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Grothendieck-Teichmiiller group,
operads and graph complexes: a survey

Sergei Merkulov

ABSTRACT. The paper offers a more or less self-contained introduction into the theory of the Grothendieck-
Teichmiiller group and Drinfeld associators using the theory of operads and graph complexes.

1. Introduction

The Grothendieck-Teichmiiller group GT' (and its graded version GRT) is one of the most interesting and
mysterious objects in modern mathematics. This group together with its principal homogeneous space —
the set of V. Drinfeld’s associators — plays a central role in many seemingly unrelated areas of mathematics:
V. Drinfeld pioneered its applications of in the number theory and the theory of quasi-Hopf algebras [Dr2];
P. Etingof and D. Kazhdan [EK, ES] used it to solve the Drinfeld quantization conjecture for Lie bialgebras;
the formality theories of M. Kontsevich [K1, K2, K3] and D. Tamarkin [T1, T2] unravels the role of the
group GRT in deformation quantizations of Poisson structures; A. Alekseev and C. Torossian applied it to
the solution of the Kashiwara-Vergne problem in the Lie theory [AT2]; the authors of [MWS5] found its
interpretation as a symmetry group of the involutive Lie bialgebra properad playing a key role in the string
topology; A. Alekseev, N. Kawazumi, Y. Kuno and F. Naef [AKKN1, AKKN2] and G. Massuyeau [Mas]
proved its importance in the Goldman-Turaev theory of spaces of free homotopy loops in Rieman surfaces of
genus g with n punctures; this group — more precisely its Lie algebra grtt — plays a central role in the recent
spectacular advances of M. Chan, S. Galatius and S. Payne [CGP1] in the theory of the cohomology groups
of moduli spaces M, of genus g algebraic curves. T. Willwacher [W1, W3] established a very important
link between grt and cohomologies of some graph complexes which found many applications.

Our main purpose is to give a more or less short and self-contained introduction into the theory of the
Grothendieck-Teichmiiller group and its applications through its operadic, properadic and graph complexes
incarnations, and explain without proofs some of the results mentioned in the previous paragraph.

The Grothendieck-Teichmiiller theory first appeared in A. Grothendieck’s famous Fsquisse d’un pro-
gramme (1981) with the purpose to give a new geometric description of the universal Galois group Gal(Q)
of the field of rational numbers; A. Grothendieck’s main tool to approach this problem was the Deligne-
Mumford moduli stack M of algebraic curves of arbitrary genus with marked points and a very insightful
observation that the (outer) automorphism group Out(n{“”"(M)) of the geometric fundamental group of
this stack can be described more or less explicitly as the set of elements of a free profinite group on two
generators satisfying a small number of equations (see [L] and [LS] for more details and references). A
few years later (1989) V. Drinfeld introduced [Dr2] K-prounipotent Grothendieck-Teichmiiller groups GT
and GRT for an arbitrary field K of characteristic zero while studying braided quasi-Hopf algebras and
their universal deformations. The profinite version GT of the first group contains Gal(Q) and is essentially
Out(m{*”™(My)), where M is the of moduli spaces of genus zero curves with marked points.
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V. Drinfeld has written down explicitly [Dr2] systems of algebraic equations defining elements of both
prounipotent groups GT and GRT. Thanks to the works of D. Bar-Natan [B-N] the algebro-geometric
meanings of these two systems of equations are well-understood by now with the help of the theory of
operads — G7T is essentially the automorphism group of the topological operad PaB of parenthesized braids
while GRT is the automorphism group of a much simpler graded analogue ’P/aC\D of the operad PaB. The
set of Drinfeld associators can be identified with the set of isomorphisms PaB — PaCD of operads. This
part of the story explaining GT' and GRT as automorphism groups of operads is covered in §§1-6 of this
survey; it is based on the notes of a lecture course read by the author at the University of Stockholm in the
fall of 2011. B. Fresse has written a book [Fr] explaining this approach to GT and GRT in much more detail.
In the second part, §§7-8, we try to explain a very different T. Willwacher’s approach to the group GRT
via the graph complexes (and compactified configuration spaces), and its applications to the deformation
quantization theory of Poisson structures and Lie bialgebras, Lie theory, Goldman-Turaev theory, and the
theory of moduli spaces M, . We explain various graph complexes incarnations of the Lie algebra gt of
GRT; some of them appear quite mysterious at present.

2. Completions of groups, Lie algebras and algebras

2.1. Completed filtered vector spaces, Lie algebras and algebras. A topological ring (in partic-
ular, a field) is a ring R which is also a topological space such that both the addition and the multiplication
operations define continuous maps R x R — R.

A topological vector space V is a vector space over a topological field K (say, R or C equipped with
their standard topologies or with the discrete topology) which is endowed with a topology making the vector
addition V x V' — V and scalar multiplication K x V' — V operations into continuous maps. One can define
similarly topological K-(co)algebras, topological Lie algebras over K, topological Hopf algebras over K, etc.

Topological vector spaces, rings and K-algebras are particular examples of uniform spaces in which it
make sense to talk about Cauchy sequences and hence about their completeness. Any such a space V' can be
completed in an essentially unique way with the help of equivalence classes of Cauchy sequences; V sits in its
completion V as a dense subset and the mduced topology coincides with the original one. The completlon
of the tensor product V ® W is denoted by Vow (sometimes we abbreviate the latter notation to Vo
when no confusion may arise).

We shall be interested in this survey in a class of topological spaces, rings and (co)algebras whose
topologies are determined by filtrations. Their completions — often called complete filtered spaces, rings and
(co)algebras — can be constructed in an explicit way as inverse limits. We shall explain the phenomenon
for algebras; the adoption of all the constructions below to Lie algebras, coalgebras, etc. is straightforward
(see, e.g., [Ei]).

Let A be a K-algebra equipped with a descending filtration by ideals,

(2.1) A=mgDOm;Dmg D...
Hence we get a directed system of quotient rings and their morphisms,
—Ami — A/my — . — A/mg — A/my — 0.

The associated completed filtered algebra is defined as the inverse limit,

A= 1<£nA/mi = @A/mi = {a = (a1,a9,...) € I:IIA/mi | a; = a; mod m; for all j > z}
The algebra A has an induced filtration by ideals,

~

m; = {a:(al,ag,...) €E| a; =0 foralljgi}.

It is clear that the quotient algebras A/m; and A\/I/ﬁl can be identified. The completed tensor product of
such completed algebras is defined by

ABA = 1lim A/m; © A'/m.
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The filtered algebra A and and its completion A can be made into topological spaces by defining a basis
of open neighborhoods of a point a in A or, respectively, in A to be

{a + mi}ieN or, respectively, {a + ﬁli}ieN .
Such a topology on a filtered algebra is called the Krull topology. It is not hard to see that A is the
completion of A as a topological algebra. Indeed, let {a;};>1 be a Cauchy sequence in A equipped with the
Krull topology, that is, a sequence which satisfies the condition: for any open neighborhood U of zero in A
there is a number Ny such that for any 4, j > Ny one has a; — a; € U. Equivalently, {a;};>1 is a Cauchy
sequence in A if and only if for any integer n there exists an integer N,, such that

a; —aj; em; for all 1,7 > N,.

Such a sequence always converges in A to the point @ whose n-th coordinate in [[, A/m, is equal, by
definition, to ay, mod m,. Reversely, any point in A gives rise to a Cauchy sequence in A.

We shall work below with filtrations generated by powers m; := I° of a fixed ideal I in A. The associated
completion A is often called the I-adic completion of A, and the associated topology on A is called the I-adic
topology.

2.1.1. Examples.

(i) Let A =K][z1,...,z,] be a polynomial algebra over K, and let I be its maximal ideal. The I-adic
completion of A,
A=K][z1,...,z.]],

is the algebra of formal power series over K.

(ii) Let g be a positively graded Lie algebra, g = @;-, g;, with g; being finite dimensional. It can
be equipped with a descending filtration as in (2.1) given by the Lie ideals m; := ;-;g;. The
completion of g with respect to this filtration is then equal to

9= H Ui
i>1
and is called the degree completion of g (similarly one can define the degree completion of positively
graded vector spaces, rings, algebras, etc).
Consider next the universal enveloping algebra U(g) of the completed graded Lie algebra g. It
is, by definition, the quotient of the tensor algebra ®°*g by the ideal J generated by all elements of

the form z @ y — y ® © — [z, y], =,y € g. The tensor algebra inherits a positive gradation from g in
the standard way,

25 =P’ with @9 = PH 8, 9. 006,
€1 i=i1+...Fin

n>0,i1 e yin >1
As [0, 9;] C G+, the ideal J is homogeneous with respect to this gradation, i.e. it is generated by
the homogeneous elements. Therefore U(g) comes equipped with an induced gradation and we can
define its graded completion U (g).

2.1.2. Remark. To define the completed universal enveloping algebra U (g) we need only a descending
filtration of g as in (2.1), a weaker structure than the positive gradation. However, in applications below
such a filtration always comes from a positive gradation on g as in the above Example 2.1.1.

2.1.3. Exercise. Use the Krull topology on ﬁ(ﬁ) to show that U (g) is a completed filtered Hopf algebra
(with the coproduct, A : U(g) — U(§)@U(g), taking values in the completed tensor product).

2.2. Baker-Campbell-Hausdorff formula. Recall that one can associate a group G := exp(g) to a
completed positively graded Lie algebra over a field K of characteristic zero,

g= H Ok,
k=1
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with all graded components being of finite dimension. The group G coincides with g as a set (and the
identification map g — G is denoted by exp while its inverse G — g by log), and the group multiplication is
defined by the Campbell-Hausdorff formula:

exp(z) - exp(y) := exp(beh(z,y)),

where
- 1 1 1
(22) bC”)(ZL’,y) - log(e e ) =r+y+ §[$, y] + E[Zv [.’E, yH - ﬁ[ya [yaxﬂ LR
and e” == Y 10, ”,”TT and log(l 4+ z) = Y ;2 (71,):Ik. This formal power series satisfies obviously the

associativity relation,
beh(z, beh(y, 2)) = beh(beh(z,y), 2) = log(e®eve?),
in the ring K{(x,y, 2)).

2.2.1. Example. Let lie,, stand for the free Lie algebra over K generated by n letters x1, ..., z, and [iAen
for its degree completion (with degrees of the generators x1, ..., x, set to be 1). Let ass,, := K(z1,...,2,) be
the free associative algebra generated by w1, ..., z, and ass, = K({x1,...,x,)) its degree completion. One

can make ass,, and ass, into Lie algebras by setting [X,Y] = XY — Y X. Then lie, C ass, and [iAen C ass,
are Lie subalgebras (in fact they are the smallest Lie subalgebras containing all the generators).

One can make ass,, into a bialgebra (in fact, a Hopf algebra) by defining a coproduct,
A : 88, — (55,0a56,,
by first setting
Alz,) =10z, +x;®1
and then extending to arbitrary monomials in ass, by the rule
Az @iy - miy) = A(@iy ) A(T4y) - - A(T4,,)-

An element g € ass, is called grouplike if A(g) = g ® g. An element p € ass, is called primitive if
A(p) =1®p+p® 1. The following is true:

e Let f be a formal power series from ass,, whose constant term is zero. Then ef € dss,, is grouplike
if and only if f is primitive.

e The set of primitive elements in ass, is a Lie subalgebra of (ass,, [, ]) which can be identified with
fie,,.

e The set of grouplike elements in ass,, forms a group with respect to the multiplication in ass,, which
can be identified with exp([iAen).

As a Hopf algebra, ass,, is precisely the completed universal enveloping algebra of hAen

2.3. Prounipotent completions. A linear algebraic group over a field K is, by definition, an algebraic
group that is isomorphic to an algebraic subgroup of the group of invertible n x n matrices GL(n,K), that
is, to a subgroup defined by polynomial equations. Such a group G is called unipotent if its image under the
embedding G — GL(n,K) lies in the set {g € GL(n,K)|(g —1)" = 0}. An example of a unipotent group is
the group of all upper-triangular matrices in GL(n,K) with 1’s on the main diagonal.

A group G is called pro-unipotent if it is equal to the inverse limit,

G =limG; := {56 [16G:1 fis(9) 291},
i€l
of some series of unipotent groups {G; };cs parameterized by a directed set (I, <) and equipped with a system
of homomorphisms

{fij: G; = Gi}

i,j€I such that i<j
4



satisfying the conditions': f;; = Id and fi, = fijofjx for any i« < j < k. The Lie algebra g of the prounipotent
group G is defined as the inverse limit,

g =limg,
—
of the Lie algebras g; of the groups G;. There exist mutually inverse maps exp : g — G and log : G — g.

DEFINITION 2.1. The prounipotent completion over a field K of an abstract group G is a prounipotent
group G(K) together with a homomorphism i : G — G(K) satisfying the following universality property:

if h : G — H is a homomorphism of G into a prounipotent group H over K, then there is a unique

homomorphism f : G(K) — H such that h factors as the composition h : G AN G(K) L.

Prounipotent completions are often called Malcev completions in the literature. One denotes sometimes
the prounipotent completion over K of a group G simply by G omitting thereby the reference to K.

2.4. Quillen’s construction of the prounipotent completion. Let G be an abstract group, and

K[G] := Z Agg | Ag € K such that only finitely many A, can be non-zero
geG

its group algebra over a field K. There is an algebra homomorphism,

€: K[G] — K
1 2gec Mg T Dgec Ao
called the augmentation. Let Ix := Kere be the augmentation ideal, and let @ be the Ix-adic completion?

of K[G] (see §2.1). The ideal Ik is generated by elements of the form g — 1, where 1 is the unit in G (often
denoted by 1 by abuse of notation).

The algebra K[G] can be maid into a Hopf algebra with the coproduct defined as follows

A KlG  —  K[G@K[G]
ZgEG )\gg — deG’ )‘gg ® g,

This coproduct is continuous in the Ix-adic topology on K[G] and hence induces by continuity a coproduct
A K[ — KGO8 K0

where & is the completed tensor product. This gives m the structure of a complete filtered Hopf algebra.

Consider the set of group-like elements,

(2.3) G = {xe@:A(x):x@)x andfs(gc)zl}.

This is a subgroup of the group of units in IE[E]

1Such a system {Gj, fi;} is called an inverse system of groups. Analogously one defines an inverse system of algebras,
modules etc.

2The Ig-adic topology on K[G] is Hausdorfl as the intersection of all powers of I is the zero ideal. In this case one can
define the I-adic topology as the unique metric topology associated with the following metric on K[G]:

d($,$’) = ||Z‘ - le7

where, for any « € K[G], its norm [|z|| is defined to be 27" with n being the largest natural number such that € I"™. The

—

algebra K[G] can be identified with the metric completion of K[G].
5



—

2.4.1. Remark. If char(K) = 0, then the K-powers of elements g € G are well-defined in the ring K[G],

gA:(]l_(]l_g))A::i)\(/\—l)...()\_i_,'_l)

=0

(1—g)".

7!
In some cases the group G is generated by such powers; the corresponding Lie algebra g is generated by
elements log g = log(1 — (1 — g)) := > o, (1 — g)*. Note that the above formula for g* implies,

(2.4) hg*ht = (hgh™ ),

and

for any g,h € G and A\, u € K.
2.4.2. Theorem [Ha|. If Ix/IZ is a finite-dimensional vector space over K, then G is a prounipotent
completion of G.

If G is finitely generated, then the condition of this Theorem is satisfied and the above explicit construc-
tion gives us the prounipotent completion of G.

It is often useful for practical computations to consider an increasing filtration of the group (2.3),
. CGCGC...CG Cq,
defined by
Gi=Gn(+1p)
If the condition of Theorem 2.4.2 is satisfied, then each group,

Gl = G/Gia
is a unipotent group, and one can compute the prounipotent completion of G as the inverse limit
G =limG'.
«—

2.4.3. The case char(K) = 0. Consider the set of primitive elements, g, of the completed group algebra

—

K[G] defined by
9= {mefﬂg | A(x):]l®x+:v®]l}.
The bracket [z,y] = xy — yx makes g into a Lie algebra. The j%—adic topology of @ induces a topology on

g making the latter into a complete topological Lie algebra. The logarithm and exponential functions give
us well-defined and mutually inverse homeomorphisms,

10g:]1+f]12—>7]12 and eXpZT]];—>]1+T]1;
which restrict to the mutually inverse homeomorphisms,
log:G—3§ and exp:g— G.
Thus one can describe G in terms of its Lie algebra g which is sometimes a simpler object to define. The
latter is the inverse limit of the Lie algebras of the prounipotent groups G' defined above.

2.5. Examples of prounipotent completions.

(i) Let G be a group of finite type, that is, a quotient of the free group generated by a finite set
{g1,--.,9n} by the normal subgroup generated by a finite number of relations

{Ri(917--~7gn) = 1}i€[m]7 m € N.

Let K be a field of characteristic zero, and let g be the quotient of the completed free Lie algebra
lie,, generated by symbols {v1,...,7,} by the ideal generated by the relations,

{log Ri(e™,....e™) =0}, -
Then the group G(K) := expg gives us the prounipotent completion of G over K [Br].
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(i)

If F), is the free group in n letters, x1, ..., x,, then its prounipotent completion, 1371(K)7 over a field

K of characteristic zero is equal to exp(lie,,), where Ee\n is the completed filtered Lie algebra over
K generated by the following set,

{logxi =log(1—(1—mz) =) —(1- xi)k} .
k=1 i€[n]

Put another way, F,(K) is generated by elements of the form z}, A € K.

