ and target j we change ¢; by < ¢;,dx () > and
¢; by dr(eyps. After that we multiplicate all ¢; as polyvector fields and project on K. We
call the obtained map Oy : A®" ® K ® B®™ — K and set OF (aias|. .. |a,|k[bi]. .. |by) =
cr X1 Or(aq)ag]. . |aylklby|. .. |bm). By simmetrization we can consider the map Or for
I'e G(0,n,m).
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Proposition 23. The Taylor components d™ (ai|. .. |a,|k|b1]. .. |bm) = Xrec(o,n,m) Or de-
fine A, — A — B-bimodule structure on K, coincides up to coefficient with the one in

1].

Proof. Tf we prove the coincidence up to coefficient of di™ in our construction and in
the one of [1] the proof of the first part of statement will follow from [1, Proposition
6.5]. Let J:={1,2,...,d} and J;, Jo c I subsets, corresponding to the basis of U and V'
respectively. For every L c J we write L+ for J - L and 7% for the sum of operations,
described for every edge e in the previous section for all I : E(T") - L, i.e.

18 ®.. . @0 ® .. 00,8 ...8 bpims1) =

=) P1®Pr®..8 <P, dry>® ... 805, ® ... ® Ppimsi.
keL

One can see that Off = cp [Teepry 7+ In the study of diy™ we are interested only in edges
between vertices on two different axes.

Lemma 6. If s is vertex of type IT and t of type I1] and e an edge from s to ¢ then 7/ =

72 and w, = s+ w™*, where w* = %d(arg(w)) is propagator on QC'(0,1,1)

(u+?) (u+v)
and 7 is projection on this space.

Proof. For the first part let us note that < ¢;,dxy >+ 0 only if x € JJ, because we can
contract only vector fields with 1-forms. Therefore in S(U*) ® A(U') we are interested
only in skew-symmetric part.

We can differentiate along d,, only symmetric part, so we are interested only in S(V x)
for point f. Therefore this operator gives not 0 only for k€ Jon Ji and 7/ = TeJ 2nJi
To prove second part we should rewrite mentioned propagator for our case.

T O et o N P ) B
w(u,v) 27rd( g((u+@)(u+v))) 7Td( g((u+v) 2ue

]

Lemma 7. If s is vertex of type I11 and ¢ of type IT and e an edge from s to ¢ then 7/ =

7% and w, = 3% w*, where w* = %d(arg(%)) is propagator on QC(0,1,1)

and 7 is projection on this space.
Proof. The proof is parallel to the one of lemma 7. n

Let us denote corresponding to [1] operators and differential forms as w/, 7/ and Of..

1

1
Of = T 7 = | 1w = 555 /- [ wir! = =0}
ecE(T) Qo(n,m,keeE(F) 2|E(F)‘ QC(n,m,keEE(F) 2|E(F)‘

Now we can state the main result of this work.

Theorem 3. There exists a Lo, quasi-isomorphism U : T}y, - CC*(Cats (A, B, K)) and
this quasi-isomorphism U up to homotopy can be extended to G, quasi-isomorphism.
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7.2 L. quasi-isomorphism

The main goal of this section is to give explicit construction of the morphism U and prove
that U is L. quasi-isomorphism. We want to construct three L. quasi-isomorphisms
Ua : Tyory > CC*(A), Up : Tyory » CC*(B) and Uk : Tpoy > C*(A,B,K). Then U =
Us+Up + Uk is a Ly quasi-isomorphism between T),,, and CC*(Cat« (A, B, K)).

Let us define U, in the following way. Let H(n,m) be the space generated by graphs
with n type I vertices and m type I vertices with the same relations as in the definition
of Gr(n,m,k). Let I' € H(n,m) be a graph and I : E(T") - {1,...,d} - labeling of the
edges. We assign to this pair (I, 1) a map O; : T®? — Hom(A®™, A) in the following

poly
way. For element 71 ® ... ® v, € Tﬁ)?y we assign to i-th type I vertex the element ~;. The
element Oy is defined in the same way as in the definition of d7;™ with projecting on A.
We set Of (ailag. . . |anlk|b1] .. |bm) = cr X; Or(ailas|. . . Jan)klb1] .. . [bm). The map Uy is

defined by its Taylor components Ut : T%)" — CC*(A), where Ut = Yrepi(n.e) O%.

poly

Theorem 4. The map Uga : Tpory > CC*(A) is Lo quasi-isomorphism.

