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INTRODUCTION

Roughly speaking, a non-symmetric algebraic operad is an algebraic struc-
ture spanned linear operations (not necessarily binary) satisfying certain re-
lations, in which the variables stay in the same order. The canonical example
of this type of structure is the operad of the associative algebras, spanned
by a binary product - : a ® b — a - b, which satisfies the relation

(a-b)-c=a-(b-c),

for any elements a, b, c in an algebra over this operad.

Associative algebras are naturally related to other type of algebraic struc-
ture: Lie algebras. By definition, a Lie algebra over a field K is a K-vector
space g, equipped with a binary operation [,] , called Lie bracket, satisfying
the following relations:

(1) antisymmetry, [z1,z2] = —[z2, 21],

(2) Jacobi identity, [x1, [z2, z3]] + [z2, [z3, 21]] + [z3, [x1,22]] = 0,
for all x1,x9, 23 € g.
Given an associative algebra (A, -), a Lie algebra structure on the underlying
vector space of A, is defined by the bracket

[a,b] :==a-b—10-a,

for a,b € A. This Lie algebra is denoted by (AL []).

The map (A4,-) — (A%* [,]) determines a functor, denoted by (—)*, from
the category of associative algebras over a field K to the category of Lie
algebras over the same field.

There exists a canonical left adjoint functor U to (—)*. Given a Lie alge-
bra g, the functor U assigns an associative algebra U(g), called the universal
enveloping algebra of g. As a vector space g < U(g), that is g coincides with
the subspace of homogeneous elements of degree one of U(g). Note that the
vector space U(g), has positive dimension, for all n € N. So, one of the
main questions about associative algebras is when an associative algebra is
the enveloping algebra of a Lie algebra.

The answer of this problem, in characteristic zero, was given in 1965 by J.W.
Milnor and J.C. Moore in [28]. Let us describe briefly their result, which
involves the notion of bialgebras.

A coassociative coalgebra is the dual notion of an associative algebra, that
is, a vector space C over K, equipped with a linear map

A:C - CexC,



which is coassociative, that is, A satisfies that
(A®Ide)o A= (Ide® A) o A.

A unital associative algebra (A,-,n) equipped with coassociative counital
coproduct (A, €) satisfying that the coproduct A and the counit € are algebra
morphisms, is called a bialgebra.

Our main example of bialgebra is the free associative algebra over a vector
space V, with the concatenation product and the coproduct given in terms
of shuffle permutations (see [6]).

Milnor-Moore’s Theorem(see [28]) states that, over a field of characteris-
tic zero, any conilpotent cocommutative bialgebra H is isomorphic to the
enveloping algebra of a Lie algebra. So, there exists an equivalence of cate-
gories between conilpotent cocommutative bialgebras and Lie algebras, over
a field K of characteristic zero.

The statement becomes less definite in positive characteristic (see for
instance [6],[28] and [29]). But the Milnor-Moore Theorem still holds when
the category Vectg of vector spaces over a field K, is replaced by other
symmetric monoidal categories (see [27]).

In the context of operad theory, J.-L. Loday introduced in [25] the notion
of generalized bialgebra, which includes, between other cases, the classical
notions of bialgebras, Lie bialgebras, infinitesimal bialgebras and dendriform
bialgebras.

A type of generalized bialgebra is determined by a coalgebra structure C,
an algebra structure A and compatibility relations between the operations
and the co-operations, called distributive laws. In the triple of operads in-
volved in the Milnor-Moore Theorem, we have C¢ = Com® (cocommutative
coassociative coalgebra) and A = As (associative algebra) and the relation
between these structures is the Hopf compatibility relation. Loday proved
that, under certain conditions, there is a structure theorem for generalized
bialgebras, which gives rise to various generalizations of the Milnor-Moore
Theorem.

Of particular interest to our work is the notion of infinitesimal bialgebra,
which was introduced by M. Joni and G.-C. Rota in [20], and modified by J.-
L. Loday and M. Ronco in [26], in order to consider infinitesimal bialgebras
with unit.

A wunital infinitesimal bialgebra (H,-, A) is a vector space H over a field K,
equipped with a unital associative product - and a counital coassociative
coproduct A, which are related by the unital infinitesimal relation :

Alz-y)=(z®1)-Aly) +Alz) - (1Qy) —rRy.

The main example of infinitesimal bialgebra is the tensor algebra over a
vector space V', denoted by T'(V'), equipped with the concatenation product
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and the deconcatenation coproduct. The space T'(V'), with this structure,
is denoted by T¢(V).

The structure theorem in this case (see [26]), states that any conilpotent
unital infinitesimal bialgebra H is isomorphic to (7¢(V'), for some vector
space V.

The main object of our work is the study of generalized bialgebra struc-
tures for certain non-symmetric operad: the operad of compatible associative
algebras.

A compatible associative algebra over a field K is a vector space A equipped
with two associative products, - : AR A — Aand o: A® A — A, such that
the sum

TRy =T -Yy+rToy,

is an associative product, too. Equivalently, A is a compatible associative
algebra if the product = xy := px - y + A\(x o y) is associative for all pair
of elements pu, A € K. When g = 1, the product * can be considered as
a deformation of the product - in the parameter . Following the notation
given by H. Strohmayer in [37], the operad associated to this type of algebras
is denoted by As?.

One of the motivations for the study of As?-algebras is its close rela-
tionship with others algebraic structures, as compatible Lie algebras and
bi-Hamiltonian algebras. Recall that a compatible Lie algebra is a K-vector
space A, equipped with two Lie brackets [,] and {,} , satisfying that their
sum is also a Lie bracket.

When the compatible Lie algebra A is equipped with a commutative and
associative product - such that the brackets are both derivations for the
product -, we say that A is a bi-Hamiltonian algebra. In particular, a bi-
Hamiltonian algebra has two structures of Poisson algebra, so the brackets
are called Poisson brackets.

Given an associative algebra (A,-) a natural problem is to find out the
possible associative products, defined on the underline vector space of A,
which are compatible with the original associative product. In [30], A.
Odesskii and V. Sokolov showed that the associative products compatible
with the usual matrix product are in one-to-one correspondence with repre-
sentations of certain algebraic structures, called M-structures. They studied
the semisimple case and introduced, when A is finite direct sum of matrix
algebras, the PM-structures (see [30]), whose representations describe the
compatible associative products on A. The same authors showed, in [30],
that the classification of M and PM structures are related with the Cartan
matrices of certain affine Dynkin diagrams.
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In [5], J. F. Carinena, J. Grabowski and G. Marmo introduced the notion
of Nijenhuis tensor for associative algebras, which originates interesting ex-
amples of compatible associative algebras, some of which are considered in
Subsection 3.1.4.

The operads of Lie compatible algebras and bi-Hamiltonian algebras have
been studied in [9]. In this work, V. Dotsenko and A. Khoroshkin computed
the dimensions of the components for the operad of the compatible Lie alge-
bras and for the bi-Hamiltonian operad. They also calculated the characters
of these spaces as Sp,-modules and S,, X SLo-modules.

As in the case of associative algebras, there exists a functor from the
category of As? algebras over K to the category of compatible Lie algebras
over the same field. If (4, -, 0) is a compatible associative algebra, then the
Lie brackets given by

[z,y] =2-y—y-u,
{z,y} =azoy—you,

define a structure of compatible Lie algebra on the underlying vector space
of A.

In [37], H. Strohmayer developed the general notion of compatible alge-
braic structures. He computed the Koszul dual of As?, denoted by 2As,
which is a set theoretical operad, by arising an operadic partition poset (see
[39]). H. Strohmayer showed, using B. Valette’s results, that 2As is a Koszul
operad, and therefore As? is Koszul operad, too. In [41], Y. Zhang explicitly
gave the realization of the homology complex for the compatible associative
algebras.