T =

The next examples are taken from [K].

(iii)

Let G = Z and let K be a field of characteristic zero. As Z is isomorphic to the free group generated
by a symbol ¢, its prounipotent completion Z(K) can be computed using the construction in Example
(i) above to give

Z(K) = exp([i/e\l) ~ K (as Abelian groups).
One can get the same result using Quillen’s construction as follows [K]. The group algebra K[Z]
is the ring of Laurent polynomials K[t,#~!] with the augmentation ideal Ix being a principal one

—

generated by t — 1. The completion K[Z] is the formal power series K|[[T]] with the inclusion
K[Z] — K[Z] given by
K[, ¢t~ — K{[T]]

(tt7h)  — (L+ T, 350, (D).

The ideal T]g is therefore the principal one generated by the symbol T (that is, the maximal ideal
of K[[T]]) so that the augmentation map K[[T]] — K has the form 7' — 0. The coproduct is given
by AT)=10T+T®1+TQT.

—

If K has characteristic zero, then the set of group-like elements in K[Z], i.e. the prounipotent
completion of Z over K, is given by

Z(K) = {(1+T)* = exp(alog(1+T)) € K[[T]] | a € K} ~ K.

~ ~ Py ~ ~
Note that in this case Z(K)! = Z(K) N (1 + Ix ) = {1} for [ > 2 so that Z(K); = Z(K) for all [.
If K has characteristic p, then the element 1 4+ 7" has finite order in each group
~ ~ ~ —~I+1
Z(K) = Z(K)/ZK)Nn(1+Ix )
as
A+T)YP =14+TP €1+ 1Ix .

It follows [K] that the prounipotent completion of Z over K is equal to Z,, the Abelian group (in
fact, the ring) of p-adic integers.

Let G = Z,, = Z/nZ, n > 2. The associated group algebra over a field K is K[Z,,] = K[¢]/(t" — 1),
the quotient of the polynomial algebra K[t] by the principal ideal generated by (¢ — 1). The
augmentation ideal Ix C K[Z,] is the principal one generated by ¢t — 1. Note that ¢ is a unit with
t~1 = ¢"~1. There is a factorization in K[Z,],

(t—172% = t*-2t+1
= "4t -2t
= t{t" P4t E2)(t—1).

If characteristic of K is prime to n or equal to zero, then t"~2 + ... + ¢+ 2 is also a unit in K[Z,]
so that IZ = Ix and hence

—

K[Zn] = imK[Zn)/ I = K

Hence the prounipotent completion of Z,, in this case is the trivial group, ZL(K) = {1} (cf. Example
(iii) above).
7



If char(K) = p divides n, then one can assume® that n = p¢ for some d > 1. As (1 — t)pd =

1—t7 =1 = 0, one has Iﬁd = 0 so that ZL(K) = Z,(K) and hence the prounipotent completion
is given by the following set of group-like elements,

Zn(K) = {t' | 0<i<pl}=~Z.
(v) Examples (ii) and (iii) are special cases of a more general statement [K]: if G is a finitely generated

Abelian group, then

A | Gz K if char(K) =0
G(K) = { G®yzZ, if char(K) = p.

2.6. Profinite completions. Let G be an abstract group and {I} a family of all normal subgroups
I C G of finite index. This family can be made into a partially ordered set with respect to the inclusion. As
I I, € {I} for any I, I, € {I}, this partially ordered set is directed so that {I} gives us an inverse system
of ideals and one can consider the inverse limit,

G :=1lmG/I,
—

which is called the profinite completion of G. For example, Z = Hp Z,.

3. Monoidal categories and monoidal functors

For a category C its class of objects is denoted by Ob(C), and the set of morphisms from an object A
to an object B by Morc(A, B). If Ob(C) is a set, then the category is called small. The composition of
morphisms Mor(A4, B) x Mor(B,C) — Mor(A, C) is denoted by o.

3.1. Monoidal categories (see e.g. [ES]). A category C is called a semigroup category if it is
equipped with a bifunctor

. ®c - CxC — C
A,BeObC) — A®cB e 0bC),

and an isomorphism of trifunctors,

b : (‘®C')®C' N '®C('®C')
Pypce: (A®RcB)®@cC — A®c(B®cCO)

such that the diagram

((A®c B) ®c C) ®c D
(3.1) (A®c B) ®c (C ®c D) (A®c (B®cC)) ®c D
QA,U,CQCD\L i‘PA.u@cc,p

A®c (B®c(C®cD)) A®c ((B®cC)®cD)

1d®@®pB,c,p

commutes for any A, B,C, D € Ob(C).

Commutativity of the diagram (3.1) is called the pentagon aziom. A remarkable fact is that the pentagon
axiom implies commutativity of all similar diagrams in the category S. More precisely, one has

3The prounipotent completion of the cartesian product of two groups is the cartesian product of their prounipotent
completions.
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3.1.1. Mac-Lane cohenerence theorem. Let C be a semigroup category and consider an arbitrary
collection A1,..., A, of objects C. Given any two complete bracketings of the formal expression A1 ®c
®As Q¢ ... ®c Ay, then all isomorphisms from one bracketing to another composed of the associativity
isomorphisms ® and their inverses, are equal to each other.

A semigroup category C is called monodial if it has an object 1¢ (called a unit) together with isomor-
phisms

Aa:lc®c A— A, pAaARclc — A

such that the diagram

Pa,1¢,B

(A Rc ]lc) ®c B A®c (]1(; ®Kc B)

- - >
M Tdora

Awc B
commutes for any A, B € Ob(C).

A monoidal category is called strict if all the isomorphisms ®, A and p are identities.
3.1.2. Symmetric monoidal categories. A monoidal category is called symmetric if it is equipped
with an isomorphism of bifunctors,

(32) fro @ — O
' Bap A®cB — B®cA

such that

(3.3) Bp,aoBap=1d

and the diagram

fa,BecC
A@c (BocO) 222 (Boc C) @c A
(3.4) (A®c B) @c C B @c (C@c A)

P >
(B&c A) @c C 222 B (A®c C)

commutes for any A, B,C € Ob(C).
Commutativity of diagram (3.4) is called the hezagon aziom.

There is a symmetric monoidal analogue of the above Mac Lane coherence theorem which says, that given
any complete bracketings of the formal expressions 4; ®c®A2®c. . .®c Ay and A,(1)Rc®As(2)@c. . -QcAs(n),
o € Sy, then all isomorphisms from one bracketing to another composed of the associativity isomorphisms
®, symmetry isomorphisms 8 and their inverses, are equal to each other.

3.1.3. Braided monoidal categories. A monoidal category is called braided if it is equipped with an
isomorphism of functors (3.2) which makes the diagram (3.4) commutative while its inverse S~ makes a
version of the diagram (3.4) in which the symbols 54 Bgcc, Sa,B and B4 ¢ are replaced with ﬁlgéocc,m ﬂl},lA
and BE}A respectively commutative as well.

Mac Lane type coherence property of a braided monoidal category will be explained below in terms of
the braid groups.

3.2. Examples of monodial categories.



(i) Let Vectx be the category whose objects are vector spaces® over a field K and whose morphisms,
f: A — B, are continuous linear maps. This is a strict symmetric monoidal category with

A ®vecty B := A®g B, the ordinary (completed) tensor product of vector spaces over K,
]]-VectK = K
and the symmetry morphism is given by 54 5(A ®x B) = B ®k A.

(ii) Let Assk be the category of associative algebras (with unit) over a field K. This is a subcategory
of Vectg. Moreover, Assk is a strict symmetric monoidal category with respect to the structures
induced from Vecty.

(iii) Let Hopfk be the category of Hopf algebras over a field K. This a subcategory of Assg which is is
strict symmetric monoidal with respect to the structures induced from Assg.

(iv) Let coAssk be the category of associative coalgebras over a field K. This a subcategory of Vectk
which is is strict symmetric monoidal with respect to the structures induced from Vecty.

(v) Let Liex be the category whose objects are (complete Lie algebras over a field K and whose mor-
phisms, f: g1 — gz, are linear maps preserving Lie brackets, i.e. fo[, ] =[f(-), f(-)]. Thisis a
strict symmetric monoidal category with

g®Liex b = g®bh, the direct sum of vector spaces over K,
nLieK = 07
and the symmetry morphism given by By.5(g®h) =h @ g.

(i-v)" There are obvious dg, that is, differential graded, versions — dgVecty, dgAssy, dgHopfy, dgCoAssy,
dgliex — of all the above symmetric monoidal categories whose objects are dg vector spaces, dg
associative algebras etc.

We often use the following notation. Let V = @;czV? be a Z-graded vector space, then for
any integer k € Z the symbol V[k] stands for the Z-graded vector space with V[k]’ := Vi** and
and s* for the associated isomorphism V — V[k]; for v € V? one denotes |v| := i. For a pair of
Z-graded vector spaces V; and Vs, the symbol Hom;(V7, V3) stands for the space of homogeneous
linear maps of degree i, and Hom(V, V) := @, , Hom; (V1, V2); for example, s* € Hom_x(V, V[k]).
Furthermore, we use the notation @™V for the n-fold symmetric product of the vector space V.

(vi) Let Cat be the category of small categories (with functors as morphisms). This is a strict symmetric
monoidal category with

Ob(C’ @eas C") := OB(C') x OB(C"),
and
Morcrge,.cr (X' x X" Y xY") = Morc/ (X', Y') x Morgn (X", Y").

Its full subcategory consisting of small groupoids (that is, small categories with every morphism
being an isomorphism) is denoted by CatG.

(vii) Let Cat(Vectg) be a category of small K-linear categories, that is, a category of small categories
which satisfy two conditions: (1) morphisms between any pair of objects form a vector space, and
(2) the composition of morphisms is a bilinear map. This is a subcategory of Cat but we make it
into a symmetric monoidal category in a slightly different way:
Ob(C" @cat(vecty) C"') :== Ob(C") x Ob(C"),
and
MOI‘C/

®Cat(VectK)c//(X/ X X”, Y’ x Y”) = Morgr (X/, YI) ®x Morc (X/I, Y”).

4The completed filtered versions of the categories listed below will be denoted by the same kernel symbol, but equipped
with a wide hat, e.g., Vectg, Assgk etc.
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For future reference we denote by Cat(coAssy) the (strict symmetric monoidal) subcategory of
Cat(Vecty) such that the space of morphisms between any two objects is a K-coalgebra, and the
composition is compatible with the coalgebra structures.

(viii) Let Set be the category of sets. This is a strict symmetric monoidal category with

I ®set J := I xJ, the Cartesian product of sets I and J,

lIset := one element set,
and the symmetry morphism given by S4 5(I x J) =J x I.

(ix) Let Group be the subcategory of Set whose objects are groups and homomorphisms as morphisms.
This is a strict symmetric monoidal category with respect to the the Catersian product; the unit
is given by the trivial group 1.

(x) Let Top be the subcategory of Set whose objects are Hausdorff spaces with compactly generated
topology and continuous maps as morphisms. This is a strict symmetric monoidal category with
respect to the structures inherited from Set.

3.3. Monoidal functors. Let (C,®c, 1c) and (D, ®p, 1p) be monoidal categories. A functor F': C —
D is called monoidal if it comes with a morphism 1 : 1p — F(1¢) and a natural transformation

¢: F()eoF() — F(-@c-)
¢ap: F(A)@p F(B) — F(A®cB)

such that the following diagrams,

L r(a),F(B),F(C)

(F(A) @p F(B)) ®p F(C)  ——F(A) @p (F(B)) @b F(C))

¢A,B®1dl l1d®¢5,c
F(A®c B)®p F(C) F(A)®p F(B®c ()
¢A®C3,ci l¢A.B®CC
F((A®c B) &c C) s F(A®c (Bec ()
1o @0 F(4) 2% F(10) @ F(4) F(A) oo 1o "L F(a) @p F(10)
)\F(A)l l@lc,A PF(A)\L lIbA,lc
F(A) 2 p(1c oc 4) F(A) T paoc 1))

commute for any A, B,C € Ob(C).

A functor F' between braided monoidal categories is called braided monoidal if it is monoidal and makes

the diagram

F(A) @p F(B) —~ F(B) ®p F(A)

¢A,Bl ld)B,A

F(A@cB)WF(B@JCA)

commutative for any A, B € Ob(C).
A braided monoidal functor between symmetric monoidal categories is called symmetric monoidal.

3.4. Examples of monoidal functors.

(i) The contravariant functor

Ling : Set —» Vectg
I  — KJ[I] := the space of functions I — K

is symmetric monoidal.

11



(i)

(iii)

(iv)

The (completed) universal enveloping functor,
U: Liek — Hopfg
g — Ul
is symmetric monoidal because U(g @ §) = U(g) ®@x U(h).
Consider a functor,
Ak : CatG — Cat(coAssk)
which is identity on objects I € Ob(CatG),
Ag(I) =1,
and on morphisms it coincides with Ling defined above in (i),
Ag(Morcag (1, J)) = K[Morcatc (1, J)]

where K[Morca(Z,J)] is equipped with the unique coalgebra structure in which all elements f
of Morcat(Z,J) are group-like, A(f) = f ®x f. This functor is symmetric monoidal. Note that
Ak(S,) = K[S,], the group algebra of S,, = Morcag([n], [n]) equipped with its standard coalgebra
structure.

Let (g, [, ]) be a Lie algebra, and C'E,(g) its Chevalley-Filenberg complex (also known as the bar
constriction) which is, by definition, a dg coalgebra

CE*(g) :== ©*(g[1]) = P(@"g[1])s, .
n=0
with the coproduct A : CE*(g) - CE*(g) ®x CE*(g) given by
A:s(x1)®...0s(zy) = Z yUnl2)y @y,
[n]=I1UIy
#11,15>0
where, for a naturally ordered subset I = {i1,... it} of [n], we set

xr=8(xy) ©... 0 s(xs,),

and (—1)7U1:2) is the sign of the permutation [n] — [I; U Iy]. The differential, d : CE*(g) —
CE*(g), is given by

—_—

ds(z1) © ... O s(zy) = Z (—D)"Hs([z,25]) ©8(21) ©... O 8(2i) O ... ©8(zj) O ... O s(wy).

1<i<j<n
As CE*(g@ bh) = CE*(g) ®x CE*(h), the functor

CE®: Lieg — dgCoAssk
g — CE*(g)

is symmetric monoidal.

An associative K-algebra A with unit can be interpreted as a category with one object, o, and with
Mor(e,e) := A. This defines a functor

Assg — Cat(Vectk)

which is symmetric monoidal.

Let I" := [0,1]® C R™ be the n-cube (we set I° to be a point), and X a topological space. A
continuous map f : I — X is called a singular n-cube. A singular cube f is called degenerate if
the function f does not depend on (at least one) one of the n canonical coordinates, (t',t2,..., ")
on I™. Define a Z-graded vector space of (cubical) chains,

Chainse(X) = @ Chains_,(X

12



(vii)

(3.5)

by setting Chains,(X) to be the quotient of the free Abelian group consisting of formal linear
combinations,

Z nifia n; € Z7
i
of non-degenerate singular cubes f; : I™ — X modulo the relation,

f=(=1)foo0,
for any permutation o € §,, acting on the cube as follows,
o: I — I
(tis ey ovtn)  — (to@)rto(@) -« togm))
The differential, 9, on Chainse(X) is defined in the usual way,
0: Chainsy,(X) — Chainsp_1(X)
flr, .o tn) — (OF) (1, tn) =Y (C D) f (b tim1, Oty ooy ) —
=3 (D) (bt Lt t)
The homology of the complex (Chainse(X),d) is denoted by He(X,Z) and is called the singular
(cubical) homology of the topological space X. This homology is equal to the singular simplicial

homology of X (so that at the homology level the adjective cubical can be omitted). For a field K
we denote Chainse(X,K) := Chainse(X) ®z K and its homology by He (X, K).

For any finite collection {X;};c; of topological spaces, there is a product map

®Chains. (X;) — Chains, (H XZ-> ,

iel i€l
which is a natural homomorphism of complexes.
The cubical chains functor
Top — dgVecty
X — Chainse(X,K)
and the associated homology functor

Top — dgVecty
X — HJ.(X,K)

are symmetric monoidal.

A path in a topological space X from a point o € X to a point x; € X is a continuous map
u : [0,1] — X of the unit interval into X with u(0) = 2¢ and u(1) = x1. Let 7(X)(z0,21) stand
for the set of of all homotopy classes of paths in X from zy to x1. There is a natural composition
map’
m(X)(zo, z1) X (X)) (21, 22) — 7(X) (20, 22),

which makes the set of points of X into a category, 7(X), in which the set of morphisms from an
object zp € X to an object x; € X is identified with 7(X)(zg,21). Every such a morphisms is
an isomorphism so that 7(X) is in fact a groupoid called the fundamental groupoid of X. This
construction gives us a monoidal functor,

w: Top — CatG
X — 7n(X).
Note that for any subset A C X one can define a full subcategory of 7(X) whose objects are points
of A; it is denoted by 7 (X, A).

The set 7(X)(zo,x0) =: m1(X,x0) is a group called the fundamental group of X base at xg. If
Top, stands for the category of based topological spaces then 71 gives us a monoidal functor

m:  Top, — Group
(X,ZL’()) — 71'1(X,$0)
13



We shall use below both these functors to construct operads in the categories CatG and Group out
of operads in the categories in Top and Top, respectively.