Proof. Let dim U = k. One can see that A is algebra of functions O(R*¥*) of superman-
ifold RF4-% and U, is an Kontsevich formality morphism for this supermanifold. Thus
according to super version of [4, Section 6.4] Uy is Lo quasi-isomorphism. O

We can repeat this procedure for graphs with vertices of type IIl instead II and
subspace V' instead U and obtain L., quasi-isomorphism Ug : T},p, = CC*(B).

For the definition of Ux we consider graph I € G(n,m, k) and assign to it OX : Tp%’lly -

Hom(A®™ @ K ® B K) in the same way as in the definition of d%* with polyvector

max

fields assigned to type I vertex. The Taylor component Ug = Yrcc(n,e.0) OF. In particular
d7* is O-th Taylor component UY..
Theorem 5. The map U = Up+Up+Uk : Tpory > CC*(Cato (A, B, K) is a Lo, morphism.

Proof. The proof of this statement is parallel to the one of [1, Theorem 7.2]. Recall from
[1, Theorem 7.2] (iv) types of strata codimension 1 of QC(n,m, k). We discuss differences
for each type of strata, appeared cause of considering different types of graphs.

(i) We have a cluster of points of type I converged to type I point. By Kontsevich
lemma we may consider only graphs with two vertices. In our admissible graphs we
have only one graph with non-trivial contribution, consisting of two points and one edge
between them. The result will be only 7/, corresponding to the Schouten—Nijenhuis
bracket between poly-vector fields.

(ii) We have a cluster of points converged to a point of type 1. This contribution for
graphs is the same as contribution of ¥y, +U %'”yl o UK"yp for Hochschild complex.

(iii) We have a cluster of points converged to a point of type I71. This contribution
for graphs is the same as contribution of ¥;,;_,,) U 1‘7?71 oU gll’}/[/ for Hochschild complex.

(iv) We have a cluster of points converged to a point 0. This contribution for graphs
is the same as contribution of };,p_p,,) £U E‘W oU %/Lyp for Hochschild complex.

Therefore

vp7 q Z Z f B wr - 0 =
FE(G("J’,Q)) (SiQ_C(’le,q) (51QC(n,p,q)

St (U e U yp + Uy o U Iy + Uyl o Ut i) =
Tul'=[n]

= ZiUIn{il(fyk.’yla’yl?”'afy\iw"7’/}/}7"'7711)
k=l
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Note that the right hand side equality is the condition for U to be L.,. The left hand side
formula can be rewritten by the Stokes formula.

[

- f ) dwp = 0
Pe(G(npyq)) ¥ @C(p:a)

For the last equality one should notice that wr is a product of closed forms and therefore
is closed. Therefore U satisfies condition for L., morphism. m

Te(G(n,p,q)) 6;QC (n,p,q)

Theorem 6. The map U is a L., quasi-isomorphism.

Proof. We have a commutative diagram of L., morphisms: Theorem 5 claims that U4 and
Up are quasi-isomorphisms, so it is enough to prove that p4 or pp is a quasi-isomorphism.

Lemma 8. The L, morphism p4 is a quasi-isomorphism.

Proof. Theorem 3 claims that it is enough to show that the left derived action L4 is a
quasi-isomorphism. The proof of this statement is identical to the one of [1, Proposition
7.5]. m

]

7.3 (G. morphism
Recall from [7] the definition of connected stable morphism.

Definition 9. A stable formality morphism U is called connected if the numbers cr in
its definition vanish on externally disconnected graphs.

It is easy to see the following statement.
Proposition 24. L., morphism U, constructed in the previous section is connected.
Now we are ready to formulate the main result of this section.

Theorem 7. Let U be a connected L., stable formality morphism. Then we can choose
a homotopic stable formality morphism U’ that can be extended to a G, morphism.