Using that the operad As? is Koszul, V. Dotsenko obtained in [8] the
dimensions of the operad As? and calculated the characters of As?(n) as
S,-module and S,, x SLy-module. In particular, the dimension of As? (n) is
¢, - n!, where ¢, is Catalan number.

In our work, we give an explicit construction of free objects in the cate-
gory of As?-algebras, using planar rooted trees. As As? is a non-symmetric
operad, the operad is determined by the free object on one element. We
show that any free As?-algebra admits a coassociative coproduct which sat-
isfies the unital infinitesimal condition with both associative products. This
last result motivates the definition of compatible infinitesimal bialgebra, as
a compatible algebra (A, -, o) equipped with a coproduct A : A - A® A,
satisfying the unital infinitesimal relation with both associative products.

The study of the subspace of primitive elements of compatible associative
bialgebra, gives rise to the notion of N -algebra. We show that operad N is
non-symmetric, and that the dimension of the K-vector space N,, is the Cata-
lan number ¢,,_1. We obtain a structure theorem for conilpotent compatible
associative bialgebras, which gives a new triple of operads (As, As?, ), in
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the sense of [25].

In our work, we consider also a particular type of compatible associative
algebras, the so-called matching dialgebras, previously studied in [40]. A
matching dialgebra over field K is a vector space A equipped with two as-
sociative products - and o satisfying the following compatibility conditions:

(a-b)oc=a-(boc)and (aob)-c=ao(b-c),

for all the elements a,b,c € A. Clearly, any matching dialgebra is a com-
patible associative algebra.

We give various examples of this type of algebras. In particular, we con-
sider matching dialgebras obtained from semi-homomorphism of associative
algebras. Moreover, we describe the free matching dialgebra over a vector
space V as a quotient of the free compatible associative algebra As?(V). We
also develop the notion of compatible infinitesimal bialgebras in a matching
dialgebra, which we obtain a triple of operads, as noted J-L. Loday in [25].

As a second step, we consider the operad of algebras equipped with two
compatible associative products, satisfying that one of them is commutative.
In this case the operad do not is non-symmetric since one of the products is
commutative. We obtain a basis for this operad and give a recursive formula
that allow us to compute their dimensions.

Finally, we look at the operad of compatible associative algebras, whose
two products are commutative, which we denote by Com?. We show that
it is Koszul. Unlike the cases studied in [37], the Koszul dual of Com?,
denoted 2Lie, is not a set-theoretical operd. So, we cannot associate a
operadic partition poset to 2Lie, and the methods developed in [39] are not
applicable in this case. In [18], E. Hoffbeck developed the notion of PBW
basis for operads. He showed that an operad P that admits a PBW basis
is Koszul. Moreover, if an operad P has a PBW basis, then its Koszul dual
operad has a PBW basis, which is determined by the PBW basis of P. In
our case, the study of the Koszul dual operad ?Lie allows us to determine
a PBW basis for Com?, which is Koszul. The PBW basis in this case is
described on the vector space spanned by the set of increasing trees. In
particular, the dimension of Com?(n) is equal to n!. Additionally, we obtain
recursive formulas that allow us to express the elements of Com? as linear
combination of elements of this basis.

This work is organized as follows: Section 1 is devoted to recall the basic
notion of associative algebras, coalgebras, bialgebras and Hopf algebras. In
the Section 2 is devoted to recall the basic concepts of operad theory required
to understand the remaining sections. In Section 3 we give some examples
of compatible associative algebras that arise in the study of Nijenhuis ten-
sor for associative algebras, and construct the free compatible associative
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algebra over a vector space V. In Section 4 we develop the notion of com-
patible infinitesimal bialgebra, and introduce the notion of N-algebra. In
Section 5 we consider a particular case of compatible associative algebras:
the matching dialgebras. We show some examples that arise from semi-
homomorphisms of associative algebras. We also describe some notions of
coalgebras compatible with this type of structure. In Section 6 we study the
operad with two compatible associative products with the additional con-
dition that one of them is commutative, while Section 7 is devoted to the
study of compatible commutative algebras, that is compatible associative
algebras satisfying that both products are associative and commutative.
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NOTATIONS

All vector spaces and algebras considered in the manuscript are over a
field K. Given a set X, we denote by K[X] the vector space spanned by X.
For any vector space V', we denote by V" the tensor product of V®---@V,
n times, over K. In order to simplify notation, we shall denote an element
of V®" indistinctly by 1 ® - - - ® x,, or simply x1 - - Tp.

If n is a positive integer, we denote by [n] the set {1,...,n}. The symmetric
group of permutations of [n] is denoted by S,,. Given a permutation o € S,
we write o = (0(1),...,0(n)), identifying o with its image.



1. BIALGEBRAS

This section is dedicated to developed basic notions of associative alge-
bras, coalgebras, bialgebras and Hopf algebras.
The concepts and examples described here have been chosen to make easier
the reading of the manuscript. Our aim is to help the reader to understand
a classical result in the study of Hopf algebras: the Milnor-Moore Theorem.
This Theorem states that, in characteristic zero, a conilpotent cocommu-
tative Hopf algebra H is isomorphic to the universal enveloping algebra of
its Lie algebra of primitive elements, H = U(Prim(H)). Although the de-
velopment of this section is standard in Hopf algebra theory, our text is
essentiality based on the description given by J.-L. Loday and B. Vallette
in [22].

1.1. Associative algebras.

1.1.1. Definition. An associative algebra is a vector space A equipped with
a bilinear map p: A® A — A, which satisfies that po (id®@ p) = po (u®
id). The associativity of the product p can be represented by the following
commutative diagram:

id
Ao Ao A 2% 4 A
du iz
A A a A

An algebra A is unitary if there exist a linear application n : K — A,
called unit, such that the following diagram commute :

id id
KoAd % agpa <" 49K

N

1.1.2. Notation. For any pair of elements x and y in an associative algebra
A, we denote by x -y the element pu(x ® y). The associativity condition
satisfied by p implies that (z-y) -z =2 (y-2z) and n(A) -z = Az = z - n(N),
for all x,y,z € A and A € K.

Note that if (A, ) and (B, o) are two associative algebras, then the tensor
product A ® B is also an associative algebra with the product defined by

(21 ®@y1) * (22 @ Y2) = (71 - T2) @ (Y1 0 Y2),

for all 1,29 € A, y1,y2 € B.
Let us now recall the notion of graded vector spaces.
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1.1.3. Definition. A vector space V is graded if there exist a collection of
subspaces {V}, }nez such that

vz@vn.

nel

An element x € V,, is homogeneous of degree n and we write |z| = n.
We assume that n will run over the integer non negative only, with which

we will write
V=V
n>

1.1.4. Definition. An associative unital algebra A is graded if its underlying
vector space is graded, that is A = @, An, and it satisfies:

(1) A, - Ay, C Apym,, for all integers n,m > 0 and
(2) n(K) C Ao.

An associative algebra (A, -) is commutative if the product - satisfies that
a-b="b-a, for all a,b € A. From now on, for us a commutative product is
an associative and commutative product and a commutative algebra (A, -) is
a vector space A with a commutative product - : A® A — A.

1.1.5. Example. The polynomial ring A = K|z, x2,...,2,] in n variables
over the field K is a graded commutative algebra. In this case, 4y = K,
while the homogeneous component of degree ¢ > 1 is the subgroup of all
K-linear combinations of monomials of degree 1.