(viii) Let G be a (discrete) group. For non-empty subsets A, B C G, let
[A,B] = {[a,b] :=aba"'b""' | a € A, be B}
stand for the subgroup of G generated by all commutators of elements of A with elements of B.
Define inductively the descending central series of G as the following series of normal subgroups,
G1:=G 2 Ga=[G,G] 2 G3=[G2,G] 2...2 Gy =[Gp-1,G] 2 Gpi1 =[Gn,G] 2...
and let
0t (G) = G /Gt
be the associated n-th quotient. This is an Abelian group, i.e. a Z-module, so that it makes sense
to define the following positively graded vector space over a field K,

gtk (G) := P gra(G) @2 K,
n=1

The commutator map
[,]: GxG — G
(a,b) —> aba='b71,
induces on gr(G)x a linear skew-symmetric map,
[ ]: A2gw(G) — gwe(G)
which satisfies the Jacobi identity. Hence this construction (which is natural in G) gives us a functor
gt : Group —  Lieg
G — gtk (G)

which is obviously symmetric monoidal. Here gty (G) is the completion, [T, gt,(G) ®z K, of the
filtered Lie algebra grg (G). It is called the (completed) graded Lie algebra of G over K.

3.4.1. A useful fact. Let f : G — H be a morphism of groups, and assume that G is residually
nilpotent, that is, its descending central series satisfies the condition

(Gn=1
i=1
If the associated morphism of graded Lie algebras,
gt?(f) : g¥(G) — g¥(H)
is a monomorphism, then f is a monomorphism [CW].

3.5. Closed symmetric monoidal categories. A symmetric monoidal category C is called closed if
for any object A € Ob(C) the functor

- ®cA C — C
B — DB®cA
has a right adjoint functor,
Homc(A, -) C — C
B — Homc¢(A, B)
which, by definition, is a functor satisfying the condition,
MOrc(B Rc A, C) = N[OI‘(:(B7 HOIIlC(A7 C)),
for any A, B,C € Ob(C). One can show using Yoneda lemma that this condition implies
(3.7) Homc¢ (B ®c A, C) = Home (B, Home (4, C)).

The object Homc(A, B) € Ob(C) is called the internal hom of A and B.
14



The categories Cat, Set and the category of finite-dimensional vector spaces are closed with
Homc (A, B) = Morc(A, B).

4. Operads

We shall mostly use in the subsequent sections the notion of operad at a rather elementary level — at
the level of its basic properties which follow from its definition almost immediately. However, the definition
itself (which is due to P. May [May]) is not, perhaps, very elementary, and we recommend a newcomer to
pay attention not only to the formal definition(s) of operad given below, but also to examples illustrating
that definition. Comprehensive expositions of the theory of operads can be found in the books [LV, MSS].

From now on S stands for the groupoid of finite sets and their bijections. This is a subcategory of Set.

4.1. Basic axioms for operadic compositions. An operad O in a symmetric monoidal category C
is a collection of the following data [T2]:

1) a functor O : S — C (which is often called an S-module);
2) for any finite sets I, J and an element ¢ € I a morphism
(4.1) ol o) @c O(J) — O\ {i} UJ),

natural in 4, I, J (“the insertion of O(J) into the i-th slot of O(I)”), such that the following
associativity conditions hold:

(a) for any finite sets I, J, K and any 1,4 € I, i1 # i, the diagram

ol r\{ 1IUT K
O(I) @c O(J) ®c O(K) o O\ {i1} UJ)@c O(K) *—= O\ {ir,is} UJUK)

Id®ﬁou)ou<)i

oI Kerd of\lig}uk,J

O(I) @c O(K)®c O(J) “— O(I\{is} UK)@c O(J) "—= O\ {i1,is} UK U.J)

commutes;
(b) for any finite sets I, J, K and any ¢ € I and j € J the diagram

I)®c O(J\ {j} UK)

O(I) ®c O(J) ®c O(K O\ {i}UJ\{j}UK)

\( JuJ, K
k

O\ {i} UJ) ®c O(K

comiutes.

Sometimes we abbreviate compositions o 7 to 04

4.2. Axioms for a unit. An operad with unit is, by definition, an operad O equipped with a morphism,
e:lc — Ofe),

for any one-element set {e} which is natural in {e} and makes the following two compositions,

OI) — O(I) ¢ 1c 2% 0(1) wc O(e) 2 0(1),

O(I) — Tc @c O(I) <24 O(e) @c O(T) 225 (1),

into identity maps for any set I and any ¢ € 1.
15



4.2.1. Remark. The skeleton of the groupoid S consists of the sets [n], n > 0 (with [0] := (}). If the
category C admits small colimits (and all categories we work with in this paper do have this property),
then a functor O : S — C is equivalent to a collection of S,,-modules, {O(n) := O([n]},>0, which is often
abbreviated to an S-module in the category C. One can reformulate axioms of an operad in terms of the
S-module {O(n) := O([n]}n>0 and the operadic compositions,

0; : O(n) ®c O(m) — O([n]\ilU[m]) =O0n+m—1), Vm,neN,ié€n],
where one first identifies
[P)\iU[m]={1,2,i—1,i+1,...,n}u{1, 2 ....,m'}
with the linearly ordered set,
{1,2,...,i—1,1,2" ... om/;i+1,...,n},

and then identifies the latter with [n+m—1] ={1,2,...,i—1,4,i+1,...,m+n—1} as linearly ordered sets.
In this way one recovers the original definition of an operad given in [May]. We shall often use this freedom
below to describe an operad either as a functor O : S — C or simply as an S-module {O(n) € Ob(C)}en.

4.2.2. Non-S operads. As noted just above an operad O in a monoidal category C can be defined as
a collection of objects, O = {O(n) € Ob(C)},,>0, such that each objects O(n) carries a representation of S,
and there are equivariant compositions,

0; : O(n) ®c O(m) — O(n+m—1) Vie[n],
which satisfy axioms (a) and (b) in §4.1.

If we forget in the definition above S,, actions on O(n), n > 0, and, correspondingly, omit the equivariance
condition on the compositions o;, then we get a notion of a non-S operad. More precisely, a non-S operad
in a (semigroup) category C is an operad O = {O(n)} in C such that the action of S,, on each object O(n)
is trivial.

4.2.3. Exercise. Let O be an operad in a symmetric monoidal category C and F : C — D a symmetric
monoidal functor to some other category. Show that the data

(i) the S-module structure, FO : S — D, given by the composition S % ch D, and
(ii) the operadic “insertions”,

sh' FO(I) ®c FO(J) — FO(I\ {i} U .J),
given by the compositions

Do (1),0(7)
—

1,7
FO(I) @c FO(J) F(O(I) ©c O(J)) 0 F(O(IN\ {i} UJ)) = FOUI\ {i} U.J),
give us an operad F'O in the symmetric monoidal category D. This fact is of an extreme importance in
applications — starting with a “geometric” operad in the category, say, of topological spaces, and applying
the chain or homology functor one arrives to an operad in the category of vector spaces. This particular
property of operads is another manifestation of the amazing unity of mathematics.

4.2.4. Exercise. Introduce the notion of a morphism, p : O1 — Os, of operads in a symmetric monoidal
category C.

4.2.5. Exercise. Introduce the notion of an ideal Z, of an operad O in the category Vectg and construct
the quotient operad O/T.

4.3. Basic examples. Here we define a few operads which will be used in some constructions below.
4.3.1. Endomorphism operad. Let C be a closed symmetric monoidal category. An arbitrary object
A € Ob(Q) gives rise to an operad End 4 with the S-module,

{Enda(n) := Homc(A%", A)}

[n],[m]

and with the compositions o, given by the isomorphisms (use 3.7)),

Home (A®<H> ®c Homc (A®™, A) @c AS(—i+1), A) =~ Homc (A®(H+m+D) | 4y,

i.e. literally by the substitution of the object Homc(A®™, A) into the i-th input slot of Homc(A®™, A).
16



Let O be an operad in C. An O-algebra structure on an object A is, by definition, a morphism of
operads,

p:O—)EndA,

which is also often called a representation of O in A.

4.3.2. Operad of parenthesized permutations. Consider an S-module in the category Set,

Pa: S — Set
I — Pa(I) := the set of all parenthesized permutations of T

One can equivalently define Pa(I) as

- the set of all monomials built from elements of I using a non-commutative and non-associative
product (using each element of I once),
- the set of all planar binary trees whose legs are labelled by elements of I (using each element once).

J

((ba)(eted)) = 2R

bt /N
c d

For example, for I = {a,b, ¢, d, e},

is an element of Pa(I). The operadic compositions of"] = o; are given by the substitution of a monomial
from Pa(J) into the i-th letter of a monomial Pa(I), e.g. for I = {a,b,c,d,e} and J = {x,y, 2},

((ba)(e(ed)) oc ((zy)z) = ((ba)(e(((zy)2)d)) € Pa({I\ c}UJ)

or simply by grafting the root (which in our pictorial notation grows upward) of a planar binary tree from
Pa(J) into the i-labelled input leg of a tree from Pa(I),

N ! /O\/ >°\
/o\ /o\o O¢ /o\/ \7 = p PR /o\
b a e /\d AR o/o\ Y

N

4.3.3. Exercises. (i) Show that there is a one-to-one correspondence between Morse (X x X, X) and
Pa-algebra structures on X € Ob(Set), that is, representations, p : Pa — Endx, of the operad Pa in a set
X.

(ii) Describe representations of the operad Ling(Pa) in a vector space V, where Ling is a monoidal
functor Set — Vectg defined in §3.4(i).

(iii) Let O7 and O3 be operads in a symmetric monoidal category C. Show that the S-module defined
by,

01®c0y: S —» C
I — 01(1) Rc Og(]),

has an induced operadic structure. The resulting operad O; ®¢ O- is called the tensor product of operads
01 and OQ.

4.3.4. Graphs and rooted trees. A graph with legs (or hairs) is a triple I' = (H(T"), U, 7), where

- H(T) is a finite set whose elements are called half-edges (or flags),
- U is a partition of H(T") into a disjoint union of subsets,

HT)= [ H),
veV(T")
parameterized by a set V(I') which is called the set of vertices of I'; the subset H(v) ¢ H(T) is
called the set of half-edges attached to the vertex v; its cardinality, #H (v), is called the valency of
U’
17



-7 : H(') — H(T) is an involution, that is, a map satisfying the condition 72 = Id. This map
defines a new partition of H(T') into orbits (h,7(h)) C H(T') which in general can have cardinality
two (h # 7(h)) or one (h = 7(h)). Orbits of cardinality 2 are called internal edges or simply edges
of the graph T'; the set of (internal) edges is denoted by E(T"). Orbits of cardinality 1 are called
legs (or hairs); the set of legs is denoted by L(G).

Note that L(T') = () if and only the involution 7 has no fixed points. In this case I' = (H(T,U, 7) is called
simply a graph. We shall study operads of such graphs in §7 below.

It is convenient to think of a graph (with or without legs) I' in terms of its geometric realization which
is a topological space constructed as follows: (i) for each vertex v take #H (v) copies of the interval [0, 1]
labelled by elements of H(v) and glue these intervals at the end-point 0, the result is a topological space
(equipped with the quotient topology from [0, 1]## (”)) which is called the corolla of v; (ii) then consider
a union of all corollas and, for each internal edge (h,7(h)), identify the end-points 1 of the intervals [0, 1]
labelled by h and 7(h).

An isomorphism of graphs with legs ¢ : I'y — I's is a bijection i : H(I'y) — H(I'2) which preserves
partitions Ll; and Us (and hence induces a bijection of the sets of vertices V(I'1) — V(I'3)) and commutes
with involutions, i o 7y = 79 0 ¢ (and hence induces bijections E(I'y) — E(I's) and L(I'1) — L(I'z)). The
associated groupoid of graphs and their isomorphisms is denoted by IsoGraph.

A graph (with legs) is called connected (resp., simply connected) if its geometric realization is a connected
(resp., simply connected) topological space. A connected and simply connected graph is called a tree. A
rooted tree is a tree T with L(T) # () and with one one of the legs, say r € L(T), marked and called the
root. Elements in L(T') \ r are called input legs or leaves of the rooted tree T'; the set of leaves is denoted by
Leaf(T). Each vertex on a geometric realization of a rooted tree is connected to a root by a unique path;
this defines a flow on the tree and hence a partition,

H(v) = In(v)Ur,.

of the set of half-edges at each vertex v into a disjoint union of a unique element r, which lies on the path
from v to the root and the subset of the remaining half-edges, In(v), which are called input (half) edges. By
abuse of language, the cardinality of In(v) is called the valency of a vertex v of a rooted tree T' (which is
equal to the valency of v in T viewed as an unrooted tree minus one). The corolla of a vertex in a rooted
tree can be visualized as follows (with flow directed from bottom to the top)

Let T7 and T5 be rooted trees. An isomorphism of graphs, i : T} — T5, which sends the root of 77 into
the root of T5 is called an isomorphism of rooted trees. The associated groupoid of rooted trees and their
isomorphisms is denoted by IsoTree.

4.3.5. Free operads. Let IsoTree(I) be a category (in fact, a groupid) whose objects are rooted trees
T equipped with an isomorphism Ir : Leaf(T) — I (“labeling of input legs with elements of I”) and
morphisms, f : T} — T3, are isomorphisms of rooted trees which respect the labelings, i.e. satisfy the
condition Iy, = l7, o f. An example of such a morphism is given by the following picture

) A

N

7 v
va va (v1,vg,v3)— (v ,v9,v3) v v
(e12,e13)—(e13,€12)
k1 m n) (k,l,m,n)—(n,m,k,l) k1 m n\

1 2 3 4 3 4 2 1

where V(T') = {v1,vq,v3}, E(T) = {e12,e21} and Leaf(T) = {k,l,m,n}.

Given any S-module £ : S — C in a symmetric monoidal category C (with small colimits) there is an
associated free operad Free(£) which has an obvious universal property. For simplicity, we shall explain the
construction of Free(£) in the case C = Vectg, the general case being essentially the same.
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Given an S-module, £ : S — Vectg, to any I-labelled rooted tree T' € Ob(lsoTree(I)) with, say, n vertices,
one can associate a vector space (“unordered tensor product over the set of vertices of 77),

TE) = Q) En) = B EInym)@...0& (Inyw)

veV(T) p:[n]—=V(T) Sn

(in a general symmetric monoidal category one has to take the equalizer over the set of isomorphisms
[n] — V(T)). It is not hard to see directly from this definition that the association T' — T(£) defines a
functor from the category IsoTree(I) to the category Vecty, and hence it makes sense to consider its colimit

colim T(&),
T€elsoTree(I)

which exists in Vecty. As a vector space this colimit is (non-canonically) isomorphic to the direct sum,

colim T(&) ~ @ T(E)
TelsoTree(l) TeOb(IsoTree(I))/~

where the summation runs over representatives 1" of isomorphism classes of I-labelled rooted trees from the
category IsoTree(I). We use this colimit to define an S-module,

Free(€): S — Vectg

I — Freel&)(I) ::Teclzsgllirreré(I)T<5>,

and notice that it has a natural structure of the operad with respect to graftings of trees and unordered
tensor products. This operad is called the free operad generated by the S-module E.

Elements of Free(€)(I) can be visualized as linear combinations of &-decorated I-labelled rooted trees.
One can represent pictorially such a decorated tree as follows,

J
AN

/NN

where e; are vectors from £(In,,), i = 1,2,3. Such a representation is not unique; for example, isomorphism
(4.2) leads to the identification
o

VARV ANS
AVANRNAVA

where o is the unique non-trivial automorphism of a two element set Iy (say Iy = {e12, e13}, {k,{} or {m,n},
see (4.2)), and o(e;) is the result of an action of this automorphism on the corresponding elements of £(Ip).

Every element in Free(£)(I) is an iterated operadic composition of (isomorphism classes of) the following
basic decorated graphs,

ieEE(I)

called the generating corollas.
4.3.6. Exercises. (i) Show that the operad of parenthesized permutations, Pa, is the free operad in the
category Set generated by the following S-module,

[ Bij(I - [#1)) if #1 =2
£(1) = { 0 otherwise.

where Bij(I — [#I]) is the set of all bijections I — [#I].
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(ii) Show that the operad Ling(Pa) (see § 4.3.3ii) is the free operad in the category Vectyx generated by

the following S-module,
L K[SQ] ifn=2
£(n) := { 0 otherwise.
4.3.7. Operad of little disks. Let
Dyx:={2€C||z—a|l <A}
be the closed disk in C of radius A and with center a € C. The operad of little disks, D = {D(n)}n>1, is an
operad in the category, Top,, of path-connected topological spaces given by the following data,
- D(1) is the point (the unit in D);
- D(n) for n > 2 is the space of configurations of n disjoint closed disks, {Dq, x, }ic[n], lying inside
the standard unital disk, Dy ;.
- the operadic composition, for any k € [n], is given by
o : D(n) x D(m) — D(n+m—1)
{Dai,)\i}ie[n] X {Dbj,ui}ie[m} — {{Dai,)\i}ie[n]\k H{D)\kijrak,)\kuj }jG[m]} .
Put another way, we replace the closed k-th disk D,, », in a configuration from D(n) with the
Ap-rescaled and ay-translated configuration from D(m). °

The homology monoidal functor (see §3.4vi) sends the topological operad D into an operad, He(D),
in the category dgVecty. It was proven by F. Cohen that He(D) is precisely the operad of Gerstenhaber
algebras, i.e. its representations He (D) — Endy in a graded vector space V are equivalent to a Gerstenhaber
algebra © structure on V.