To prove this fact we introduce some new notations.

Recall from [7] that EGer is two-coloured operad governing two G, algebras and G,
map between them.

Let EFELie be the coloured operad, governing L., algebra X, A, category of special
type Cato (A, B, K) and L, morphism X - C*(Catw(A, B, K)).

Let EEGer be the coloured operad, obtained from EFE Lie by interchanging L., algebra
and morphism to G.

Let us define QCGraphs as graphs with all vertices of type I. We have a commutative
diagram of operadic torsors:

Our stable formality morphism U after twisting gives a map EFELie - QCGraphs.
We can choose corresponded to this formality morphism QCGraphsY. Let us call the
resulting coloured operad HugeGraphs = (Br QCGraphsV Graphsy*).

Now we are ready for the proof of the theorem 8.

Proof. To finish the proof we should check that we can choose the homotopic one G,
morphism U’ such that U’ is stable formality morphism. It is parallel to the same fact in
[7]. O
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Corollary 5. Constructed in the subsection 7.2 L., morphism U up to homotopy can be
extended to the GG, one.

Proof. T,y is Gerstenhaber algebra and therefore G algebra. On the Hochshild cochain
complex of A, category we have natural structure of Br algebra and therefore Br,, or
equivalently G, algebra. Thus the statement of the corollary is correct. Proposition
23 claims that U is connected stable formality morphism. Therefore this corollary is
immediate consequence of theorem 8. O

8 Algebraic model for points in n-sided polygon

Our goal in this section is to extend the algebraic model of graphs, described in section 3
to the case of configuration space of points in n-sided polygon. Proofs of all statements
are paralel to the case described above, so this section is constructed as collection of
statements and comments to them.

8.1 Configuration space of points in n-sided polygon

Definition 10. Let P be n-sided polygon with sides py, ..., p,. We denote by PC,,(ag, a, . ..

the configuration space of ay points in the interior of P and a; points on p; and by
PCy(ag,ay,...,a,) its Fulton-Macpherson compactification. Points on a side p; are called
type ¢ and points in the interior are called type O.

Lemma 9. Boundary stratas of PC,(ag,a1,...,a,) are in 1 — 1 correspondence with
specified class of coloured trees.

Proof. Firstly, we need to define this class of trees. As in lemma 1 we associate each
colour of edge to a type of codimension 1 strata, i.e. to a cluster of converging points.
We have 3 cases:

(i) The cluster of points of type 0 converges to a point of type 0. Corresponding tree
without internal vertices is coloured 0.

(i) The cluster of points of types 0 and i converges to a point of type i. Corresponding
tree is coloured a;, we have n different colours.

(iii) The cluster of points of types 0, i and i + 1 converges to vertex i. Corresponding
tree is coloured b;, we have n different colours. From here we understand index n +1 as
1 and aq (bo) as a, (b,).

It follows that an ancestor of a vertex of colour a; can be vertex of colour a;, b;, b;_;
or pre-root. An ancestor of a vertex of colour b; can be only of colour b; or pre-root. The
colouration of pre-root vertex is fixed.

Now 1 -1 correspondence follows from arguments of lemma 1. O

Corollary 6. The collection of spaces

{PC,,QC,,QC,,...,QC,,SC;,SC,,...,SC,,C}

can be endowed with the 2n+1-coloured operadic structure, where C; is Fulton-Macpherson
compactification of configuration space of points in the interior, SC; - Fulton-Macpherson
compactification of configuration space of points on ¢-th side and in the interior of polygon
(quasi-isomorphic to Swiss-Cheese operad) and SCj is defined as in definition 2 for vertex
7 and sides p;_; and p;.
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Proof. On all components SC; we have natural (Swiss-Cheese) operadic structures in
colours a; and 0. Let all other colours act by 0. On all components QC; we have defined
by corollary 1 operadic structures in colours b;, a;, a;_1 and 0. All other colours act by 0.
On PC operadic action is defined by clusters parallel to Corollary 1. Associativity follows
from the same reason. O

Corollary 7. The collection of algebras
Q:={Q(PC,),AQC,),...,2QC,),Q(SC)),...,2SC,),2(C)}
is endowed with the structure of 2n + 1-coloured dg-Hopf cooperad.