1.1.6. Tensor algebra. Let V be a vector space over K. The tensor algebra
over V is the graded vector space

T(V):EBVW:HQ@V@”‘V@"@‘”’
n>0

equipped with the concatenation product T(V) @ T'(V) — T(V') given by
Ac(vreovp) = (1 vp) - A= Avy vy, fAEK
and

(Ul...yn).(vn+1...vn+m):Ul...vnyn+1...yn+m_

The concatenation product is associative. The tensor algebra T'(V) is
graded, where the component of degree zero is the field K = T9(V) and
T™(V) := V" is the component of degree n. Its unit is given by 1x €
K = T°(V). The tensor algebra is the free associative algebra over V', which
means that T'(V') satisfies the following universal property:
given a associative unital algebra A and a linear application f : V — A,
there exists an unique algebra morphism f : T(V) — A which extends f,
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that is, the following diagram commute:

v—L.4

| A

(V)

where i : V — T(V) is the inclusion of V = T!(V) in V).
In fact, if f:V — A is a linear application, we define f: T'(V) — A by:

(1) f() =1,

(2) J(v) = fv), ifv eV,

(3) f(v1---vn) = f(v1)-...-f(vy), where - denote the associative product
of A.

It is immediate to verify that fis morphism of algebras. Moreover, it is

clear that this morphism is unique. So, T'(V) is free on V.

1.1.7. Proposition. Let A = @, ~, A, be a graded algebra and consider a
two-sided ideal T of A generated by homogeneous elements. We have that

I:EBIﬂAn

and the quotient algebra AJT is graded with (A/I), = An/(Z N Ay), for all
n > 0.

Proof. The ideal Z is generated by homogeneous elements z; of degree d;.
So, if x € Z then we have that

$:Zai'$i'bi7
i

for some a;,b; € A. Since A is a graded algebra, we can write a; = ) ; @i
and b; = >, b;j, where a;; and b;; are homogeneous elements of degree j.
So, x = Z”k -a;;-;bi, is a sum of homogeneous elements of degree d;+j+k
in Z, which implies that Z C @,,~,Z N A,. The other inclusion is obvious.
The graduation of the quotient A/Z follows from the previous result. O

1.1.8. Symmetric algebra. Let V be a vector space. The symmetric algebra
S(V) over V is the quotient of the tensor algebra T'(V) by the two-sided
ideal Z(V'), generated by all the elements of the form

V1V — V91, for all vy,ve € V.

As a free associative unital algebra T'(V') is generated by V', so the com-
mutativity of the elements of degree one in the quotient S(V'), implies that
S(V) is a commutative algebra. On the other hand, since the ideal Z(V) is
generated by homogeneous elements of degree two, S(V') is a graded algebra.
If we denote by S™(V') the image of T™(V') under the projection of T(V')
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onto S(V'), we get that S™(V') is the subspace of homogeneous elements of
degree n.

The subspace S™(V') can be characterized as the quotient of 7"(V') by
the subspace generated by all the elements of the form

(Ulv? e Up) — (Ua(l)va(2) T Ua(n))v
for all v; € V and all permutation o € S,,.

1.1.9. Remark. (1) The symmetric algebra S(V') satisfies the following
universal property:
For any commutative unital algebra A and any K-linear map f :
V' — A, there exists an unique algebra morphism f : T(V) — A
which extends f, that is, the following diagram commute:

v 1.4

| A

S(V)

where i : V' — S(V) is the inclusion of V' in S(V'). The construction
of the extension fis similar to the associative case (see 1.1.6).

(2) If V is finite dimensional, then S(V') is isomorphic to the algebra of
polynomials in n variables K[z1,...,z,] ([22], 1.1.10).

For the next example, we need to recall the definition of a Lie algebra.

1.1.10. Definition. A Lie algebra over K is a vector space g together with
a binary operation [—,—] : g ® g — g , called bracket, which satisfies the
following relations:

(1) antisymmetry, [z1,22] = —[z2, 1],

(2) Jacobi identity, [x1, [v2, x3]] + [x2, [z3, 21]] + [23, [21, 22]] = 0,

for all x1,x2,x3 € g.

The underlying vector space of any associative algebra A has a natural
structure of Lie algebra with the bracket

[z,y] =z-y—y-u,

for z,y € A. We denote by A% the underlying vector space of A, equipped
with the Lie algebra structure given by [—, —|. This construction defines a
forgetful functor from the category of associative algebras to the category
of Lie algebras,

(=)t . As-alg — Lie-alg.
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1.1.11. Unidversal enveloping algebra. Let g be a Lie algebra. The tensor
algebra T'(g) is the free unital associative algebra over the underlying vector
space of g.

1.1.12. Definition. The universal enveloping algebra U(g) is the quotient of
T'(g) by the two-sided ideal generated by the elements

rRy—yRx—|x,y], forall x,y € g.

Note that there exists a Lie algebra homomorphism ¢ : g — U(g) given by
the composition ¢ := 7 o ¢, where i : g — T'(g) is the inclusion of g = T'(g)1
in T(g) and 7 : T(g) — U(g) is the projection of T'(g) onto the quotient

U(g).

1.1.13. Proposition. Let g be a Lie algebra. The universal enveloping al-
gebra satisfies the following universal property:

if A is an associative algebra and f : g — Alie s o Lie algebra morphism,
then there exist an algebra morphism f : U(g) — A such that the following

diagram commute:
_r,
pa

U(g)

g A

Proof. Let A be an associative algebra and consider a Lie algebra morphism
f:g— AL As fis a linear application, by the universal property of T'(g),
there exists an unique algebra morphism f: T(g) — A which extend f. So,
we get that:

faoy—yox)=f@)fy) - f@)f@)=[f), f@)] = f(zy),

which implies that f (r®y—y®zx—[zr,y]) =0, consequently the algebra

morphism f is defined on the quotient U(g).
U

1.1.14. Remark. Proposition 1.1.13 shows that the functor U : Lie-alg —
As-alg is left adjoint to the functor (—)X* : As-alg — Lie-alg, that is, for
any Lie algebra g and any associative algebra A there is an isomorphism

Homas(U(g), A) = Homy,ie(g, ALie).

1.2. Coalgebras. The notion of a coalgebra is dual to the notion of alge-
bra, and is obtained by reversing all arrows in the diagrams defining an
associative algebra.
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1.2.1. Definition. A coassociative coalgebra is a K-vector space C' with a
coproduct A : C — C ® C such that the following diagram commute:

c—2 L cecC

A A®Id

1d®A
CeC 5 CceCaC
Additionally, a coalgebra C' is counitary if there exist € : C' — K, called
counit, such that the following diagram commute:

C
/;7// Q\\i\
K®C

Id®e CoC e®Id ADK

A coalgebra (C,A) is cocommutative when the coproduct satisfies A =
ToA, where 7: C®C - C®Cisgiven T(x Qy) =y ® x.
Given two coalgebras (C, A, ¢) and (C'; A’,¢'), a morphism of coalgebras is
a linear map f : C — C’ such that

(f@f)oA=Aofande=¢of.

1.2.2. Remark. (1) The field K is a coalgebra with the coproduct given
by A(l) =1® 1.
(2) A coalgebra is coaugmented if there exists a morphism of coalgebras
u : K — C. In particular, e ou = Idg. If C is coaugmented, then C
is isomorphic, as vector space, to C @ K1, where C = kere . In such
case, we define the reduced coproduct A : C — C ® C by

Alz)=A(z) —2®1-1®x,

which is also coassociative.

(3) Let (C,A4,€e4) and (D,Ap,ep) be two counital coalgebras. The
tensor product C'® D has a natural structure of coalgebra with the
coproduct given by Acgp = (Id® 7¢,p ® Id) o (Ac ® Ap) and the
counit ecgp = €c ® €p.

1.2.3. Definition. A co-algebra (C, A, €) is graded if the vector space C =
@nzo C,, is graded, and the coproduct A satisfies:

(1) A(Cy) C EBCi ® Cp—, for all n > 0 and
i<n

(2) e(Cy) =0, for n # 0.