The fundamental groupoid monoidal functor 7 : Top, — CatG (see §3.4vii) sends D into an operad (D)
in the category of groupoids.

4.4. Degree shift functor. Let O be an operad in the category dgVecty. For any integer m one can

uniquely associate to O an operad O{m} with the property that there is a 1-1 correspondence,
reprersentations of O 1:1 reprersentations of O{m}
in a graded vector space V in a graded vector space V[m] [~
From this property one easily reads the structure of O{m} = {O{m}(n)},>1 as an S-module,
O{m}(n) = O(n)[m(1 — n)] @ sgny"™.

where sgn,, is the one-dimensional sign representation S, .

Put another way, O{m} is the tensor product of the operad O and the endomorphism operad Endg|_,

of the 1-dimensional vector space concentrated in degree m.

4.5. Cosimplicial structures on operads. We shall often use below the following observation.
4.5.1. Lemma. Let O = {O(n)}n>1 be an operad in a symmetric monoidal category C. Assume there
is an element e € O(2) satisfying the condition

(4.3) eoje=eoge.

Then the family of maps,

di: O(n) — O(n+1)
eog f fori=20
(1.4 foo— df={ foe jorieln)

eoy f fori=n+1
satisfies the equations
(45) djd7 = didj—l fOT’ any 1< j,
and hence makes the collection O = {O(n)},>1 into a cosimiplicial object in the category C.
5A pictorial description of this composition can be found at http://en.wikipedia.org/wiki/Operad_theory

63ee http://en.wikipedia.org/wiki/Gerstenhaber_algebra for the definition of this notion.
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PRrOOF. Using the second definition of operads in terms of decorated trees, we shall identify elements
e € O(2) and f € O(n) with decorated corollas,

e = 17L\Q =: l/l\z’ f: 12}‘L\\n =: 1/2/1\\7,

Then
l

|
— 4 _ o N
didof =di | (| = N

2 n+1 1 23 n

On the other hand,

l
dodofzdo< 1/1%\ >= 1/22.)\

2 n+1
3 n+2

The condition (4.3) reads /.%\ = l/l;.\ so that we get didof = dodpf for any f € O(n). Similar

pictures establish identities (1152) for all other values of i € [n+1] and j € [n+ 2] with i < j. We leave it to
the reader to draw the details. ]

If O is an operad in the category Vectk, then under the conditions of the above Lemma one can associate
to O a dg vector space,

Simp* (0) := ) O(n)[-n],
n>1
equipped with the differential
d On) — On+1)
o= df =N (Y,
whose cohomology is denoted by HSimp®(Q) and is called the cosimplicial cohomology of O. We shall see

below that, for example, the cosimplicial cohomology of the operad of infinitesimal braids has much to do
with the main topic of these lectures, the Grothendieck-Teichmiiller group.

4.6. Lie algebras associated with operads. Let O = {O(n)},>1 be an operad in the category
dgVecty with operadic compositions o; : O(n) @ O(m) — O(m+mn —1), 1 <i < n. Consider a vector space

o =P o)
n>1
Then the map
BE Otot g Otot . Otot
(a€O(n),be O(m)) — [a,b]:=>" ja0;b— (—1)lell] >itiboia

makes O'" into a dg Lie algebra [KM]. Moreover, the bracket descends to the space of coinvariants (O*)g :=
©D,.>1 O(n)s, making this vector spaces into a dg Lie algebra as well. If char(K) = 0, the space of coinvariants
(O'!)s is isomorphic via the symmetrization map to the space of S-invariants, (0°")° := @, -, O(n)>", so
that one has an induced dg Lie algebra structure on (O**)" with Lie bracket given by the above formula
followed with the symmetrization.

5. Operad of parenthesized braids and GT

5.1. Geometric definition of the braid group. Let C, (C) be the configuration space of pairwise
distinct points in the plane C,
Cn(C) ={(21,22,...,2n) € C| 2 # zj for i # j}.
The group S,, acts on C,(C) by permuting the points,

o: (2’1,22,...,2’”) — (20(1),20(2),...,2’0(”)), oEeS,.
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Let C,,(C)/S,, stand for the associated set of orbits equipped with the quotient topology. Let p, = (2?,...,29)

be any point in C,,(C) (say p, = {(1,2,...,n) € C}) and let p,, be its image under the projection C,,(C) —
Cr(C)/S,.

5.1.1. Definitions. (i) The fundamental group B,, := 71 (Cy(C)/S,, py) is called the group of braids.
(ii) The fundamental group PB,, := m1(C,(C), py)) is called the group of pure braids.

5.1.2. Remark. It is often useful not to distinguish isomorphic groups. As topological spaces C,,(C) and
Cn(C)/S,, are path-connected, the groups 71 (Cy(C),p,) and 71 (Cy(C)/S,, pn) are isomorphic to each for
different choices of base points. Therefore one should view B,, and PB,, as isomorphism classes, 71 (C,,(C)/S,)
and, respectively, 1 (C,,(C)), of the fundamental groups 1 (C,,(C)/S,, o) and, respectively, 71(Cy(C), pr);
this point of view makes the choice of the base points irrelevant.

The projection C,,(C) — C,(C)/S,, is a regular n!l-sheeted covering with S,, acting as covering transfor-
mations. Thus the subgroup PB, C B,, has index n!, and we have a short exact sequence of groups,

1—PB, —B, 28, — 1.
Let b be an element in B,, and o3, := p(b) € S,, the associated permutation. One can visualize an element
b € B, as (an isotopy classes of) n disjoint continuous curves (strands),
si10,1] — Cx[0,1], i=1,2,...,n,

such that

and the composition

proj

[0,1] 2% C x [0,1] [0,1]

is a continuous monotonous function (with flow along the strands running up). For example,

1 2 1 2 3

represent braids by € Bs, V' € B3 with o3, = (12) and o = ( ;) ? g ), while

For example, b” = (by)2.

5.1.3. Remark. B, is the free group on one generator by, i.e. there is an isomorphism of groups Z — Bo
which sends n into b7. Similarly, PBy is the free group on one generator b?, i.e. its every element is of
the form 2" for some uniquely defined n € Z. If K is a field of characteristic zero, then the prounipotent
completions, By (K) and @Q(K), of these groups coincide with {62 | € K} ~ K = F,(K), the prounipotent
completion of the free group in one generator.
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5.2. Algebraic definition of the (pure) braid group. According to M. Artin, the braid group B,
can be identified with a group of finite type with generators,

TR
i y
and (so called braid) relations,
bib; = b;b; for|i—j|>1,
bibiy1b; = big1bibii1.

Hence the prounipotent completion I/B\ﬁn(K) of B,, over a field K can be identified (see §2.1.1i) with exp b,
where b is the quotient of the completed free Lie algebra lie,, on letters {;}1<i<n with respect to the Lie
ideal generated by the following formal power series of Lie words,

log(eee e ™) = 0 forl|i—j|>1,

log(e’w eVitleVip™ Yitl o™ Vi Vitl ) = 0.

Note that the permutation group S, is a group of finite type with generators o; = (i(i+1)) and relations

2
oy =1
oi0; = ojo0; forl|i—j|>1,
0i0i4+105 = O0i4+10;0i41-

Hence the projection p : B,, — S,, is given on generators by b; — ;.

According to W. Burau and A. A. Markov, the pure braid group PB,, can be identified with a group of
finite type with generators, {x;; }1<i<j<n, where

55 = (bj—1bjz -+ bip1)b (bj—1bj_a - biy1) ",

and relations,

TijTp = Tpwgy; for 1<j<k<l and i<k<l<}y,
TijTikTir = TiTp®y; for 1< j <k
TikTikTi; = TjpTii%ige for i <j<k
xikxjklex;kl = mjkleac;klxik for i<j<k<l

Hence its prounipotent completion ]I/”D\Bn can be described via the construction in §2.1.1(i) (see Exercise 6.1.4
below).
5.2.1. Exercise. (i) Show that (b1b2)® = (bab1)3.

(ii) Show that the element (b1b2)? lies in PB3 C B3 and is central both in PB3 and in Bj.
(iii) Show that
bobiby ' = (b1b)’b1 %052, (babr)b3(boby) ™" = b7,  (bababy)? = (babibs)? = (b1ba)?

in Bg.

5.3. Pure braids and semidirect products of free groups. For n > 1, the “forgetful” map
I Cn+1(C) — Cn(C)
(21, -y 2n+1) — (21,--+,2n)
is a locally trivial fiber bundle [FV]. Its fiber is isomorphic to C\ {z1,..., 2, } whose first homotopy group
is the free group F,, on n generators while the second homotopy group is trivial, mo(C\ {z1,...,2,},%) = L.

We can choose base points p,, in C,,(C), n > 1, such that f(pn+1) = pn. Hence the associated long exact
sequence of homotopy groups reads,

1 — 7T2(Cn+1((c)apn+1) — WQ(On((C)apn) — Fn — 7T1(Cn+1((c)7pn+1) — 7Tl(c(n((c)ypn) — 1a n Z 1.
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As 79 (C5(C),p2) = m2(C, p1) = 1, one obtains by induction that mo(Cy,(C),p,) = 1 for all n, and hence one
gets an exact sequence of groups,

11— F, —PB,;; — PB, — 1.

This exact sequence splits as the fiber bundle f : C,,+1(C) — C,(C) admits a cross-section,

S Cn((C) — Cn+1((C)
(z1,-y2n) — (21, 2,21+ oo+ |zn] + 1).

Hence we proved the following
5.3.1. Theorem. For anyn > 1 one has

PB,+1 = F,xPB,
= Fn><1 (Fn—l ><1...><1(F3><1 (FQXFl)))
5.3.2. Lemma. Every element of PB3 can be uniquely represented as f(b%,b3)(b1b2)3" for some n € Z
and some element f(x,y) in the free group Fy on the generators x and y.
PrRoOOF. The group PBg3 is generated by x12 = b%, Toz = b% and x13 = bgb%bgl, or, equivalently, by b%,
b3 and
21323712 = babTbob] = (baby)® = (b1b2)?,

where we used the braid relations bibob; = babiby in Bsg. As (b1b2)3 is central in PBs and there are no
relations between the generators b? and b3, the result follows. (]

5.3.3. Corollary. PB3 = F; X Z.

This corollary can be seen also from the fact that the fibration C3(C) — C5(C) is trivial.

If K is a field of characteristic zero, then @3 (K) = E(K) x K, with E(K) generated by [b2]M [b3]*2,
and the factor K corresponding to [(b1b2)3]*, A; € K, i = 1,2,3. On the contrary, Bs(K) is a much simpler
group.

5.3.4. Proposition. If char(K) = 0, then Bs(K) ~ F}(K) ~ K.

PROOF. Set ¢ := (b1by)3. As it is a central element in By, ¢* commutes with any element in B3 (K) for
any A € K. Using the last equality in §5.2.1(iii), we obtain

biboby = bobiby = ¢* in Bs(K)
so that biby = bglc%, b;lc%bl = 0%7 and hence by = by = ¢5 in @S(K) O
5.3.5. Corollary. Let char(K) = 0. The injection PB3 — Bs induces a surjection E/D@g(K) — @S(K)
whose kernel is the prounipotent completion of the free group gemerated by by = 0’1/31)3 and by := c’1/3b§.
5.4. Non-S operad of pure braids. Consider a collection of groups,
PB := {m(Cr(C)) ~ PB,}.

Recall that 71 (C),(C)) stands for the isomorphism class of the fundamental group 71 (C,,(C), p,,) defined for
a particular choice of the base point p,; as Cy, (C) is path connected, the class 71 (C),(C)) does not depend on
such a choice. The collection PB can be made into a non-S operad with respect to the operadic composition,

oi: PB, x PB, — PBpim_1 Vn,m€N,ic [n]
(b/, b//) N Y o; !

which is defined by replacing the i-labelled strand in " by the braid b’ made very thin.
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5.4.1. Cosimplicial structure on PB. Let e be the identity element in the group PB(2) = PB5. Then
it satisfies the condition
eoje=coge

and hence gives rise to a pre-cosimplicial structure,

d; : PB,, — PB,,4+1, ¢=0,1,...,n+1,
on the collection PB = {PB,, },,>1 given by the explicit formulae in (4.4). For example, one has in PBs,
(5.1) do(b7) = (b2)?,  di(b]) = (b2b1)?,  da(bT) = (bab2)?,  d3(b7) = (b1)*.
In fact, this structure can be completed to a cosimplicial structure on PB by defining the operators

s; : PByy1 — PB,, i=1,2,...,n+1,

where s; erases the strand labelled by <.

5.5. An operad of parenthesized braids. If we were able to make the operad of little disks D into
an operad in the category of based topological spaces, then, by applying the monoidal functor (3.6), we
would have obtained an operad 71 (D) in the category of groups. However this is impossible as there is no
S, invariant configuration of little disks in D(n) for every n > 2.

The fundamental groupoid functor (3.5) applied to D gives us an operad in the category of groupoids,
CatG, with nontrivial action of permutations groups as endofunctors, o : 7(D)(n) = 7(D)(n), o0 € S,, n > 1.
However this operad is too big for our purposes, the category 7(D)(n) has too many objects (which are
points in D(n)). Let us construct by induction a “smallest possible” non-trivial suboperad, PaB3, of the
operad 7(D) such that PaB(n) is a full subcategory of m(D)(n) for each n > 1:

n=1 : Set PaB(1) to a full subcategory of 7(D)(1) which has only one object, the configuration Dy ; €
7(D)(1) (which is the unit in the operad D).

n =2 : Let 1 be any configuration of little disks in D(2), that is, a pair of disjoint disks inside the unit
disk labeled by 1 and 2, and set 2 := (1), where 0 = (12) € Sy. Set Pal3(2) be the full subcategory
of m(D)(2) whose only objects are 1 and 2; the Sy action on 7(D)(2) leaves the subcategory PaBB(2)
invariant. It is useful to identify Ob(PaBB(2)) with Pa(2), the set of two planar binary corollas,

b 2= 4

BN N
1 2 2 1

1

n=3: Let o; : D(2) x D(2) — D(3), i = {1,2}, be the operadic compositions in D(n). Set Pal3(3)
be the full subcategory of 7(D)(3) whose only objects are p o; q, where p,q € {1,2}. It is clear
that the set Ob(Pal3(3)) can be identified with Pa(3), the set of parenthesized permutations of
[3] ={1,2,3} (see §4.3.2), or, equivalently, the set of [3]-labelled planar binary trees,

1oy1=(12)3, 1lo,1=1(23), 1o0;2=(21)3, 20,2 =3(21), etc.
n >3 : Let Ob(PaB3) be the suboperad of Ob(7(D)) (in the category of sets) generated by the S-module
E = {E(n)}, where

Ob(PG,B(l)) = Do71 for n = 1,
E(n):=< Ob(PaB(2)) ={1,2} forn=2,
0 for n > 2

It can be identified with the operad Pa.
Let now PaBB(n) be the full subcategory of the category m(D(n)). By construction, the collection of groupoids,

PaB = {PaB(n)}n>1,

is a suboperad of n(D). It was first introduced by D. Bar-Natan [B-N]. The idea to use the language
of operads in D. Bar-Natan’s approach to Drinfeld associators and the Grothendieck-Teichmiiller group is
due to Tamarkin [T2] (see also the works of P. Severa and T. Willwacher [Se, SW]). This idea makes D.
Bar-Natan’s story short and transparent.
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One can equivalently describe the underlying S-module of the operad Pal3 as functor,

PaB: S — CatG

B objects, Ob(PaB(I))
I — PaB(l) = { sets of morphisms, {Mor(A;s, Br)}a,,B,cobPaB(1))

where PaBB(I) is the category given by the following data:

(i) the objects are parenthesized permutations of the set I, or, equivalently, planar I-labelled binary
trees equipped with the operadic structure explained in §4.3.2; put another way, the “object” part
of the operadic structure is given by the functor

Pa: S — Set
I — Pa(l)=: Ob(PaB(I))

(ii) for any two objects Ar and By in Ob(PalB3(I)), that is, for any two parenthesized permutations
of the set I, the associated set of morphisms, Mor(A([I), B(I)), is defined to be the set of braids
whose strands connect the same elements of I (and hence have a non-ambiguous I-labelling). For
example,

2 1 o2 3

Pr,2 = % € Mor (12,21), Ly23:=

1 2 (1 2) 3

€ Mor ((12)3), 1(23))

The operadic composition b’ o; b on morphisms is defined by replacing the i-labelled strand of the
braid o' with the braid b” made thin.
5.5.1. Exercise. Show that the operad PaB3 is generated (via operadic and categorical compositions)
by the elements f; 2, 1; 2,3 and their inverses.
2 3 1

N\
Find an explicit expression for the element X\ € Mor (1(23), (23)1) in terms of the generators See

12 3
and 1q .