Note that propositions 2-5 can be adapted for our case without any changes.

8.2 Graph model

We consider graphs with external vertices of different types:

(i) type 0 - vertices in the interior of the polygon P;

(ii) type i@ - vertices on the side p;;

(iii) vertex 7 - on the vertex i of the polygon.

We prohibit edges between vertices on one side. Consider the vector space generated
by all graphs with ag vertices of type 0 and a; of type ¢ and take coinvariants as in section
3.1. We denote the resulting vector space PG(ag, a1, ..., a,).

Proposition 25. The collection of spaces
{PG, GY.G?, ..., G", Graphs}%w, Graphs?gc, ..., Graphstq, Graphsy}
is endowed with the structure of 2n + 1-coloured cooperad.

Proof. The cooperadic structure on Graphsy, and Graphs, is the same as in Swiss-
Cheese operad. All other colours we assume acting by 0. The cooperadic structure on G*
is defined in proposition 6. So we need to define a operadic composition on PG.

(i) For the action of the colour 0 (i.e. PG - PG ® Graphsy) we have the same map
as in (i) in proposition 6;

(ii) For the action of a colour a; (i.e. PG - PG ® Graphs'y,) we have the same map
as in (ii) in proposition 6;
(iii) For the action of a colour b; (i.e. PG - PG ® G*) we have the same map as in
(iii) in proposition 6;

O
We consider augmented twisted version of this cooperad. Identically to proposition 7

we have the structure of commutative algebra on each component. Our next goal is to
define differential forms on the configuration space of points in the polygon. We have

Proposition 26. There exists a map f : H — P called Schwarz—Christoffel mapping,
such that f is conformal equivalence on the interior of P. If we extend to H u R, the
image is P.
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Let a,be H and ¢(a,b) = Z%Z be the function measuring hyperbolic angle between two
points in H. We have natural 1-form on configuration space of two points a and b in P.
(Of course we should consider all cases o types of a and b, but the method is unique for
all cases.) We can fix a by translation. wp(a,b) :=d(¢(f~1(a), f71(D)).

Now for an edge e with endpoints s and t in a graph I' € PG(ag,aq,...,a,) we
have 1-form w, := 7 * wp(s, f), where 7 is projection of PC(ag,as,...,a,) to appro-
priate configuration space with respect to types of s and f. Let wr = []eeprywe and
r = fPC(ag,al,...,an) wr.

Let us define differential on TwPG as in proposition 7. P is the vector space of
contractible graphs, ¢: P — R, ¢(T") = ¢r gives R a structure of P-module.

e®pR

d:= TwPG = TwPG @ TwPG 25 TwPG @ TwPG @p R 5 TwPG e P 255 TwPG.

It can be described explicitly as in proposition 7. It has three types of components:

(i) A contraction of an edge between two vertices of type 0;

(ii) A contraction of subgraph consisting only of types 0 and ¢ vertices to vertex of
type

(iii) A contraction of subgraph consisting only of types 0, i—1 and 7 vertices and vertex
1 to vertex 1.

Combining all in this section we have

Proposition 27. The collection of spaces
{TwPG, TwG*, TwG?, ..., TwG", TwGraphsse, . .., TwGraphsts, TwGraphss }
is endowed with the structure of 2n + 1-coloured dg-Hopf cooperad.

We can define the space of externally disconnected graphs Np as in definition 3 by
assuming vertices on all sides to be free. One can check that propositions 9,10 and 11 are
adapted for this case without any changes.

Corollary 8. The collection of vector spaces
is well-defined and has induced structure of 2n + 1-coloured dg-Hopf cooperad.

Theorem 8. The Kontsevich space integral [ : PA —
(i) is correctly defined, i.e. vanishing on externally disconnected graphs;
(ii) commutes with the structures of coloured dg-Hopf cooperad;
(iii) is chain map;
(iv) is quasi-isomorphism.

Proof. The proof of each part this statement is identical to the one for configuration space
of points in the first quarter. So we refer to theorems 1 and 2 and propositions 12,13 and
14. O
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