1.2.4. Notation. Let (C,A,¢€) be a coalgebra. Given x € C we denote the
image of x under A using the Sweedler’s notation,

A(x) =) wq) @ a) or simply Az) = 2(1) ® 2(y).
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Using Sweedler’s notation, the coassocitivity of A is expressed as:
(Z@ym) @2a)2) ®2(2) = 20) @ (Z2)(1) @ T2)(2))s
for all x € C. So, we may write
(A®Id)A(z) = (Id® A)A(z) = 271) @ T(29) @ T(3).-
The counit condition of € may be reformulated as:

e(zu))z@) =2 = z)E(z(),
for all z € C. On the other hand, C' is cocommutative if z(;) ® z@p) =
Z(2) @ Z(1), for all x € C.

The coassociativity of the coproduct A allow us to define n-ary coopera-
tions on a coalgebra C.

1.2.5. Definition. Given a coalgebra (C,A) (not necessarily counital), we
define recursively n-ary co-operations, A : C' — C®" as follow:

e Al Z1d, A® = A

e AB) = (A®Id)o A= (Id®A)o A

e AM = (A ®@Id®"=2)) o Alr=1)

1.2.6. Remark. By the coassociativity of A, we get
AW = ((d® - @IdeA®Id---®Id) o AP™Y,
In particular,
A™) (x) = A("_l)(ilt(l))l@ T(2)
= 2 @ AT D(a ().
Extending Sweedler’s notation, we write
Given a coaugmented coalgebra C, there exists a natural filtration on C

given by:
° Fl(C) = {a: GU‘

(z) = 0},

3 | Al (z) = 0, for any r > n} for a given n > 1,
where A(z) = A(z) - 1@z —z2® 1.

The previous filtration give place to the notion of conilpotent coalgebra.

1.2.7. Definition. The counital coalgebra C' is said to be conilpotent if

C=|JF.(©).

n>1

1.2.8. Remark. Note that if (C,A) is a conilpotent coalgebra, any element
in C is conilpotent, that is, for any = € C there exists n such that A(™) (x) =
0, for any m > n. We say that the conilpotency degree of x € C is the
smallest positive integer n that A (z) = 0. Moreover, by Remark 1.2.6, if
Az) = T(1) ® x(2), the conilpotency degree of the elements x(1) and x(y) is
strictly smaller than the conilpotency degree of z.
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1.2.9. Tensor Coalgebra. Let V be a vector space. We denote by T¢(V') the
vector space

T°V)=PVver=KovVe - Ve,
n>0

equipped with the deconcatenation coproduct A€ : T¢(V) — T4(V)T(V)
given by

A(xy - xy) = Z(:El o Z) @ (ig1 ) and A°(1) = 1® 1,

for x1,...,x, € V.

The counit € : T¢(V) — K is the projection on K, that is, it is the identity
on K and 0 otherwise.
The coproduct A is coassociative and counital. Note that 7°(V) is coaug-
mented by the inclusion i : K — T'(V)). Moreover, T¢(V) is a graded and
conilpotent coalgebra. In this case, the filtration is given by

F(T°(V) =P Ver.

r<n

The reduced coproduct is given by

n—1
c —
A (Ul"'vn) = E V1V @ Vg1 Up.
=1

1.2.10. Remark. The coalgebra T¢(V') satisfies the following universal con-
dition:

any linear map ¢ : C — V , where C is a conilpotent coassociative coal-
gebra, satisfying ¢(1) = 0, extends uniquely into a coaugmented coalgebra
morphism ¢ : C' — T¢(V):

C
. ¢
@
T°(V) Vv

where py : T¢(V) — V is the projection map, which is the identity on V'
and 0 otherwise. We say then that T¢(V) is the cofree conilpotent coalgebra
over V (see [22], Proposition 1.2.7).

1.2.11. Definition. Let (C, A, €e,u) be a coaugmented coalgebra. An element
x € C is primitive if A(x) =2 ® 1+ 1® x or, equivalently, = € F1(C). The
subspace of primitive elements of C' is denoted by Prim(C).
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1.3. Bialgebras.

1.3.1. Definition. A bialgebra (H, p,n, A, €) is K-vector space H equipped
with a unital algebra structure (H, u,n) and a counital coalgebra structure
(H,A,e€), satisfying that A y € are algebra homomorphisms,

Alz-y) = (p®@p)o (Idg @ TIdy) o (A(z) @ Ay)) and e(z - y) = e(x)e(y),
for any pair of elements =,y € H.

1.3.2. Remark. (1) The compatibility condition between the algebra
structure and the coalgebra structure in H is equivalent to require
that pu and n are coalgebra homomorphisms.

(2) When we consider the non-unital bialgebra H := ker(e) with the
reduced coproduct A(z) = A(z) —r ® 1 — 1 ® z, the compatibility
relation is given by:

Alzy) = 2Ry+y@r+271) Ty + 1)y ® T(2)+
TYa) DY) T Ya) @ TYe) T T0)Ya) © T2)Y(2);
where A(z) = 21y ® 2(2) and A(y) = ya) @ Y2).
(3) A bialgebra (H, u,n,A,¢€) is graded, if H is a graded algebra and a
graded coalgebra, with the same graduation.

1.3.3. Proposition. If H is a bialgebra, then the subspace of primitive ele-
ments Prim(H) is a Lie subalgebra of H.

Proof. Suppose that x and y are primitive elements of H, we get that
Azy) = (pep)o(Idg®TRIdy) (2@ 1Kk QY@ 1k +r@1k® 1KY +1k®TRYR 1K
+tlkRrRIgRy) =z - yQlg+2xQy+yQr+IlgQz-y,

which implies that

Adlz,y]) = Alz-y)—Ay- =)
= (- y-y 2)0lg+1k® (@ y—y-x)
= [zy)®lk + 1k ® [z,y].

So, Prim(H) is a Lie subalgebra of H. O

1.4. The tensor bialgebra. Let V be a vector space. As T'(V) is the free
associative unital algebra over V', there exists an unique algebra morphism
Agp : T(V) = T(V)®T(V) such that

Ag(v)=vR@1+1®w,

for any v € V.

By the universal property of T'(V'), the coproduct Ay, is coassociative.
Therefore, T'(V') is a bialgebra, which is graded, cocommutative and conilpo-
tent. The data (T'(V), -, Agp,t,€) is called the tensor bialgebra over V.

Let us give an explicit formula for the coproduct Agy,.



17

1.4.1. Definition. A (n,m)-shuffle is a permutation o € S,,1,, such that
o(1l) <---<o(n)and o(n+1) < --- < o(n+ m). We denote the set all
(n, m)-shuffle by Sh(n,m).

1.4.2. Proposition. Let V' be a vector space. The coproduct Ag, on T(V)
s given by

Agp(vr---vp) = Z Z Vs(1) """ Vo(s) @ Vo(it1) " * Vo(n)-
1=0 o€Sh(i,n—1)

1.4.3. Remark. In an analogous way, the symmetric algebra S(V) has a
natural structure of bialgebra by defining

Alz)=z1+1®@z,forx eV

and extending this map to A : S(V) — S(V) ® S(V), using the universal
property of S(V).

Let us describe the formula for the coproduct A in this case. For an
homogeneous element x = vy --- v, € S"(V) (see 1.1.8), let I be a subset of
[n]. If T = (), then we define xy := 1. If I = {iy,...,ix}, with I # 0, then
we define xj := v;, - -+ v;,. So, 1 € Sk(V). In this way, we have that

Az) = Z T @Iy,

1UJ=[n]

The symmetric algebra over V with this coalgebra structure is denoted
by S¢(V).

1.5. Bialgebra structure for U/(g). Let g be a Lie algebra. As U(g) is a
quotient of T'(g), it suffices to verify that the bialgebra structure is compat-
ible with the quotient map to get a bialgebra structure on U(g). The map
A is Lie algebra homomorphism. Indeed, if x,y € g then:

Alz,y]) =[z,y]@1+1® [z,y]
=(zy —yzr)®1+1® (zy — yx)
=(@®1+1e2)(ye1+1Ry) - (YR1+10y)(z@1+11 )
= A(z)A(y) — Ay)Alz)
= [A(x), A(y)]-
By the universal property of U(g), there exists a unique algebra homo-
morphism A : U(g) — U(g) @ U(g), which extend A(z) =z ®1+1® z, for
x € g. Therefore, the universal enveloping U(g) is a bialgebra.