5.5.2. A family of functors on PaB3. Let 115 be the identity element in Mor(12,12),

1 2

]].12 =

and, for any n € N>, define a family of functors,
d; : PaB(n) — PaB(n+1), i=0,1,...,n,n+1,
as follows:

(i) on objects (i.e. on parenthesized permutations of [n]), one has

d;: Ob(PaB(n)) — Ob(PaB(n + 1))
(12) 0o A, fori =10
A, — d;jAp = Ano0;(12)  fori € [n]

(12)01 A4,, fori=n+1

(ii) on morphisms (i.e. on braids connecting the same elements in a pair of parenthesized permutations),

one has
d;: Mor(A,,B,) — Mor(d; Ay, d; By,)
]11,2 O9g fn fori=0
fn — difn = fn 0, ]]_1’2 fori e [n]

]11}201 fn forz:n—i—l

Note that in the operad Ob(PaB),
(12) 01 (12) # (12) o5 (12)
so that the functors d; do not make the collection of groupoids {PaB3(n)},>1 into a (pre)cosimplicial object
in the category of small categories. However these functors will be very useful for us below for the the
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following reason. Let O be an operad in the category of small categories with same set of objects as in
PaB. Let 1; 2 be the identity morphism from (12) to (12) in the category O(2). Then the formulae formally
identical to the ones above give us a family of functors, d; : O(n) — O(n + 1); moreover, any morphism of
operads F' : PaB — O respects these functors, i.e.

dioF(n)=F(n+1)od,

for any n € N and any ¢ € {0,1,...n+ 1}.

5.5.3. Remark. The non-S operad PB also has a presimplicial structure given formally by the same
formulae as above.
5.5.4. Pentagon equation. Consider the elements

1Y) t2E 4 13 9
dolly 23 = , dilipz = ,  dollyp3 = )
1 ((23) 4) ((12) 3) 4 (1 (2 3)) 4
1(23) 4) (13 4
dslli o3 = ; dally 93 = )

(1 2) (3 4) ((12) 3) 4

and check that they satisfy the pentagon equation (cf. (3.1))
(5.2) dillyp30d3ll1 23 =dsllip30dll1230dpl123

Here o denotes the categorical (rather than operadic) composition of morphisms.

Following a long tradition (see, e.g., [Dr2, ES]), the elements dol1 23, dill1,23, dil1 23, dsli 23 and
d41; 23 should have been denoted, respectively, by 1234, 11234, 11234, 11234 and 1723 so that the
pentagon equation takes a familiar form (cf. equation (17.2) in the book [ES])

11234011234 =1123011923401.534.

However, we shall mostly stick to the cosimplicial notation in this survey.
5.5.5. Hexagon equations. One has in PaB3(3),

1 (3 2) 2 1) 3

12 3) a

dofr,2 =

, diBr12 = \/\

a2

a 2
3

The permutation group S,, acts on PaBB(n) by relabelling of strands, for example,

13 2 3 (1 2) 3 1) 2

o (23)0(d3Bi2) = \/\

(1 3 2 3 1 2 a 3) 2

(23)1103 =1132= , (123)li 03 =1312=

It is easy to see that the generators satisfy the following hexagon equation in Pal3(3),
(5.3) diBr2=1123 o doBi © ((23)']11_,;3) o (23)d3f12 o (123)11,23.

Studying analogously

2 1

5;% = (12)'5i§ == ((12) - 51,2)71 = >\/ € Mor (12,21)

1 2

we get a second hexagon equation,
(5.4) dlﬁ;j =1y23 © doﬁii o ((23)~]11_é73) o (23)-d3ﬁ2_j o (123)11,2,3.

for the generators /31 2 and 1,2 3 of the operad PalB3.
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5.5.6. Theorem. Let O be an operad in the small category of groupoids with same set of objects as in
PaB. There is a one-to-one correspondence between morphisms of operads,

F:PaB — O,
which are identical on objects, and elements F(f12) € Morp(12,21) and F(1123) € Morp((12)3,1(23)),
which satisfy the pentagon equation,
(5.5) diF(ly23) 0dsF (11 23) = dsF(l123) 0daF(1123) 0doF(11,23)
and the hexagon equations,
(5.6) diF(B12) = F(L123) o doF(B12) o (23 F(l12,3)") o (@3)0d3F(B1,2) o (321)F(1123),

(5.7) diF(Bo1) ' = F(1123) o do(F(B2,1)7") o (@3 F(L123)7") o (239d3(F(B2,1)"") o 321)0F(L103).

PROOF. As PaB is generated by f1 2 and 1; 3, any morphism of operads F' : PaB — O is uniquely
determined by its values on the generators which must satisfy the equations obtained by applying F' to (5.2),
(5.3) and (5.4).

The reverse statement follows from the Mac Lane coherence theorem for braided monoidal categories,
i.e. from the fact that all the relations between iterations (via operadic and categorial compositions) of the
generators follow from (5.2), (5.3) and (5.4). O

5.6. D. Bar-Natan’s operad ﬁa\BK. Applying the functor Ak (see §3.4(iii)) to the operad PalBB we
get an operad,
PaBg = AK('PCLB),
in the symmetric monoidal category Cat(coAssk). For any finite set I the objects, Ay, of the category PaBy (1)
are the same as objects of Pal3, that is, the parenthesized permutations of the set I, while morphisms are
formal K-linear combinations of braids,

Morpas, (A1, Br) = {Z Aifi |Ni €C, fi € MOTPaB(AhBI)} ;

which connect the same letters in the words Ay and B;. The coproduct structure on morphisms is uniquely
defined by the condition that all f; are group-like.

Every operad O in Cat(coAssk), in particular PaBg, comes equipped with a diagonal morphism of
operads,

(5.8) A:0—0®0,
which is given on objects A; € Ob(O(I)) by
A(Ap) = A x Ag,
and on morphisms A is given by the above coproduct in Morp (Ag, By).

Let us define one more operad in this category,
Pag : S — Cat(coAssk),

whose objects are, by definition, identical to objects of the operad Pa (and hence of PaByk) and whose
morphisms spaces, Morpg, (A5, Br), are identified with K equipped with the coproduct A(1) := 1 ® 1.
Speaking plainly, Pak is the operad PaBg with “braiding” on morphisms forgotten.

There is a augmentation morphism of operads (cf. §2.4),
¢: PaBx — Pax,
which is identical on objects, and is given on morphisms by the formula,
e: Morpus, (A1, Br) — Morpe,(Ar, Br)
i — OIPY
The kernel, Tx := Kere is an operadic ideal in PaBg. One can define its power, Zg', m > 1, which is a

suboperad of Zg with the same objects as in Zxg but with morphisms given by the categorical composition
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of at least m morphisms from Zg. In this way we get a family of ideals, {Zj" },,>1, of the operad PaBk, and
hence an associated inverse system of operads in the category Cat(coAssk),

.. — PaBY — PaBIY — . — PaBY — PaBY,
where ’PaB]gn) is the quotient operad PaBg /Iﬂ’gﬂ, m > 0. The inverse limit,

PaBy = lim PaBH(gm).
—
is an operad in the category a(coAssK).

5.7. Grothendieck-Teichmiiller group ﬁ(K) The group of those automorphisms of the operad
’P/a\BK which are identical on objects is called the Grothendieck-Teichmiiller group and is denoted by @(K)
or simply by GT or even GT.7

A similar group of automorphisms of ’PaB]%m) is denoted by GT(™ (K). The group @(K) coincides with
the inverse limit {iﬂlGT (M) (K).

Let us next characterize elements of @(K) as solutions of certain explicit algebraic equations. This
characterization proves that the above operadic definition of éT(K) coincides with the one given by V.
Drinfeld in his original paper [Dr2].

5.7.1. Theorem [Dr2]. Let ﬁg (K) be the pro-unipotent completion of the free group in two variables x
and y. There is a one-to-one correspondence between elements of ET(K) and pairs,

(f € Fy(K),\ € K*) ,

which satisfy the following equations,

(5.9) flz,y) = fly,z)7,

(5.10) f(xs,x1)al f(wa, x3)ah f(x1,x2)x) =1 for zimexs =1 and p:= %,

and

(5.11) f (@12, 23w24) f (13723, ¥34) = f(w23,34) f(T12713, T23w34) f (@12, T23) in I51\554(K)~

The multiplication law in (/}'T(K) is given by,
(A1, f1) (A2, f2) = (A1 Ag, f2(f1(ff7y)xAlfl(ff?y)_l?y’\l)fl(xay))

PRrOOF. By Theorem 5.5.6, every automorphism F' of PaB is uniquely determined by its values on the
generators 12 and 1; 2 3 so that we have only to check that these values satisfy pentagon equation (5.5),

two hexagon equations (5.6) and (5.7), and that F' sends group-like elements in PaB to group-like elements
with respect to the diagonal A. The latter condition is equivalent to saying that F(51,2) and F(1;23) are
group-like in Mor 5 (12,21) and Mor 5—((12)3,1(23)). Hence
F(f12)0 ﬁf% is grouplike in the coalgebra Mor s (12,12)
and
F(1123)0 ]11_573 is grouplike in the coalgebra Mors—.((12)3,1(23))

which in turn imply (see §§5.3.3 and 5.1.3) that
F(Br2) 0 By = [B7 2" € PBy(K)
for some p € K with p # —1 (as otherwise F would not be invertible), and
F(liaa) o 1yhs = f(b3, b)[(bab2)”)" € PBa(K)

"Since we understand 75(-1\23’]]( as an operad in E;(co/—\ss]K)7 it is tacitly assumed that its every automorphism respects the
diagonal A.
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for some f(z,y) € F\Q(K) and some n € K. Here b? and b stand for the renormalized generators (cf. §5.3.5),
b? = ¢ 1/3p2, b2 =32,

and b?, b3 and ¢ := (b1by)? are the grouplike elements of Mor 5-5((12)3,(12)3) obtained from the corresponding

braids in PB3 by attaching strands’ inputs and outputs to one and the same object (12)3, for example,

¢ 2) 3 (12) 3 1(2 3)

N N N
by = ) =ds(B7,), b3:= ) =1li230 ) olyhg=1T1230do(Biy) 0115y
N N \3)

a 23 a2 3 1

Using (2.4) we obtain

doF(B12) = do([Bia)" 0 Br2)
dO([ﬁf,z]u) © do(ﬁl,z)
= 115,3 o [b3]* 0 11,23 0 doB 2
so that
F(ly23) o doF'(B12) = [f(b%, b%)(bg)ucwr%"} oly,230doS,2.
Denoting
L@ 3 1 <3\ 2) a3 2 ¢ 3)\ 2
g=11230dyf120 (23)]1f7%,3 = o / o = /
(1 2 3 1@ \m 132 (1 2) \3

we obtain, using the results of §5.2.1,
-1 _ -1
go[(23rf(b3,b7)] " 0g™" = f(go(2mbiogTt,go(2biog™!)
= f(b3, b by %)
so that the product of the first three terms on the r.h.s. of (5.6) now reads,

1

F(lis) © doF(Br2) o ((299F(L1o) ™) = | F(63,b3)(63)" £ (b3, b7 2b52) et o g.

Next we have,

1 1

go (231b]* 0 g o go(23)dsfraog”
(62652 c#] 0 g o (25)dyBrp 097",

go(239d3F(Br2)0g"

and hence
F(li23) o doF(B12)0 ((23F(L1,2,3)7") o (23ydsF(B1,2) =
— [ 7063, 63)(63) £ (63, 7265 ) (b7 2b3%) ¥ o .

where
3 1) 2

\
h:=go(23)dsfr2 = \ =dif120 (123)'ﬂi§,3‘
A

¢ 2) 3
As (bab1)(b2)(baby) ™" = by 2b; 2 and (baby)(b2)(boby)~! = b? in Bs(K), we have
ho (1230 F (11 23) o h™' = [f(b?,b;*by?)] o ho (123)11930h "
and hence
r.hs. of (5.6) = [f(bg, b3)(b3)" f (b3, by ?b52) ! (b1 by %) £ (b7, by 2by 2)c" 54| 0 ho (123111 2,3

On the other hand, one has d1b? = bab?by = (b1b2)?b7 % = ¢*/3b; % in Bs(K), and hence

Lh.s. of (5.6) = dy F(B1.2) = [c3*(b72)*] o ho (123)11 235.
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Therefore, the first hexagon equation (5.6) is equivalent to the following equation in @3 (K),
J(63,b2)(63)" F(b3, by 2b5 %)~ (b7 2b32)" f (b3, by 2b32)(b2)c = 1

Hence 1 = 0 and the element f(z,y) € 2 (K) satisfies the equation

(5.12) flas, w1)ah f(ws, 02) " ah f(wr, 22)a =1

for 1z9x3 = 1. Studying similarly the second hexagon equation (5.7), one obtains (using identities by lb%bg =
by 2b7 2, (biba) ' (b2)(b1b2) = by ?by? and (by1by) ' (b3)(b1ba) = b?) the following equation,

(bT) ™ f(b3, b7)(b3) ™ f(b3, by by ) ™ (b3 *b %) T f (b, by *b7 %) = 1
which says that f(z,y) € E(K) satisfies

(5.13) flag, mo) ™ ah far, mo)al f (a1, 23) o = 1.
for x1xox3 = 1.
Equations (5.12) and (5.13) imply the first two claims, (5.9) and (5.10), of the Theorem.

Note that relation between the generators z;; of PB,, are invariant under their renormalizations, x;; —
cMiz;j, by powers of the central element ¢ = (biby---b,)". Therefore, when computing d;(f(b3,b?)), i =
0,1,2,3, in (5.5) we can replace b? and b with b3 and b3. As one has in PB4

di(b3) = z34, di(b]) = 213203, d3(b3) = w3704, d3(b) = 712,
the Lh.s. of the “pentagon” equation (5.5) reads,
diF(1123) odsF(1123) = f(w34, T13%23) f (223724, T12)-
Continuing in the same way we conclude that (5.5) is equivalent to the following equality in PB4 (K),

f($347 :L‘13{)323>f($23$247 -T12) = f($237 $12)f($24'r347 x12$13)f($347 1‘23).

Taking inverses of both sides and using (5.9) we obtain from the latter equation the third claim, equation
(5.11), of the Theorem.

The final claim about the formula for the group multiplication in GT(K) is left as an exercise. O

5.7.2. Definition. There is a surjection of groups,

GT(K) — K*
(LN — A

Its kernel is a subgroup of ﬁ(K) often denoted by GT', (K).

5.8. H. Furusho’s Theorem. A remarkable result of H. Furusho [Ful] gives us a much shorter alge-
braic characterization of elements of the Grothendieck-Teichmiiller group than the one given in the above
Theorem 5.7.1: the pentagon equation (5.11) often implies in the hexagon equations (5.9) and (5.10). More
precisely, one has

5.8.1. Theorem [Ful]. Let K be a field of characteristic 0 and K be its algebraic closure. Suppose that
an element f = f(z,y) € ﬁQ(K) satisfies Drinfeld’s pentagon equation (5.11). Then there exists an element
A € K (which is unique up to a sign) such that the pair (X, f) satisfies hevagon equations (5.9) and (5.10).
Moreover, this X is equal to £+/24co(f) + 1, where ca(f) stands for the coefficient of XY in the formal power
series f(eX,eY).

Therefore, the group @(K) can be identified with the set of pairs (f = f(z,y) €
F5(K), £4/24c2(f) + 1) € K\ 0), where f is a solution of Drinfeld’s pentagon equation with ca(f) # — ;.
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6. Infinitesimal braids, GRT} and associators

6.1. Graded Lie algebra of PB,. Let gtx be the functor associating to a discrete group
the graded Lie algebra obtained from the descending central series of that group (see §3.4(viii)
for details). It was proven in [Ko] that grg(PB,) can be identified with the quotient of the free
Lie algebra lie,,(,_1)/2 generated by the symbols {tij = tji}1<i<j<n modulo the ideal generated by
relations,

[tijs ] = 0 if ##{i, 5.k, 1} = 4
[tij,tie +teg) = 0 if ##{i, 5, k} =3

The Lie algebra t,, = gtg (PB,,) is called the Lie algebra of infinitesimal braids. This is a filtered
Lie algebra whose completion is denoted by t, (which is equal, of course, to grg (PB,,)).
6.1.1. Lemma. The element ¢, := EK]- t;j is central in t,.
PROOF. [ti]', Cn] = Z [tij, tir + tjk] =0. OJ
ki j

6.1.2. Lemma. (i) The Lie subalgebra of t, generated by t;; with i,j € [n—1] can be identified
with tn—l'

(ii) The Lie subalgebra of t, generated by ti n,ti s ..., th—1,n s a Lie ideal and can be identified
with the free Lie algebra lie,.

(iii) There exists an isomorphism of Lie algebras,

t, ~t,—1 D le,.

The statement (i) is obvious. The statement (ii) follows from the fact that, for any 4, j, k € [n—1],
i # j, one has

[t ten] = 0 ifk#i,k#j
GRE T i tyn) if k=
We skip the proof of (iii).
6.1.3. Corollary. There is an isomorphism of Lie algebras,

t3 = Keg & lieo,

where Keg is the Abelian Lie algebra generated by c3 = t1o +1t13+to3, and lies is the free Lie algebra
generated by ti3 and tog (or, equivalently, by t12 and tas).