Note that, in particular, if H is a bialgebra, then Prim(H) is a Lie al-
gebra (1.3.3). So, U(Prim(H)) is a biagebra with the structure previously
described.

To define a Hopf algebra, we need previously to introduce the notion of
antipode.
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1.5.1. Definition. Let (H, u, A, n,¢€) be a bialgebra. Given a pair of K-linear
maps f,g € Endg(H), the convolution product of f and g is the linear map
f*g: H— H given by the composition

frg=po(f®g)oA.
It is immediate to verify that the endomorphism 7 o € is a unit for x and
that x is associative. So, the data (Homg(H ), ,n o€) is a unital associative
algebra.

1.5.2. Definition. A Hopf algebra is a bialgebra (H, u, A, n, €) equipped with
a linear map S : H — H such that S is the inverse of id : H — H with
respect to the convolution product, that is

Sxid=idxS =noe.
The linear endomorphism S is called an antipode for H.

1.5.3. Remark. If H conilpotent bialgebra, then H is equipped with an
antipode map S, given by the formula

LE) — _‘T+Z(_ n+1 n An 1( )

n>1

In particular, for any vector space V', the tensor bialgebra T'(V') is a Hopf
algebra. Similarly, if g is a Lie algebra, the universal enveloping U(g) is a
Hopf algebra, too.

1.6. Dual Hopf algebra. Let V be a vector space. Consider V* = Homg (H, K)
the dual space of V. The linear map ¢ : V* @ V* — (V ® V)*, given by
o(f ®g)(x ®y) = f(x)g(y), is a isomorphism whenever V is finite dimen-
sional.

On the other hand, if V and W are vector spaces and F : V — W
is a linear map, then F' induce a linear map F* : W* — V* given by
F*(f)=foF.

If (C,A) is a coalgebra, then (C*, A* o) is an associative algebra (in this
case, we do not need that C' has finite dimension).

Respectively, if (A,pu) is associative algebra of finite dimension, then
(A*, ™1 o i) is a coassociative coalgebra.

Suppose now that (H,u,A) is a Hopf algebra of dimension n < co. Let
B = {ei}ic[n), respectively B* = {d;}ic[n, be a basis the underlying vector
space of H, respectively its dual basis. There exists a canonical isomorphism
of vector spaces H* = H, given by J; <+ ¢;. The last isomorphism, which
strongly depends on the basis, gives another Hopf algebra structure on H,
induced by (H*, u*, A*), that we denote (H, p', A").

The product g’ and co-product A’ are given, in terms of the basis B, by
the formulas

(1) p'(e; ®ey) Z Al jér, where Ale,) Z )\l x€l © e and
L,k
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(2) A'(e;) Zaﬂe] ® e, where p(e; ® e;) Zaﬂer
7,0
The last construction may be extended to any graded Hopf algebra. Let
V= EB V., be graded vector space such that its homogeneous components
n>0
are of finite dimension.
(1) The graded dual V* is the graded vector space @ V.*. Moreover,
n>0
as its homogeneous components are of finite dimension, V = V*,
(2) The tensor product V ® V is also a graded vector space, with grad-
n

uation given by (V @ V),, = @ Vi ® Viu_s, for all n > 0. Moreover,
i=0
under the finite dimensional hypothesis, (V @ V)* 2 V* @ V*.

(3) Consider V and W are two graded vector space, both with its ho-
mogenous components of finite dimension, and F' : V — W, homo-
geneous of degree d, that is, F(V,) C W, .4, for all n > 0. Then,
there exist an unique F* : W* — V* given by F*(f) = fo F.

The previous considerations imply that if (H, u, A) is a graded Hopf alge-
bra, then the graded dual H* is also a Hopf algebra. Moreover, as H = H*,
it induces another Hopf algebra structure on H.

1.6.1. Example. Consider the tensor bialgebra (T'(V'), u, A), where y is the
concatenation product and A is the shuffle co-product. In this case, the
dual coalgebra structure is given by the tensor coalgebra T°(V') considered
in 1.2.9. The coproduct is given by the deconcatenation coproduct,

n

Ac(xl e xn) = Z($1 e ':UZ) ® (':Ui—l—l e xn)

i=0

Conversely, it is not difficult to see that the dual product is given by

(Ul e Un) * (Un—i-l T Un-i—m) = Z Vo=1(1) """ Vo—L(n+m)>
c€Sh(n,m)
which is called the shuffle product. The bialgebra (T¢(V), x, A€) is known as
the shuffle bialgebra.

1.7. Cartier-Milnor-Moore theorem. Let us describe one of the main
structure theorems for cocommutative bialgebras, due to J. Milnor and J.
Moore. The version included in the present manuscript is due to J.-L. Loday
and B. Vallette in [25], Theorem 1.3.6, which contains two classical results:
the Cartier-Milnor-Moore theorem and the Poincaré-Birkhoff-Witt theorem
[25]. For more details about this theorem we refer to [25], while the original
version of the result, we refer to [28] and [35].

1.7.1. Theorem. Let K be a characteristic zero field. For any cocommutative
bialgebra H over K, the following are equivalents:
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(1) H is conilpotent,

(2) H=UPrim(H)) as bialgebra.

(8) H = S¢(Prim(H)) as a conilpotent coalgebra.
1.7.2. The Grossman-Larson’s Hopf algebra. In [17], R. Grossman and R.G.
Larson described Hopf algebras which are associated with certain families

of trees. Let T be the set of all non-planar rooted trees and 7, the subset
of trees in 7 with n + 1 vertices. For instance,

® /o= {.}7

)

S R

where the root of the tree is painted in black. The tree with only one vertex
is denoted by e, and belongs to 7y. Given a tree t and a vertex v € t |, we
say that a vertex v’ € t is a child of v if v/ is directly connected to the vertex v.

Let H = K[T] be the vector space generated by the set 7. The vector
space H is naturally graded by

H = DKI[T.,
n>0

where K[T,,] is the vector space spanned by 7.

The associative product on H is defined as follows. If {; and ¢y are two
rooted trees, the product t; - o is the sum of the trees obtained by attaching
the children of the root of ¢; to the vertices of ¢ in all possible ways. For

WP

Note that this product is not commutative and the unit is given by the
tree e.

Let us describe the coalgebra structure for H. Let ¢t be a tree and vy, ..., v,
the children of the root of t. Let X = {t1,...,t,} be the set of subtrees of ¢
whose roots are given by v1,...,v., respectively.

Consider Y a subset of X. If Y = (), then define ty := e. If Y =
{ti,...,ti. }, then define ty as the tree that is obtained by attaching of
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trees t;,,...,t; to anew the root.
The coproduct A(t) is given by

Alt)= Dty @tx\y.
YCX
So, the coproduct A(t) is the sum of the 2" terms ¢’ ®t”, where the children
of the root of ¢ and the children of the root ¢’ range over all 2" possible
partitions of the children of the root of ¢ into two subsets. For instance,

A(OVO):OVO@"*zf@fJF'@OVQ

Note that, if t = e, then A(e) = e ® e. The counit € is given by e(e) = 1,
e(t) =0ift #e.

The coproduct A is cocommutative and (H,-,A) is a conilpotent bialge-
bra. So, by Remark 1.5.3, H is a Hopf algebra.

By Cartier-Milnor-Mooree theorem, H is isomorphic, as bialgebra, to the
universal enveloping algebra of its primitive elements, H = U(Prim(H)).
Explicitly, Prim(H) has as basis the set all rooted trees whose root has
exactly one child (for more details, see [17])

1.8. Chain complex and homology. We give the basic notions of chain
complexes and homology.

For two graded vector spaces V and W, a morphism of degree r , f : V —
W, is a family of linear maps f, : V;, = W, 4, for all n € Z. The integer r
is called the degree of f and we write |f| = r. Note that |f(v)| = |f] + |v].