6.1.4. Exercise. As PB,, is a group of finite type, its prounipotent completion IP/)IE%n(K) over a
field K can be identified with the group exp(@n(K)), where the complete Lie algebra EEH(K) is the

quotient of the free Lie algebra lie,,,_1)/2 on letters {7;;}1<i<j<n modulo the ideal generated by
following formal power series of Lie words,

log (e%jeme_%je_%l) = 0 for 1<j<k<l and i<k<l<j,

log (e“ﬁj eYik ik g~ Vik o ~Vik o~ Vij )

log (Y eYikelite Vike Tike itelike™Vik) = 0 for i<j<k<L

= 0 for i<j<k
log (eMikelikeliie Nike ™ Viy ™) = 0 for i<j<k

The Lie algebra Eﬁn (K) has a natural filtration,

pb,,(K) = Fi(pb,,(K)) D Fa(pb,(K)) D ... D Fp(pb,(K)) D Fpr1(pb,(K) O ...,
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where Fp(EEn (K)) is the Lie subalgebra generated by Lie words with at at least p letters. Let

— 00 Fp /En K
gr(pb, (K)) := Ulzw

be the associated graded Lie algebra, and let [7;;] be the image of the generators under the projection
gr(pby,(K)) = pby, (K).
Show that the association t;; — [7;;] induces an isomorphism of Lie algebras,

oty — gr(pb, (K))

6.2. Operadic structure on Lie algebras of infinitesimal braids [T2]. Consider a func-
tor from the groupoid of finite sets to the category of Lie algebras,

t: S — LieK
I — (1)

where t(I) is the Lie algebra of infinitesimal braids on the set I, that is, the quotient of the free
Lie algebra generated by symbols t;; = tj;, ¢,5 € I, i # j, modulo the Lie ideal generated by
the relations [t;;, 1] = 0 whenever i, 7, k,[ are four different elements of I, and [t;;,ti, + tjr] = 0
whenever i, j, k are three different elements. We set (1) = 0 if cardinality of I is 1.

6.2.1. Exercises. (i) Show that for any injective morphism of sets f : I — J there is an
associated push-forward homomorphism of Lie algebras

fo: t(I) — t(J)
iy — ftiy) = traype)
(ii) Show that for any morphism of sets f : I — J there is an associated pull-back Lie algebra
homomorphism

e tJ) — t(I)
tag — f*(tag) = Z tij.
i,€I
fli)=a,f(j)=8
(iii) Let
NNy

be a sequence of sets and their morphisms such that Im f o g consists of at most one element. Show
that the Lie subalgebras f.(I), g*(K) C t(J) satisfy

[f(1), 9" (K)] = 0.

6.2.2. Lemma. The S-module t is an operad in the category Lieg with respect to the composition
which is given on the generators as follows,

o’ D @t(J) — I\ kuJ) VI, J, kel
(0,ta5) — lag Va,peJ
ti; if i,5€el \ k
(tij,0) — .
ZpEJ tjp if 1 ==k.

ProOF. Consider the maps of sets,
f:J — I\kUJ

p — f(p):=p
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and
g: I\kuUJ — I

x — g(x):=
k if z=peJ

with f being an injection, and Im f o g being an subset of I of cardinality 1. Then the operadic

composition oi"] can be identified with the map f, ® g*. Hence the Exercises just above imply that
1,J
O

k
ol
k

i if x=iel\k

is a Lie algebra homomorphism. We leave it to the reader to check that the homomorphisms
satisfy the axioms of a (non-unital) operad. O

The S-module t of completed Lie algebras of infinitesimal braids is, of course, also an operad
on the category Liek.

6.2.3. Exercise. Check that the operadic composition

09 : t(3) ®t(3) — t(5)
([t12,t23], [t13,t23]) — [t12,123] 02 [t13,t23]
gives
[t12,t23] 02 [t13, t23] = [t12 + 13 + t14, tos + t35 + tas] + [to4, t34]

6.3. Cosimplicial complex of the operad of infinitesimal braids. Let e := 0 be the zero

element in t(2). It obviously satisfies the equation (4.3) and hence makes by Lemma §4.5.1 the

collection t = {t(n)}>; into the cosimplicial object in the category Liex. The cohomology of the
associated cosimplicial dg Lie algebra,

Simp*(t) = [P tal2—n],.d=> (-1)d; |,

n>1 i

was studied by Thomas Willwacher in his breakthrough paper [W1]. Its relation to the
Grothendieck-Teichmiiller group is discussed below.

6.4. Operad of chord diagrams. Applying the universal enveloping monoidal functor U :
Liex — Hopfix we get an operad
CDx :=U(t) = {CDxk(n) :=U(t(n))}

called in [B-N] the operad of chord diagrams because its elements, say, elements of CDk(n), can
be pictorially presented as a collection of chords on n vertical strands (labelled by 1,2,...,n from

left to right) e.g.
CDK(?)) S tostia HT—H

As an associative algebra CDk(n), n > 2, is the quotient of the free non-commutative algebra
generated by symbols t;; = tj, i # j i,j € [n], modulo the ideal generated by the relations
[tij tie] = 0 if #{4,7,k,1} = 4 and [t, tar + tr;] = 0 if #{4,j,k} = 3. The coproduct in CDk(n) is
given on the generators as follows,
Alty) =10t +t; ® 1.
The operadic structure in CDk is completely determined by the one in t. For example, one has
og: CDk(3) ®k CDk(3) — CDk(5)
(t12ta3, t13t23) —  (ti2 +t13 + t1a)(t2s + t35 + ta5)t2at34.
The I-adic completion of the associative algebra CDg(n) with respect to the maximal ideal

I is denoted by @K(n). The collection @]K = {@K(n)}nzl is an operad in the category of
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complete filtered Hopf algebras. For our purposes it is useful to view C/I\)K instead as an operad
in the category Cat(Coassk) as follows: each competed filtered Hopf algebra CDk(n) = U(t,) is

understood from now on as a category with one object e and with Mor(e,e) := CDg(n) equipped
with its standard coalgebra structure.

6.5. Cosimplicial structure on CDg. The element e := 1 in CD(2) satisfies equations (4.3)
so that formulae (4.4) make the collection CDx = {ﬁ(’tn)}nzl into a cosimplicial object in the
category dgAssy.

6.5.1. Exercise. Let t,to3 € Ul(ts). Check that

do (tiatas) = tagtsa, di (Hatas) = (t12 + t13)° tss, do (tigtas) = (12 + t13)” (taa + t34) -

6.6. D. Bar-Natan’s operad of parenthesized chord diagrams. We have two operads
in the symmetric monoidal category Cat(Coassk), Pax defined in §5.6 and CDk defined just above.
Hence

PaCDy := Pax ®Cat(CoassK) CDx

is an operad in the category Cat(Coassk) called in [B-N] the operad of parenthesized chord diagrams.
Elements of Pag can be pictorially represented as elements of PaBg but with braiding of strands
forgotten so that we represent morphisms in the category P/aC\DK(n) as linear combinations, with
coefficients in the algebra C/l\DK(n), of non-braided strands connecting identical symbols in a pair of
parenthesized permutations of [n], for example

12 21

Hl,g =112 € Mor == (12, 12), XLQ =1 >< € Mor == (12, 21)

12 12

1 (@2 3)

€ Mor—— . ((12)3),1(23))

Dy = PaCDy (3)

12 3
6.6.1. Exercise. Show that the operad P/aC\DK is generated by Hy 2, Xj 2 and 11 23.

6.6.2. Exercise. Let 112 be the identity element in MormK@)(m, 12),

1 2

HLQ =

Show that, for any n € N, the family of functors,
d; : PaCDk(n) — PaCDx(n+1), i=0,1,...,n,n+1,

defined on objects and morphisms of the category P/aC\DK(n) by formulae identical to the ones in
§5.5.2, makes the collection of categories {P/aC\DK(n) }n>1 a (pre)cosimplicial object in the category
Cat(Coassk).
6.6.3. Exercise. Check that
1 (2 3) (12 3
, diHip =Hyg 01 Iy o = (t13 + t23)

1 (2 3) (12 3

doHy 2 = 112 09 Hyo = t23

1 (2 3) (1 2) 3
,  dglHyo=1T1901 Hyo =t12

1 (2 3) (12 3
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6.6.4. Exercise. Let

P = <I>(t12,t23)]11’2’3 € MOT@K@) ((12)3), 1(23))

for some formal power series ®(ty9, ta3) € K((t12,t23)) C U(ts). Check that
do® = 11909 P = P(tas,t3a)doll1 03, di®=Poy lyo=P(t12+ti3,t34)d1ll123

do® = P og Iy o = P(t12 + t13,toa + t3a4)da1l1 23,
d3® = ® o3 119 = P(t12,tag + toa)d3llinz, da® = 11201 P = P(t12,t23)ds1l; 23.

6.7. Grothendieck-Teichmiiller group GRT; and its Lie algebra. The group of au-
tomorphisms of the operad P/aC\DK which preserve elements ;o and Xio is called the graded
Grothendieck- Tecihmiiller group and is denoted by GRT} [Dr2, B-N, T2].

6.7.1. Theorem. There is a one-to-one correspondence between elements of GRI\ and grou-
plike elements, ®(x,y) = e®@Y) - of the completed universal enveloping (Hopf) algebra ﬁ([ieg) ~
K{{z,y)) of the free Lie algebra on generators x and y which satisfy the following equations

(6.1) O(z,y) = (y,z),
(6.2) (I)(tlg, t23)‘b(t13, t23)71¢)(t13, tlg) =1 1n (7({3),

(6.3)  ®(t13 + tog, tag)®(t12, tog + tog) = Dt ta3) P (12 + t13, tos + t34)D(tos, tas) in U(ty).

PROOF. Any automorphism F' of the operad P/CLC\DK is uniquely determined by its values on
the generators Hl 2, X; 2 and 111 2 3. These values are not arbitrary, they must respect the relations
between the generators. Mac Lane coherence theorem for symmetric monoidal categories implies
that all the relations between the generators follow from the following two ones:

Pentagon:  dijlljp30d3lli23=dslly230dallip30doll1o3
Hexagon:  d1Xjp =123 o dpX;2 o ((23)'11;,%,3) o (23)d3Xq2 o (321)1l1 3.

As an element of GRT) preserves, by definition, the generators H; 2 and Xj 2, we conclude that
such an element F' is uniquely determined by its value on 112 3,

~

F(]11,273) S Mor’lsz\DK(?)) ((12)3, 1(23)) ~ U(fg),

which must satisfy the equations,

(6.4) diF(1ly23) odsF (11 23) = dsF'(1l12,3) 0 daF' (111 23) o doF(1l1,2,3)
and
(6.5) diX12=F(1123) o doX12 o (3 F(L123) ") o @adsXi2 o G2-F(L123).

By Corollary §6.1.3 R
U(ts) = K([cs]] x K((t12, t23))
so that
F(1l123) = f(c3)®(t12,t23)

for some invertible formal power series,
f(c3):a0+a103+a203+..., ag #0

in cg = t12 + t13 + to3, and some invertible formal power series ® € U (leg). As 1y 23 is grouplike

in the coalgebra Mors 7 3) ((12)3,1(23)), @ is also grouplike, and hence it is of the form e? for

some ¢ € lies.
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The hexagon equation (6.5) implies,
D(t12, ta3)D(t1s, tag) ' ®(t13, t12) =1,  fles) = 1.

The hexagon equation is Sg-equivariant. Applying to that equation permutation (32), or, equiva-
lently, applying this permutation to the above equation for ®, we get,
D(t13, t23) P(t12, tag) "' D(t1a, t13) = 1
and hence
D(t12,t13)P(t13,t12) = 1.
This proves claims (6.1) and (6.2). The last claim follows immediately from the pentagon equation
for F'(11; 2.3) and the definition of the functors d;. We leave the details to the reader. O

The group GRT} is prounipotent. Hence it is of the form exp(grt;) where the Lie algebra grty
of GRT) can be identified with elements ¢(z,y) € liea which satisfy the equations

(6.6) P(t13 + tag, t34) + G(t12, tas + taa) = ¢(t12,t23) + (t12 + tis, toa + t34) + B(t2s, t34)
in /t\4, and

6.7.2. Exercise. Show that ¢(x,y) = [z, y] satisfies equations (6.6) and (6.7), but not (6.8).

H. Furusho [Ful] has proven that grt; can be identified with elements ¢(x,y) € fieo which
satisfy the pentagon equation (6.6) and do not contain [z,y] as a summand. Put another, in this
case hexagon equations (6.7) and (6.8) follow from (6.6).

6.7.3. Proposition. Let Simp®(t) be the cosimplicial complex of the operad of infinitesimal
braids (see (6.3)). Then

H(Simp®(1)) = gtty @ K
where the direct summand K is generated by [t12,t23] € t3.

This is a reformulation of Proposition E.1 in [W1]. It gives a second proof of H. Furusho’s
result discussed just above.

6.8. Associators. We have operads PaBg and PaCDx in the category Cat(coAssk). An
isomorphism of operads (if it exists)

A:@KHP/CLC\DK

is called an associator [Dr2, B-N]. It is not hard to show the following

6.8.1. Theorem. There is a one-to-one correspondence between the set of associators and grou-
plike elements, ®(x,y) = e?®Y) | of the completed filtered Hopf algebra ﬁ([iez) of the free Lie algebra
on generators x and y which satisfy the following equations

(6.9) O(z,y) = 0 (y,z),

o~

(610) (I)(tlg, t23)6_%t23¢(7513, 7523)_16_%“3(1)(7513, tlg)e_%(t13+t23) =1 mn U(fg),
(6.11)  ®(t13 + tog, t34)P(t12, tos + tos) = P(t19, t93)D(t1 + t13, tos + taa)P(tas, t34)  in U(ty).

It is much harder to show that for any field K of characteristic zero the set of associators,

Asg = {7D/CL\BK — 7D/GC\ZDK}
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is non-empty, see [Dr2] for the proof. The equations defining associators are algebraic, but the
only two explicit solutions we know involve transcendental methods in their constructions.

6.8.2. Example: Knizhnik-Zamolodchikov associator. The first associator was con-
structed by V. Drinfeld with the help of the monodromy of the flat Knizhnik-Zamolodchikov con-
nection and is known nowadays as the Knizhnik-Zamolodchikov associator ®xz(z,y); this is a
formal power series in two non-commutative formal variable z and y of the form,

Crz(x,y) =1+ Z (=1)™C(k1, ..., kp)zPm Ly - 2"~y 4 regularized terms,
m,kq,..., kmfleNzl
km €N> o
where ((k1,. .., k) is the multiple zeta value, the real number defined by the following converging
sum,

1
Clk1y- e k) = Z Tk

0<n<...<np 111 7 m
For m = 1 this gives us the Riemann zeta function ((k1), k&1 > 1. There is an explicit iterative
construction of the regularized terms in the above formula in terms of multiple zeta values so that
all coefficients of ® gz are rational linear combinations of that values.

6.8.3. Example: Alekseev-Torossian associator. The second explicit associator ® 47 (z, y)
was constructed by A. Alekseev and C. Torossian in [AT1] using Fulton-MacPherson’s compactified
configuration spaces of points in the complex plane and the integration theory of singular differential
forms on semialgebraic chains. It was proved to be a Drinfeld associator in [SW]. H. Furusho found
a method in [Fu2] of computing coefficients of the formal power series ® 47 (z,y) in terms of rational
linear combinations of iterated integrals of M. Kontsevich weight differential forms associated to Lie
graphs (see also a nice paper [BPP] on the systematic computation of weights of the M. Kontsevich
formality map).

7. Grothendieck-Teichmiiller group, graph complexes and T.Willwacher theorems

7.1. Operads of graphs. In this section we consider only graphs I" without hairs (see §4.3.4)
which are called from now on simply graphs. Recall that the set of vertices of I is denoted by V/(T')
and the set of edges by E(I"). A graph I' is called directed if each edge e = (h,7(h)) € E(I') comes
equipped with a choice of a direction, that is, with a total ordering of its set {h,7(h)} of half-edges.
Here are a few examples of directed graphs

e i>’ ; QCO y .C. .

Let G, be the set of directed graphs I' with n vertices and [ edges such that some bijections
V(') — [n] and E(I') — [l] are fixed, i.e. every edge and every vertex of I' is marked. The
permutation group S; acts on Gj,; by relabeling the edges so that, for each any integer d, it makes
sense to consider a collection of S,,-modules,

DGrag = { DGrag(n) = HK<Gn,l> ®s, sgn?ld_”[l(d —1)]

>0 n>1

with the group S,, acting on DGray(n) by relabeling the vertices. This is a Z-graded vector space
obtained by assigning to each edge of a generating graph from G,,; the homological degree 1 — d.
Note that if d is even, then each graph I' € DGray(n) is assumed to come equipped with a choice of
ordering of edges up to an even permutation (an odd permutation acts as the multiplication by —1).
In particular, the graph i~ € DGragecoz(2) vanishes identically as it admits an automorphism

which changed the ordering of edges by an odd permutation, i.e. it is equal to minus itself.
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This S-module is an operad with respect to the following operadic composition,

i+ DGrag(n) x DGrag(m) — DGrag(m+n—1), Vi€ [n]
(I'1,I'2) — I'yo; Iy,

(@]

where I'1 o; I's is defined by substituting the graph I's into the i-labeled vertex of I'; and taking a
sum over all possible re-attachments of dangling edges (attached before to v;) to the vertices of I's.
For example,

1 le 3 1 1
[ 1./—\. [} o

1L —2 - ~3 ~3
- o 2i QQCS * 2iv + Qi/ + Qi/
Note that for d € 2Z one has to choose of an ordering of edges in each graph summand of the

composition I'y o; I'o, and there is a canonical way to do by, roughly speaking, placing all the edges
of I'y in front of the edges of I's.