The tensor product V @ W (in the graded framework) is defined as:
VeW),:= P view,.
i+j=n
The suspension of the graded vector space V is sV, where we identify
(sV); with V;_1. So, sV is the graded vector space V with the degree shifted

in 1. Respectively, the desuspension of V is given by s~'V. In this case, it
is the graded vector space V with V11 considered in degree <.

1.8.1. Chain complex. A chain complex, also called differential graded vector
space, is a graded vector space (Cy, d) equipped with a linear map

d:Cy — Cy_1,

of degree —1, called differential o boundary map, satisfying the condition
dod = 0. We assume that the graduation of C' is non negative and we
represent the chain complex by

= Chp1 — C = Chg — - = Cp = Cy.

Given a differential vector space (C,d), a cycle of degree n is an element
of the kernel Kerd,,, while a boundary in C,, is an element of Imd,11. The
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condition d o d = 0 implies that Im(d,+1) C Ker(dy,).

The n-th. homology group of a chain complex (C,d) is the quotient
H,(Cy) :=Ker(d,)/Im(dp41).

A morphism of complezes f : C — C'is a map of graded vector spaces
of degree 0, such that the following diagram commute for any n,

Cn —d’ Cn—l

\fnl
d

G, — Gy

fn

The commutativity of the diagram implies that f induces a morphism
fv: Ho(C) — H,(C).

A homomorphism of complexes f : Cy — C is a quasi-isomorphism if f
is an isomorphism, for all integer n.

Given two differential graded vector spaces (chain complexes) (V, dy ) and
(W,dw), their tensor product is the graded vector space V @ W, whose
subspace of homogeneous elements of degree n is (V@ W),, := @ Vi®
W;, equipped with the differential map

i+j=n

dvew = dy ® Idy + Idy ® dyw .
IfveweV,®W;, then
dvew (v ©w) = dy(v) @ w+ (=1)'v ® dw(w).

1.8.2. Differential graded algebra and differential graded coalgebra. A differ-
ential graded associative algebra (A,-,d) is a graded algebra equipped with
a differential map d : A — A of degree —1 satisfying that d is a derivation
for the product, that is:

d(a-b) =d(a) - b+ (-1)!a - d(b).
The last identity can be expressed as:
do-=-0(d®id+id ® d),

where - is the product in A. So, - : A® A — A is a morphism of chain
complexes.

Respectively, a differential graded coassociative coalgebra (C,A,d) is a
graded coalgebra equipped with a differential map d : C' — C of degree —1,
which is a coderivation for the coproduct A, that is:

Aod=(d®id+id®d) o A.
Equivalently, A : C — C ® C' is a morphism of chain complexes.
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1.8.3. Bicomplex. A bicomplezx (also called double complex) is a bigraded
vector space C' = {Cpy}p>04>0 together with a horizontal differential d” :
Cpq = Cp—1)q and a vertical differential d, : Cpy — Cp(4—1) satistying that:

dpod, +dy,od, =0.

Graphically, we have:

a & &

Cao & Ca1 & Ca2 &
& & &

Cho & Cn & C12 &
& & &

Coo & Co1 & Co2 &

The total complex associated to a bicomplex (C,d},d,) is defined by

(TotC), := @) Cpg and d = d" + d".
p+q=n

We can easily verify that the conditions satisfied by the differential maps
d” and d" imply that ((TotV),,d) is a chain complex. The homology groups
H,(TotC) are called the homology groups of the bicomplex C\.

Other chain complex may be defined from a bicomplex (C, dj, d,). First,
consider the homology groups of vertical complex H,(C\,), for a fixed g.
The horizontal differential induces a map

(dh)* P Hp(Ciq) = Hp(Cug-1),

for all fixed p. The homology groups of the last complex are denoted by
H ;‘Hg (C). Similarly, we can define other complex considering first the hor-
izontal homology and then the vertical homology. In such case, we denote
the homology groups by H;,’Hé‘(C’).

The following proposition establishes a relationship between these homol-
ogy groups and the total complex homology groups.



24

1.8.4. Proposition. Let (C,dp,d,) be a bicomplex. Suppose that, for all
integer q, the vertical homology groups Hp(Cy4) are 0, for p > 0. Let
K, == Ho(Cy), be the unique non trivial homology group . We have that
H,(TotCyy) = Hy(K,,d"), forn > 0.

Proof. See [23], Proposition 1.0.12. O

1.9. Unital infinitesimal bialgebras. In [20], M. Joni and G.-C. Rota
introduced the notion of infinitesimal bialgebra. This notion was modified
by J.-L. Loday and M. Ronco [26] in order to consider infinitesimal bialgebras
with units. We give a brief description of the last type of structure, for a
more complete definition and basic results we refer to [26].

1.9.1. Definition. A wunital infinitesimal bialgebra (H, -, A) is a vector space
H equipped with a unital associative product - : H® H — H and a counital
coproduct A : H — H ® H which satisfy the following relation:

Al y)=2-y1) @Yo +T1) @ T@) ¥y —T @Y,
for z,y € H, where A(x) = x(1) ® 219y and A(y) = y(1) ® Y(2)-

1.9.2. Remark. Note that the unital infinitesimal relation in a unital infin-
itesimal bialgebra (H,-,A) is equivalent to require that the reduced coprod-
uct A verifies the relation

Az -y)=z-y1) @yp) +20) @) ¥y +T Y,
for 2,y € H, where A(z) = T(1) - T(2) and Aly) = Y1) @ Ye2)-

The last equality implies that

AM@-y) = D 2@y @@ () Y1) @+ @ Yn—s)
=1

n—1
+D T ® B3 By @ Yoy,
=1

where AW (z) = Ty ® - @), forall 1 <i <n.

1.9.3. Example. Consider H = K[z], the polynomial algebra in the variable
x with its usual product. Define A : H - H ® H as

A(ﬂj‘n) — Zgjz ® xn—i’
i=0
for n > 0. The polynomial algebra K|z], equipped with A, is a unital

infinitesimal bialgebra.

1.9.4. Remark. The unital infinitesimal relation differs from the infinitesi-
mal relation used by S. Joni and G.-C. Rota in [20] by the presence of term
—x ® y, which implies that A(1) =1® 1.
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The main example of example of unital infinitesimal bialgebra is given by
the tensor algebra T'(V') over a vector space V', equipped with coassociative
coalgebra structure given by deconcatenation coproduct.

1.9.5. Proposition. The tensor algebra T(V') over V equipped with the
deconcatenation coproduct A is a unital infinitesimal bialgebra.

Proof. Consider the tensors x = vy ---v, and y = vpy1 - - - Vpyrn. Computing
A(z - y), we obtain:

Al@-y) = Avr vplpt1 - Uptn)
ptn

= E V1V QU1 Upin
i=0
P

= E Ul""Ui®Ui+1"'vpvp+l"'vp+n

1=0

ptn
_|_ E fUl...fupvp_"_l...fui®vi+1...fup+n

i=p+1

p

= E Ul...vi®(vi+1...fup).y

1=0

ptn

+Zl"(Up+1""Uz')®Uz'+1"'?fp+n—l’®y
j=0
= ) ®T2) Y+T Ya) ®Ype —TOY.
O

Let us recall the linear operator e, originally defined by J.-L. Loday and
M. Ronco in [26], for a conilpotent unital infinitesimal bialgebra (H, -, A).

1.9.6. Definition. Let (H,-, A) be a conilpotent unital infinitesimal bialge-
bra, with unit 7 and counit e. The linear operator ¢ : H — H is defined
by

ei=J—JxJ+- (=)L

where J :=1Id —noe.