One can define an “undirected version” of the operad above by noticing that the group Sy x (Sa)!
acts on set G, ; of directed labelled graphs by relabeling the edges and reversing the directions of
the edges. Hence for each fixed integer d € Z, one can consider a collection of S,,-modules,

Graa(n) == [[ K(Gni) @ (soy s9m" @ sgns“Mi(d — 1))
>0

where the group S,, acts by relabeling the vertices. For d even elements Grag(n) can be understood
as undirected graphs, e.g.

bi €Grage(2), kR =0, [ € Gragean(d)
while for d odd one has identifications of the type

1 2 1 2 .
o e =— o e In grageoz+1(2).

7.1.1. Exercise. Show that graphs in Gragcoz which have multiple edges vanish identically.

7.1.2. Remark. The integer parameter d has sometimes a clear geometric meaning. With
operads of graphs DGrag and Grag for d > 2 one can associate de Rham field theories on various
compactified configuration spaces of points in (subspaces of) R? | the most prominent of which is
the Kontsevich formality theory [K2] for d = 2. Other examples of d = 2 field theories have been
studied in, e.g., [Me2, Sh, W5]|; for an example of a highly non-trivial d = 3 de Rham field theory
we refer to [MW5]. It seems that to get non-trivial (in the sense that GRT} plays a classifying role,
see §8) de Rham field theories for d > 4 one has to work with operads/complexes of multi-oriented
graphs which are discussed below.

7.2. M. Kontsevich graph complexes and T. Willwacher theorems. As discussed in
§4.6 above, for any operad O = {O(n)},>1 in the category of graded vector spaces the linear map

[ ) ] . Otot ® Otot N Otot
(a € P(n),beP(m)) — [a,b =31 a0;b— (=D)llFIS™ boja € P(m+n—1)

makes a graded vector space O™ :=[] -, P(n) into a Lie algebra [KM]; moreover, these brackets
induce a Lie algebra structure on the subspace of invariants O := [],,-, O(n)S*. For any d € Z
one can consider a degree shifted operad O{d} (see §4.4) and conclude that for any operad O and
any integer d the associated graded vector space

O{d}§" =~ T[] O(n) @s,, sgni!d(1 - n)]
n>1



is canonically a Lie algebra®. In particular, the graded vector spaces (the “directed full graph
complex” and, respectively, the “full graph complex”)

dfGCq == [ [ DGraa(n) ®s, sgni¥[d(1 — n)]

n>1

and
fGCy := H Graq(n) ®s, sgnff"d' [d(1 —n)]
n>1
are Lie algebras with Lie brackets given by the substitution of a graph into a vertex of another
graph as explained above. Note that the homological degree of graph I' from dfGC,; or fGCy is given
by
Tl =d#V () - 1)+ (1 - d)#ET).

A generator I' € dfGC; can be understood as a directed graph (with no labeling of vertices
or edges) equipped with an orientation or which is, by definition, a unital vector in the following
1-dimensional Euclidian space

ANEDK[E(D)] if d € 2Z
Rr:=q #vm) i
A R[V(T)] ifde2Z+1
Every directed graph has precisely two possible orientations, or and or°P, and one identifies
(T,or) = —(T, or°PP). We often abbreviate (I",or) to T

A generator I' € fGC; can be understood as an undirected graph (with no labeling of vertices
or edges) equipped with an orientation or which for d even is the same as defined just above, while
for d odd it is defined as a unital vector in the 1-dimensional Euclidian vector space

Rp := A#VOR[V(D)] ® X AZR[R, 7(h)]
e=(h,7(h))eE()
where each edge is interpreted as the orbit consisting of two half-edges under the involution 7 (see
§4.3.4). Put another way, for d even an orientation or is a choice of ordering of edges (up to an even
permutation), while for d odd or is a choice of ordering of vertices (up to an even permutation) and
a choice of direction on each edge (up to a flip and multiplication by —1). Every undirected graph

has precisely two possible orientations, or and or°”, and one identifies (I, or) = —(T', or°PP).
7.2.1. Exercise. Show that the graph

Yo ;= e—e € fGCy or Y0 = e—e € dfGC

is a Maurer-Cartan element, i.e. it has degree 1 and satisfies [yo,v0] = 0

Hence Lie algebras fGC; and, respectively, dfGC; come equipped with a compatible differential
o7 =[] = Y (8,0 = (~)TgT)
veV(T)

where 0}, splits the vertex v of I" into two vertices

1" half-edges 1" half-edges
— —
5 >-<— = Z —\—-/— and resp. ) %>~<H = Z %\-H-‘/ﬂ
H(v)=I'u1" H/L H(v)=I'UI" il
#I' #I">0 I half-edges H#I' #I">0 I’ half-edges

8In fact, this Lie algebra controls the deformation theory of the trivial morphism of operads 0 : Lie{l — d} — O, where
Lie is the operad of Lie algebras. This observation gives us a very useful approach to the Kontsevich graph complexes and their
ribbon graphs generalizations (see [W1, MW?2]) which we skip in this survey.
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connected by a (directed) edge and redistributes the attached half-edges to v (if any) along the two
new vertices in all possible ways, while 4! attaches to v a new univalent vertex

8! \-/ =2 7\/4 and resp. ¢’ %\-L = g‘ji. + %\!4
VAN AN VAN AN N\

Note that if the vertex v has at least one half-edge, then the two terms with univalent vertices in
the sum 0, " cancel out with the two terms in 0T so that in most cases one can ignore in the above
formula for § the second term 4, and assume in the first term 0/, that the summation runs over
decompositions H(v) = I' U I" with #I’ > 1 and #I” > 1. For example, the graph ~y is a cycle,
70 = [70,70] = 0, but the associated cohomology class is trivial, 79 = —d(e).

The dg Lie algebra (fGCg4, §) was introduced by M.Kontsevich in [K1] in his attempt to calculate
obstructions to universal quantizations of Poisson structures.

Both dg Lie algebras contain dg Lie subalgebras, fcGCy and dfcGCy, generated by connected
graphs. There is an isomorphism of complexes,

fGCy = ©*2! (fcGCy[—d]) [d], dfGCy = &°*Z! (dfcGCy[—d]) [d]
so that at the cohomology level
H*(fGCy) = @2 (H*(fcGCy)[—d]) [d], H®(dfGCy) = @*=! (H*(dfcGCy)[—d]) [d]

Hence there is no loss of important information when working with connected graphs only.

Moreover, there is a monomorphism of graph complexes
(7.1) fcGCy — dfcGCy

which sends an undirected graph I' into a sum of graphs obtained by interpreting each edge as the
sum of edges in both directions. It was proven in [W1](Appendix K) that this map is a quasi-
isomorphism. Hence there is no need to study the complex dfGCy by itself? so that we continue in
this subsection discussing only the complex fcGCy. That complex splits as a direct sum

fcGCy = fcGCS! @ fcGC3 @ GCY

where fcGCS! is spanned by connected graphs having at least one vertex of valency < 1, chC?l is
spanned by connected graphs with no vertices of valency < 1 but with at least one vertex of valency
2, and GCS) is generated by graphs with each vertex of valency > 3. It was proven in [W1] that

the complex fCGC? is acyclic while
H(fcGC) = & Kld-j],

jz1
j=2d+1 mod 4

where the summand K|[d— j] is generated by the polytope with j vertices, that is, a connected graph
with j bivalent vertices, e.g. /;\ for j = 3 (in fact this particular graph vanishes identically for
d even as in this case it admits an automorphism reversing its orientation).

The complex GCS contains a subcomplex GC,; spanned by graphs with no loops, that is, edges
attached to one and the same vertex, and the inclusion is a quasi-isomorphism [W1],

° _ ° O
H*(GCy) = H*(GCY).
One of the major results in [W1] is the following
9However the complex dfcGC,y contains two very important subcomplexes of oriented graphs and of sourced graphs which

are of great significance in applications (see below).
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7.2.2. T.Willwacher Theorem. There is an isomorphism of Lie algebras,
HO(GCQ) = grty,

where grty is the Lie algebra of the Grothendieck-Teichmiller group GRTy (see §6). Moreover,
H*<%(GCy) = 0.

There is an explicit construction of infinitely many cohomology classes {[w2,41]}n>1 in
HY(GCy), more precisely, of their cycle representatives {tv2,+1}n>1 in GCo. The first two classes
can be given explicitly as follows

|

tog =

N
v

,/I\, 5 ,/1\,
m= U7 g
SR 2 ———
For higher n there is an explicit transcendental formula for the cycles g, 1 given in [RW]
which presents each cycle as a linear combination of graphs with 2n + 2 vertices and 4n + 2 edges

./

7. 2n+1 — crl’ = )\2n 1 Alé‘\
= D

where the weights cr are given by explicit converging integrals over the configuration space of 2n
different points in C \ {0, 1} (see (23) in [RW]). In particular, the coefficients Aoy 41 of the wheel-
¢(2n+1)

@r)@iD
(In fact, from the presence in tog,4+1 of such wheel-graphs one can conclude almost immediately
that these cycles are not boundaries.)

type summands in tvs, 41 are equal to zeta values up to a non-zero rational factor, cf. [G].

7.2.3. Deligne-Drinfeld-Ihara conjecture. The pro-nilpotent Lie algebra gety is isomorphic
as a Z>3 graded Lie algebra to the degree completion of the free Lie algebra generated by formal
variables of degrees 2n+1, n > 1.

It has been proved by F. Brown in [B] that grt; does contain indeed the above mentioned free
Lie algebra.

Thus the graph cohomology classes [t2,,4+1] might generate the whole grt;.

Denote by GCf2 the dg Lie subalgebra of fcGC,; spanned by graphs with valency of each vertex
> 2 and with no loops. Then it follows from the results discussed above that

H*(feGCq) = H*(GC7?) = H*(GCy) + P Kld— .
jEQdﬁlZlmod 4

There are other differentials on the Kontsevich graph complexes GC; which have been studied in
MW1, KWZ1].

7.3. Oriented graph complexes. A graph I' from the dg Lie algebra dfGCy is called oriented
if it contains no wheels, that is, directed paths of edges forming a closed circle. The subspace
fGCY" C dfGC, spanned by oriented graphs is a dg Lie subalgebra. For example,

/\ € fGCT  while /\ ¢ fGC.

Let dfcGCYy" the subcomplex of fGCY" spanned by connected graphs, and GCy" C dfcGCY the
subcomplex spanned by graphs which each vertex at least bivalent and with no bivalent vertices of
the form —~e—~ . Then [W3]

H*(fcGCY") = H*(GCY)
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so that there no loss of important information when working with GC3" solely.
7.3.1. Theorem [W3]. H*(GCY,,) = H*(GC?).

Hence one has a remarkable isomorphism of Lie algebras, H 0(GCY") = grt. Moreover it follows
from this theorem that H*(GCS") = 0 for i < —2 and H~1(GCY') is a 1-dimensional space generated

by the graph <> . This theorem tells us that in order to have some non-trivial de Rham field

theory in dimension 3 (rather than two), one has to work with oriented graphs rather than with
simply directed (or even undirected) graphs. We refer to [MW5] for an example of such a de
Rham field theory providing us with an explicit universal formula for deformation quantization of
Lie bialgebras.

The original argument in [W2] does not give us an explicit relation between the cohomology

groups in the above Theorem. Let G/é\/‘éfﬂ and GC§2 be the graph complexes dual to GCg,; and

P

GC? respectively. Then one also has H*(GCY,,) = H ‘(GCC%Q). An explicit construction sending

a homology class in H‘(GC(?Q) to a cohomology class in H*(GCgl ;) has been found in [Z1]. It
can be used to find an explicit 3-dimensional oriented incarnation r$” € HY(GCg") of, for example,
the tetrahedron cohomology class tvg € H%(GCy) discussed above; " is a linear combination of
oriented graphs with 7 vertices and 9 edges.

In fact, the complex GC§' controls the deformation theory of the properad of Lie bialgebras so
that GRTj is essentially a symmetry group of that properad [MW4]. In string topology and the
theory of moduli spaces of algebraic curves it is important to work with involutive Lie bialgebras,
and their deformation theory is controlled by the following deformation of the complex GCS§'.

7.3.2. A deformation of GC3". Consider a Lie algebra (GC5'[[A]], [, |), where GC5'[[A]] is the
(completed) topological vector space spanned by formal power series in a formal parameter i of
homological degree 2, and [, | are the Lie brackets obtained from the standard ones in GCJ" by the
K[[A]]-linearity. It was shown in [CMW] that the formal power series

=3 ()
k=1 \\.,_z
k edges

is a Maurer-Cartan element in the Lie algebra (fGC§"[[]],[, ]) and hence makes the latter into
a differential Lie algebra with the differential ;I' := [I',y5]. It was proven in [CMW] that
HO(GCY'[[A]), 6n) ~ H°(GCT",8) ~ grty as Lie algebras. Moreover, H'(GCS"[[R]],d;) = O for all
i < —2and H~1(GCS[[h]],dp) is a 1-dimensional vector space class generated by the formal power
series S 72, (k — 1)hF—2 () .

\.\.,_/

k edges

7.4. Sourced graphs. A graphs I' from the dg Lie algebra of connected oriented graphs
dfcGCy is called sourced if it contains at least one vertex v of valency > 2 with no incoming edges,
i.e. at least one vertex of the form

_
v= P
Such vertex is called a source. The subspace sfGCy; C dfcGC,; spanned by sourced graphs is a dg Lie

subalgebra. Consider a smaller subspace sGCy C sfGC,; spanned by sourced graphs with all vertices
at least bivalent and with no bivalent vertices of the form —~e— . It was proven by in [Z1] that

H*(sfGCa11) = H*(sGCyy1) = H*(GCT?)
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so that one gets one more incarnation of the Grothendieck-Teichmiiller Lie algebra in dimension 3
gttl = HO(SGC3)
in terms of sourced graphs. Similarly one can work with directed graphs with at least one target

vertex of the form 7~ .

>2

7.5. Multi-oriented graph complexes. The Grothendieck-Teichmiiller Lie algebra appears
naturally as a single entity in dimension d = 2 as the cohomology group H°(GCs) of the “ordinary”
graph complex. In dimension 3 it reappears as the cohomology group H°(GCS") = H%(sGC3) of the
oriented or sourced graph complex, i.e. we have a sequence of isomorphism of Lie algebras,

grt; = H(GCy) = HO(GCY) = HO(sGC3).
What kind of graph complex GCZl gives us an incarnation of grt; in dimension d = 4,5, ...,
grty = HY(GCy) = HO(GCY) = HO(sGC3) = HO(GC}) = HY(GCY) = ...7

The answer to that question was found by Marko Zivkovié¢ in [Z1, Z2] who introduced and stud-
ied multi-oriented sourced graph complexes. Their algebro-geometric interpretation was found in
[Me4] — they control quantizations and deformation theory of strong homotopy (even or odd) Lie
bialgebra structures, in particular of Poisson structures, on infinite-dimensional spaces spaces with
branes.

Let us go back for a moment to the Lie algebra of directed connected graphs dfcGC,; and define,
for any integer £ € N>1, its extension d*fcGCy as a Z-graded vector space spanned by directed
graphs I" with each edge decorated with k& — 1 new directions labelled by 2,3,...,k, the value 1
being reserved for the original direction'’, and each new direction can take only two “values” — it
can agree or disagree with the original direction,

1 2 ... k

— A

Note that the Lie bracket in dfcGCy; does not change the number and the “internal structure” of
edges in graphs so that exactly the same formula as in dfcGC, gives us a Lie bracket in d*fcGC, for
any k > 1. It is not hard to see that the element

1 2 ... k

Vg =

I S S +... (2"7! terms)

where the summation runs over all possible way to decorate the directed edge with new directions
2,3,...k, is a Maurer-Cartan element and hence makes d*fcGCy into a dg Lie algebra with the
differential dT := [T, y;]. Of course, the case k = 1 gives nothing new, d'fcGCy = dfcGC,4. In fact,
the general case k € Z>9 also does not give us immediately anything really new as well: the natural
monomorphisms which add to each edge of a graph one extra direction in all possible ways (cf.

(7.1)),

fcGCy —> d'fcGCy —> d?fcGCy — d3fcGCy — ...

are quasi-isomorphisms. However we can consider now lots of interesting subcomplexes in the
multidirected graph complex (d*fcGCy,6). Given any two non-negative integers p and ¢ with

101t is more suitable to understand new directions as colored ones, say the original direction 1 has black colour, the new
direction 2 is red so on, because we do not assume that the set [k] of all directions on each edge is ordered. Hence we call often
the direction on an edge labeled by integer I € [k] the I-coloured direction. This new decoration of edges has no impact on the
degree of graphs which is given by the standard formula || = d(#V(I') — 1) + (1 — d)#E(I"), VI € d*fcGC,.
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p+q <k, and any two disjoint subsets I, and I, of the set [k] of cardinalities p and ¢ respectively
(the particular choice of such subsets plays no role), one can define a subcomplex

Pold*fcGC, C dFfcGCy

of k-directed p-sourced and q-oriented graphs as the span of those multioriented graphs I' which
satisfy the conditions
(i) I' is sourced with respect to every direction in the subset I, C [k], i.e. for each direction
c € I, there is at least one vertex v € V(I') which has valency > 2 and no incoming edges
with respect to c;
(ii) T is oriented with respect to every direction in the subset I, C [k], i.e. for each direction
¢ € I, the graph I' has no closed directed paths of edges (wheels) with respect to c.