1.9.7. Remark. Note that the operator e is well defined. In fact, if x =1,
then e(z) = 0 because A(1,) =1, ®1,,. If v € H, we can write

(¥) e(w) = w0y 2@ +T0) ) TE— (D) w0y ) Emy

where A (z) = Ty ® - @ T(y), and we have omitted the sum symbol.
Since (H,-,A) is a conilpotent coalgebra, there exists a positive integer n
such that A((z) = 0. So, the sum in (%) is finite. Therefore, e is well
defined.

The following proposition was proved in [26].
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1.9.8. Proposition. Let (H,-,A) be a conilpotent unital infinitesimal bial-
gebra. The linear operator e : H — H defined in 1.9.6, has the following
properties:

(1) Im(e) = Prim(H),

(2) if v,y € H then e(x -y) =0,

(3) the operator e is an idempotent,

(4) for (T'(V),-,A), where - is the concatenation and A the deconcatena-

tion, the operator is the identity on V and 0 on the other components.

Proof. First, note that Remark 1.9.7 implies that if € H, then
() e(@) =z —xq)-e(z)

(1) By (%), we have that if # € Prim(H), then e(x) = x, because A(z) = 0.
So, Prim(H) C Im(e) and e(x) € Prim(H), if z € Prim(H).

Let x be a element of H. We want to see that e(x) is a primitive element.
If z = 1 then e(x) = 0, because A(1) = 1® 1. For x € H, we proceed by
induction on n = the conilpotency degree of .

If n = 1 then z is primitive element and e(z) = z. Consider now n > 1
and suppose that e(y) is a primitive element if the degree of y is smaller
than n. Let = be a element in (H) whose conilpotency degree is n. By (x),
we have that

Ale(z)) = Az —zqye(z))
21 @ x2) — Alz) - e(z(g)
= 2 @) T Ale(z(z)))
T)) @ Taye) e(@@) — 2a) ® e(r)-

By Remark 1.2.8, the conilpotency degree of x(;) and z(y) is strictly less
than the conilpotency degree of = for all z(;) ® z(;) in the sum Alx) =
(1) ® x(2). By induction, we have that A(e(z(9))) =

)
0.
On the other hand, by the coassociativity of A, we have that
Z1y(1) @ T(1)(2) * e(az(g)) = (1) ® T(2)1) * e(az(g)(g)). Therefore,
Ale(z)) = z0)@z(2) — 301) ®T(2)(1) ($<2>(2>) ( ) @ e(x(2)

= 71 ® (22 —Te)) e(T@)E)) —20) @e(z@)
= T ® 6(1’(2)) —xq)® 6(1’ )
— 0,

which proves that e(z) is a primitive element.

(2) We proceed by induction on the conilpotency degree of the product
x -y, with z,y € H. If x and y are both primitives, we have that
Az y)=2®yand AP (z-y) =0.

So, we obtain that e(z-y) =z -y — (z-y)q)e((z-y)@2) =z y—2-y=0.
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Suppose now that the conilpotency degree of x - y is n > 2 and suppose
the assertion is true for degree strictly less than n. Computing e(x - y), we
have that:

e(x-y) = x-y—wu-e(re - y) -z yq)-eye) —v-e(y)
= - (y—yq)-elye))) — = e(y), by induction
= z-e(y) —z-e(y), by (%)

0,

which concludes the proof.

(3) The assertion follows immediately from (1), because e(x) = z, if z is
primitive and e(z) is primitive for all z € H.

(4) The proof of this statement is by direct inspection.
(]

The following theorem was stated by J.-L. Loday and M. Ronco in [26].

1.9.9. Theorem. Any conilpotent unital infinitesimal bialgebra H is iso-
morphic to T¢(PrimH) := (T (PrimH),v,A), where v is the concatenation
product and A is the deconcatenation coproduct.

Proof. Let (H,-,A) be a conilpotent unital infinitesimal bialgebra. We de-
note by V := Prim(H) and a tensor in V®" is denoted by x1---z,. We
define G : H — T(V) by the formula

G(z) =) "o Al (a).

n>1

Note that as H is conilpotent and Im(e) = Prim(H), by Proposition 1.9.8,
then G is well defined. Moreover, we can write

G(z) = e(z) + e(z(1))e(z(2)) + e(z())e(z(2))e(z3) + -
By Remark 1.9.2 and Proposition 1.9.8, part (2), we have that:

Glz-y) = Y. elzq) - elze)ely) - eWm—i)

n>1i=1

= 3D o AD (@) (e 0 A (y))

n>11i=1

= G(2)G(y).

So, G is an algebra morphism.

Let us show that G is also a coalgebra morphism.
We must prove that (G ® G) o A = A o G, where we use A indistinctly for
the reduced of H and of H ® H. As G(z) = Z e(zay) - e(x(y)), we have

n>1
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that
A(G(z)) = Ale(zqy) - e(z(m)))
n>1
n—1
= > (elw) - elm)) @ (e((rn) - e(zm))-
n>1i=1

On the other hand, we know that
(GoG)(A) = Glza) @ G(z@)
= O _elzwmm)e@me) ® (O elzay) - e@@)m))-

>1 m>1

Distributing and using the coassociativity of A, we obtain

n—1
GG (A@) = DY (e(zg) - e(z@)) @ (e(zrn) - e(m))

n>114i=1

= A(G(2)).

Therefore, GG is bialgebra morphism.

To see that it is a isomorphism, define F': T(V) — H by
F(vp - vy) =01 ... vy, forn>1.

It is clear that F' is a bialgebra morphism. Let us now see that F'(G(z)) =
z, for all z € H. The proof is by induction on the conilpotency degree of x.

Since A = A("_l)(:n(l)) ® 1(2), We can write

G(x) = e(z)+e(zp)e(z) +e(zn))e(z))e(zs) +
= e(z) +G(xm))e(r(2)-

Let = be a element in H and let n be degree of . If n = 1, then z is
primitive. So, we have that A(z) = 0 and e(xr) = x, which implies that
F(G(x)) =e(x) = x.

Consider now n > 1 and suppose that F'(G(y)) = y, when the degree of
y is strictly less than n. Computing F(G(z)), we obtain that:

F(G(z)) = Fle(z )) F(G(x1))) F(e(x(2))

= e(x) +zq)e(r(g)), by induction
= z-— :E(l)e(x( )) Fraye(rg), by 1.9.8
= .

On the other hand, we have that,
G(F(vi---vy) = Gvr-...-vp)
= G(vy) - G(vy)
= e(v1)---e(vy)

— 'Ul...'Un,

where we have used the fact that e(v;) = v;, for all 1 <i < n, because v; is
primitive. Therefore, H is isomorphic to T'(V). O
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1.9.10. Remark. Note that Theorem 1.9.9 is still valid if we consider a non-
unital associative algebra (H,-, A) together with a coassociative coproduct
A : H — H ® H satisfying

Alm-y)=2-y1) @Yo +T1) @ T@) - Yy +T Y.

2. ALGEBRAIC OPERADS

The present section is dedicated to introduce the basics concepts of operad
theory used in the next sections. For a more details about operads, we refer
to [22] and [13].

2.0.1. Definition. A S-module is a collection M = {M(n),n > 1} of vector
spaces such that each M (n) is a right S,,-module.

Given two S-modules M and N, a morphism of S-modules, ¢ : M — N
is a collection of K[S,,]-morphisms ¢(n) : M(n) — N(n).