By analogy to the previous examples, there is no loss of generality when working with a subcomplex
sPo?d*GC,  sPold*fcGCy

generated by graphs whose vertices are at least bivalent as this inclusion is a quasi-isomorphism.
The major result of [Z2] is the following

7.5.1. M. Zivkovié¢ Theorem. For any integer k > 1 and any non-negative integers p and q
with p 4+ q < k there is an isomorphism of cohomology groups

H*(GC3?) = H*(sP0%d*GCyypiq)-

Therefore extra directions which are neither oriented nor sourced can be omitted as irrelevant,
i.e. one can set k = p+ ¢ without loss of important information and work only with dg Lie algebras

. +
SquGCd+p+q = sPoldP qGCd+p+q.

M. Zivkovi¢ Theorem gives us infinitely many graph incarnations of the Grothendieck-Teichmiiller
Lie algebra,

grty = HY(GCy) = H(sP0GCo.pry) Y p,q € Zo,
and hence a clue (cf. [Me4]) to what could be a non-trivial deformation quantization theory in
dimension d > 4 in which the Grothendieck-Teichmiiller group plays a classifying role (the cases
d =2 and d = 3 are well understood by now, see below).

7.5.2. Remark on hairy graphs. There is an important version of the graph complexes GCy
which is based on graphs with hairs [KWZ2, W6, W4|. These graph complexes control the
rational homotopy groups of of long embeddings (modulo immersion) of R™ in R™. Very recently,
their marked version has been used in the study of cohomology groups of moduli spaces M, , of
genus g algebraic curves with n punctures [CGP2].

8. Some applications of the theory of Drinfeld’s associators, GRT}
and graph complexes

8.1. Universal quantizations of Lie bialgebras. A Lie bialgebra is a graded vector space
V equipped with two linear maps,
[,]:AV =V |, AV VAY,

such that the first map [, ] makes V into a Lie algebra, the second map A makes V into a Lie
coalgebra, and the compatibility condition

Ala,b] = a1 ® [ag,b] + [a,b1] ® by — (—=1)Pl([b,a1] @ ag + by @ [be, al),

holds for any a,b € V with A a =: > a; ® ag, A b =: ) by ® ba. This algebraic structure was
introduced by V. Drinfeld [Dr1] in the context of studying universal deformations of the standard
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Hopf algebra structure on universal enveloping algebras. More precisely, consider the symmetric
tensor algebra ©*V equipped with the standard graded commutative and graded cocommutative
bialgebra structure (-, Ag), where - is the canonical multiplication on ®*V and A is the coproduct
on ®*V uniquely determined by the condition that the elements of V' C ®®V are primitive. Assume
the topological vector space ®*(V)[[A]], i being a formal parameter of degree zero, has a continuous
bialgebra structure (x5, Ap) of the form,

i VROV — ©* V(1]
(f(z),9(x) — frrg=1f g+ 221 B Pu(f9)
Ap: OV — OV @ o V[[A]

f@) — Apf=2Aof + 2321 FFQw(f)

where all operators P, are bidifferential, and @, are co-bidifferential (that is, dual to bi-differential
operators on polynomial functions, see, e.g., §4.2 in [Me3] for their explicit description). It is
not hard to see that the bialgebra conditions on these operators modulo terms O(h?) imply that
the first order deformations P; and ()1 are uniquely determined by some Lie bialgebra structure
(A,[, ]) on V. In this case the data (x5, Ap) on ©*(V)[[R]] is called a deformation quantization
of that Lie bialgebra structure (A, [, ]) on V. Thus Lie bialgebra structures control infinitesimal
deformations of the standard Hopf algebra structure on @°V.

The Drinfeld quantization problem: given any Lie bialgebra structure on a vector space V,
does there always exist its deformation quantization (x5, Aj)? Put another way, given infinitesimal
deformations P; and @)1 of the standard bialgebra on ®®*V, can we always find suitable operators
Py, Ps, ..., Q2,Q3,... which make ®*(V)[[A]] into a (not necessarily commutative cocommutative)
bialgebra?

Surprisingly enough, the problem can not be solve by a trivial inductive procedure'’. It was
proven by P. Etingof and D. Kazhdan in [EK] that, given a choice of a Drinfeld associator, there
does exist a corresponding universal (in the sense, for any vector space V and any Lie bialgebra
structure on V') solution to the Drinfeld quantization problem. It was proven in [Me3] that any
solution of the Drinfeld quantization problem extends to a quasi-isomorphism — a formality map
— of completed Lie, algebras,

m n
(8.1) Fy:o2Y(V[-1]e V*[-1]) — H Hom <®(®'V),®(®'V)> [2 —m —n]
m,n>1

where the Lh.s. is equipped with the Poisson type Lie bracket induced by the standard paring
V ® V¥ — K, and the r.h.s. is the Gerstenhaber-Schack complex of the graded commutative
cocommutative Hopf algebra ®®V equipped with the Liey, structure uniquely determined by a
choice of a minimal resolution .4ssBy, of the properad AssB controlling (associative) bialgebras. In
the other direction: any quasi-isomorphism as above gives a solution of the the Drinfeld quantization
problem.

Since we are interested in universal solutions, it makes sense to search for a reformulation of
this problem which does not refer to a particular vector space at all. The theory of operads (see
§4.1) is very effective in the study of the homotopy theory of algebraic operations on vector spaces
with many inputs but only one output. It can not be applied to such algebraic structures as Lie
bialgebras, but there is a very nice extension of that theory called the theory of props, properads,
and their wheeled versions. We refer to [V] for an excellent introduction into the theory of props and
properads. Roughly speaking, the theory prop(erad)s is based on (connected) decorated oriented

HThe obstructions to such a universal iterative procedure belong to H!(GCs). A “folklore” conjecture says that H'(GCs) =
0, but one hast to choose an associator to make every degree 1 cycle in GCz into a coboundary; thus an iterative procedure can
exist but it can not be trivial.
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graphs with legs. The deformation theory of morphisms of properads and props was developed in
[MV]. There is a properad Lieb (see, e.g., [ MW3, MW5, V] and references cited therein) whose
representations in a vector space V' are precisely Lie bialgebra structures on V' and the homotopy
theory of such structures is controlled by the minimal resolution Holieb of Lieb. There is also a
properad AssB whose representations in a vector space W are precisely bialgebra structures on
W and the homotopy theory of such structures is controlled by a minimal resolution AssB., of
AssB (which exists but is not unique [Ma]). V. Drinfeld deformation quantization problem (in the
extended formality version as explained above) can be reformulated as existence of a morphism of
dg props [MW3]

(8.2) F: AssBoo — DHolieb

satisfying certain non-triviality conditions. Here Holieb is the genus completion of Holieb and
D : category of dg props — category of dg props

a polydifferential (exact) endofunctor which creates out of any prop P another prop DP with
the property that there is a one-to-one correspondence between representations of P in a vector
space V and representations of DP in ®®V given in terms of polydifferential operators. The
Etingof-Kazhdan theorem can be used to show that for any Drinfeld associator there exists a
morphism F' of dg props as above. To classify all solutions to the Drinfeld problem, i.e. to classify
all possible homotopy non-trivial formality maps as in (8.2), one has to compute the cohomology
of the deformation complex of any map F' as above,

Def (.ASSBOO &N Dmb) .
This was done in [MW 3] where it was proven that there is an isomorphism of cohomology groups
He! (Def (AssBoo L D%b)) — H*(fGC,) & K

where fGC) is a version of the full graph complex fGCs to which we added by hand a new element
() concentrated in degree zero, “a graph with no vertices and edges”. More precisely,

f6Cy = & (665 @ K)[-2]) [2],

the summands K being generated by (). The formal class () takes care for (homotopy non-trivial)
rescaling operation of the prop under considerations. The main point of this extension is that the
Lie bracket of () with elements I" of GCz22 is defined as the multiplication of I" by twice the number
of its loops.

This result implies in particular that

H? (Def (AssBoo LN D’}mb)) =gtt; K,

i.e. the Grothendieck-Teichmiiller group GRT = GRT; x K* acts faithfully and transitively on the
set of solutions of the Drinfeld quantization problem which in turn implies that this set can be
identified with the set of Drinfeld associators.

An explicit transcendental formula for a universal quantization of Lie bialgebras has been
constructed in [MW5].

8.2. Universal quantizations of Poisson structures. Let C*°(R") be the commutative
algebra of smooth functions in R™. A star product on C*°(R"™) is a continuous associative product
on C*(R™)[[A]], h being a formal parameter,

x50 CP(R") x CP(R") — C>(R™)[[]
(f(2), (=) — [ang=fg9+ 35 P P(f9)
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where all operators Pi are bidifferential. It is not hard to check that the associativity condition
on *j, implies that «(f,g) := Bi(f,9) — Bi(g, f) is a Poisson structure in R™; then = is called a
deformation quantization of ™ € Tpoy (R™).

The deformation quantization problem addresses the question: given a Poisson structure m on
R™, does there exist a star product *; on C°°(R™) which is a deformation quantization of 77 A
spectacular solution of this problem was given by Maxim Kontsevich [K2] in the form of a explicit
map between the two sets

associators

Poisson depends on Star products
structures in R" s, in C°°(R™)[[A]]

given by transcendental formulae. In fact a stronger statement was proven — the formality theorem
which says that for any n there is an explicit Lieo, quasi-isomorphism of dg Lie algebras,

Fg 2 Tpoly(R") — C*(C=(R™), CF(R™))

where 7,01y (R™) is the Lie algebra of polyvector fields on R™ equipped with the Schouten-Nijenhuis
bracket, and C*(C*>°(R"), C*°(R")) is the Hochschild complex of the algebra C°>°(R"), that is, the dg
Lie algebra controlling deformations of C*°(R") as an associative (but not necessarily commutative)
R-algebra. Moreover, the formality theorem holds true for any manifold M, not necessarily for R"
[K2]. Later D. Tamarkin has proven the existence theorem for deformation quantizations which
exhibited a key role of Drinfeld’s associators [T2], and V. Dolgushev [Do]| has proven that the set of
homotopy classes of universal formality maps can be identified with the set of Drinfeld’s associators
so that GRT acts faithfully and transitively of homotopy classes of formality maps.

This classification result can be restated in a very short and compact form without any reference
to any particular manifold as follows [AnMe|. Let cAsss be the dg free operad of strongly
homotopy curved associative algebras, ’Holz’eb%o the wheeled closure [MMS] of the prop Holieb o
of (1,0) Lie bialgebras and

O : category of dg (wheeled) props — category of dg operads

the polydifferential functor introduced in [MW4] (which is an operadic part of the functor D
mentioned in the previous subsection). Then the Kontsevich formality map Fi can be understood
as a morphism of dg operads

—— O
Fi : cAsse — O(Holieby )

so that it makes sense to study a deformation complex of the Kontsevich map
Def (c.Assoo ELS C’)(?—l/oli\ebio)>
It was proven in [AnMe]| that there exists isomorphism of cohomology groups
H*(fGCY) = H**! (Def (cAssoo Lk, O(Holieb%o)»

implying
get = HY(fGCh) = HY (Def <cAssoo ELN O(Holieb%&))

Hence the Grothendieck-Teichmiiller Lie algebra grt; controls all homotopy non-trivial infinitesimal
deformations of the Kontsevich map Fx. Each such infinitesimal deformation can be exponentiated
to a genuine deformation of F implying the fundamental classifying role of GRT} in the theory
of universal deformation quantizations of Poisson structures. A concrete algorithm for computing
weights in the M. Kontsevich formula for F was developed in [BPP] where it was proven that all

such weights are rational linear combinations of multiple zeta values.
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8.2.1. Action of GRT on Lie bialgebras. One can consider a degree shifted version of the
notion of Lie bialgebra. For any integers c,d € Z one defines [MW4] a Lie (c,d)-bialgebra as a
graded vector space equipped with linear maps

[, ]: 0% V) = V[d+1] , 2a:V]d— &*(V[d)[1 - 2d],

making V into a degree shifted Lie algebra and degree shifted Lie coalgebra satisfying an analogue
of the Drinfeld compatibility condition. There exist a prop(erad) Lieb.q which governs these
structures and its minimal resolution Holieb. g which governs their homotopy theory [MW4]. The
case ¢ = 1, d = 1 gives us ordinary Lie bialgebras discussed above, while the case ¢ =1, d = 0 is
important in the theory of Poisson structures on manifolds as there is a one-to-one correspondence
[Mel] between representation of the pro(erad) Holieb; o on a graded vector space V and formal
graded Poisson structures on V viewed as a formal manifold which vanish at the distinguished point

0eV.
The deformation theory [MV] of the identity map Id : Holieb. 4 — Holieb. 4 gives us a clue

to the symmetry group of the genus completion Wbad of the dg prop Holieb. 4 (and hence of

@ ). This problem was settled in [MW 5] where it was proven that there is a quasi-isomorphism
(up to one rescaling class) of complexes

GC 4., — Def (H/ozz?bc,d 14 qud) 1]

implying

o/ 2
H*(GC,

)BK = H*(GC® 4,,) @K = H*H (H/oz@'?bc,d 4 H/oh\ebc,d)
so that
grt; & K = H' (Holieb 23 Holieb)
Hence the Grothendieck-Teichmiiller group GRT = GRI; x K* is essentially the automorphism
group of the completed prop(erad) Lieb.

There is a further generalization of the notion of Lie (¢, d)-bialgebra to the multioriented case,
and GRT acts on such structures for any ¢,d € N with ¢ +d > 3 [An, Me4].

8.3. Solutions of the Kashiwara-Vergne conjecture. Let assy and ﬁ\GQ be the completed
free associative and, respectively, Lie algebra generated by formal variables x and y (see §2.2.1).
Consider the quotient space

Cycy := @855/ (AB — BA |V A, B € ds65) = (85, /|85, asso]

the (completed) vector space spanned by cyclic words in two letters. There is a canonical projection
tr : asss — Cycy. Note that every element A € asss has a unique decomposition,

A=A+ 0,(A)x + 0y(A)y
for some Ay € K, 9,(A),dy(A) € ass,.

Recall the Bernoulli power series series

x T an 2 z
142 2n oo 14T 4y
1+e® +2+;2n!$ +5 +6()

and the Baker-Cambell-Hausdorf power series beh(x, y) defined in (2.2). A triple (A4, B, g) consisting
of two Lie series A, B € lie; and a formal power series g(z) = anz gnx™ is called a solution of the
(generalized) Kashiwara-Vergne problem if they satisfy the equations

z+y—beh(z,y) = (1—e A+ (e* —1)B  in liey
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and
tr (@:(A)x + 0,(BJy) = Lt (g(x) — glbeh(x, ) +9(v)).

Given a Lie group G with the Lie algebra g, if a solution of the KV problem exists, then the
G-invariant harmonic analysis on g is related with G-invariant harmonic analysis on the group G
itself by the standard exponential map. Moreover, if a solution exists, then geven ==Y, Gon ™
must be equal to the Bernoulli series b(z). -

Existence of solution of the KV problem was established in [AlMe]. An alternative solution of
the KV problem which classified all such solutions in terms of so called KV associators was given
in [AT2]. Any Drinfeld associator is a KV associator, and there is a conjecture which says that
this association is one-to-one.

8.4. Formality theorem in the Goldman-Turaev theory. Let 3 be a Riemann surface of
genus g with N + 1 boundary components, N € N. The group algebra K(m (X)) of the fundamental
group 71(X) is canonically filtered by powers of the augmentation ideal (see §2.4) and hence admits

a canonical completion 71(3). The associated (completed) vector space spanned by conjugacy
classes in 71 (%),

- )

(K (%), K(m(3))]
that is, by free homotopy classes of loops in X, has a canonical Goldman-Turaev Lie bialgebra

structure. It is filtered, and the associated graded vector space
D fap— H1(%) ;

[R°H: (%), ®*H1(X)]

where H;(X) is the first homology group of ¥ over K, has an induced Lie bialgebra structure which
admits a rather simple combinatorial description. The formality theorem [AKKN1, AKKN2,
Mas] (see also references cited therein) says that for any solution of the K’V problem, in particular,

for any Drinfeld associator there is an associated isomorphism

—_ —

©: g[X] — grg[¥]
of Lie bialgebras. In the case ¢ = 0 and K = C a nice explicit formula for such an isomorphism
was constructed in [AN] with the help of the Knizhnik-Zamolodchikov connection. In particular,
the group GRT} acts as automorphisms on grg[¥] for any Riemann surface X.
8.5. Cohomology of moduli spaces of algebraic curves and grt;. Let M, be the moduli

space of Riemann surfaces of genus g. The authors of [CGP1] constructed a remarkable monomor-
phism of cohomology groups

H*(GCy) — [ He P (MysK) = [ (M K))*
g g
implying an injection of the Grothendieck-Teichmiiller Lie algebra
gty — HH?Q(MQ;K)
g

and hence the following estimation [CGP1] on the dimension of cohomology groups:

dim H*97%(M,,Q) > B9 + constant,
for any 3 < By, where By =~ 1.3247 ... is the real root of 3 —t — 1 = 0.
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