2.0.2. Notation. The category of S-module is denoted by S-mod.

To give the definition of an algebraic operad, we previously need to de-
scribe certain type of permutations. Let n be a positive integer and consider
an ordered collection of positive integer m = (my, ..., my):

(1) Given a permutation o € S,, we can define a permutation o, €
Sy +-4m.,, called block permutation, as follows. First, we denote by

my = (my+ - mimr+ 1 ma 4 mmn +my),

for each 1 <i < n. So, we define o, := (My(1); - - -, Mo(n))- For in-

stance, if m = (3,2,2) and 0 = (3,2,1), then o, = (6,7,4,5,1,2,3).
(2) Given permutations o; € Sy, for 1 < i < n, the permutation

01 X -+ X 0p € Smy+-tm, is the permutation that is obtained by

concatenating the o}s. For example, if o1 = (2,1), 02 = (3,2,1) and

o3 = (1,3,2), then

01 X 02 X 03 = (2, 1,5,4,3,6,8,7).

2.0.3. Definition. An algebraic operad, or simply an operad, is a S-module
P ={P(n),n > 1} together with a collection of linear maps, called compo-
sitions,

v:P(n)®@P(my) @ ® P(my) — P(mi+ -+ +my),
for all collection positive integer {mq,...,m,}. We write pu(v1,...,v,) in-
stead y(u®@v1®- - -®uy,). The compositions « satisfy the following conditions:

(1) There exist an element 1 € P(1), called the unit, such that p(1,...,1)
w for any [ and for any p € P(I).
(2) The composition of operations is associative, that is,

w(pr (v, ... ,V%ll),...,un(u?, U ) = ,u(,ul,...,un)(ull,...,l/%n).

(3) Compatibility of v with the action of S,. Consider u € P(n) and
i € P(m;), for 1 <i <n. Then:
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(a) For all permutation o € S,,,

(M ’ U)(Mlv s HU’TL) = M(Mo(l)a cee nu'cr(l)) " O(my,..omn)-

(b) Given permutations o; € S,,,, for 1 <i <n,
,U(,Ltl,...,lun)‘((fl Xoees Xo'n) :/’L(Ml'alu"'aun'an)-

2.0.4. Example. Let V be a vector space. Its operad of endomorphisms,
FEy/ is the element

Ey(n) := Hom(V®" V),
with the compositions defined as follows: consider f : V®® — V and f; :
vemi VW for 1 <i<n. The element y(f, f1,... fn) is

7(f7f17fn) :fo(fm1®®fmn)

The action of S,, on Ey (n) is induced by the left action of the symmetric
group on V&,

(f-o)(vr-vn) = f(ve101)  Vo-1(n))-

We have that Ey (1) = End(V) and 1 = 1y, where 1y : V' — V is the
identity map.

2.0.5. Remark. The notion of operad can be developed over any symmetric
monoidal category, equipped with a symmetric monoidal operation ®. For
instance, a set operad is an operad in the category of sets, with the set prod-
uct x as monoidal operation. There exist several ways to define an operad,
which are equivalent to Definition 2.0.3.

An operad P is a monad in category of S-modules, equipped with another
monoidal structure, which is not symmetric. Denote by Vectk the category
of vector spaces over a fiel K. Let P be a S-module, its Schur functor ,
which is also denoted by P, P : Vect — Vect is defined by

P(V):=PPn) ®s, V"
n>0

If P and Q are two S-modules, then the composition Po() is again a Schun
functor of some S-module, which is also denoted by P o ). The description
of (P o@®)(n) involves sums, tensor products and induced representations of
the representations of P(i) and Q(i) for all ¢ < n. Explicitly, we have that

n
(PoQ)(n) =P P Pk)®s, (Qi1)®: - @Q(ir)®s,, e-os;, KISk]).
k=1 i1+ +ip=n
The category of S-modules, equipped with this composition is a monoidal
category ([25], 1.1.2). An operad P is an S-module together with two maps
7 : Idyect — P and v : P o P — P, which make P into a monad.

2.0.6. Definition. Given two operads P and ), a morphism of operads
@ : P — @ is a morphism of S-modules, satisfying the following conditions:
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(1) $(1)(1p) = 1q and
(2) for all u € P(n), p; € P(m;), with 1 <14 <n, we have that

o(my + -+ mp) (g, -5 pn)) = @) () ((ma) (), - e(ma) (Bn))-

Let us now develop the idea of algebraic operad as a type of algebra.
Let P be an algebraic theory defined by operations and relations. In this
context, the vector space P(n) is spanned by the n-ary operations of the
theory. Given an operation p € P(n), the right S,-module action is given
by

(o) (@1, Tn) = (To(1)s - -+ s Ta(n) )
for o € S, and variables z1,...,x,. The element 1 € P(1) is the l-ary
identity map. The composition v correspond to the natural compositions of
operations. For variables x1,...,Zm,s...;Tm ++m,, and operations u; €
P(m;) and p € P(n), the composition is given by

’Y(/L,/,Ll, cee 7Nn)(x17 sy Tmyy e 7xm1+---+mn)
= M(M1($17 s 7xm1)7 s 7/‘n(gjm1+"'+mn71+17 s 7$m1+"'+mn))-

2.0.7. The operad As. The vector space As(n) is generated by all possi-
ble operations in n variables which we can define using a unique associa-
tive product -. The unique operations that we can perform using - on n
different variables x1,...,x, are the linear combinations of the products
To(1) * -+ To(n), fOr any o € S,. So, As(n) is generated by n! operations,
one for each permutation o € S,,. Moreover, the action of S, on As(n)
coincides with the product of the elements in S,,. So, as representation of
S, As(n) is K[S,,], the regular representation of .S,,.

To describe the compositions in the operad As, consider permutations
o€ S, and g; € Sy, with 1 < ¢ < n. The compositions of these operations
is given by (see [22]):

0(01,. .. ,O'n) = (01 X oo X Un)a(ml,...,mn)'

For instance, for o = (3,2,1), 01 = (2,3,1), 02 = (1,2) and o3 = (2,1),
we get that (o1 X 02 X 03)0(329) = (7,6,4,5,2,3,2,1) and

o(01,09,03)(71,...,27) = o(01(21,T2,73),02(74,75), 03(T6, T7))
= o(z2- 23 21,24 - 5,27 - T6)
= (01 X092 % 03)0’(3,2,2) (x1,...,27).

2.0.8. The operad Com. The commutative algebras are defined by a binary
operation -, which is associative and commutative. Since the product is
associative, using the previous paragraph, we get that the n-ary operations
of the theory are linear combinations of expressions of type (1) -« To(n)s
for any permutation o € S,,.

As - is commutative, we get that:

Tl Ty =To(1) - To(n)
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for any permutation o € S,,.

So, the unique n-ary operation in Com(n) is the product xy - --- - x,,
and Com(n) = K is trivial representation of S,,. Denoting the product of n
elements by 1,, := z1 - ... - z,, the composition of the operad Com is given
by

Ly(Lmys -5 Img) = Loy eegm -

2.0.9. The operad Lie. The description of the operad Lie, describing Lie al-
gebras, is more complicated than the operads As and Com. In two variables,
Lie(2) is generated by a single operation [x1,zs|, with [xg, 1] = —[x1, x2].
So, Lie(2) = K is the sign representation of Ss.

For n > 3, the space of operations Lie(n) is more complicated to de-
scribe. Given three variables, we may apply to them two types of brack-
etings, [xo(l)v[xo@))xo@)“ and [[330(1),$0.(2)],330(3)], for any o € S3. The
antisymmetry of the bracket implies that

[xo(l)a [1’0(2),1'0(3)“ = [[x0(2)7x0(3)]7x0(1)]‘
So, the elements of the type [[T4(1), Zo(2)]; To(3)], With o € Sy, generate

Lie(n). Again, by antisymmetry, we have that the elements [[z1, 2], 3],
[[x1,x3], 2] and [[x2, x3], 1] generate Lie(3). Now, by Jacoby identity,
[[.Z'Q, x3]7 ‘Tl] = [[‘Tla ‘T3]7 xQ] - [[‘T17 .Z'Q], x3]’

So, the set {[[z1, z2], x3], [[z1, z3], 2]} is a basis for Lie(3).

It is well-known (see, for instance, [21] and for an operadic proof [9]) that
the dimension of the space Lie(n) is (n—1)!. As a complex representation of
Sp, it can be shown that Lie(n) is isomorphic to the induced representation
Indg’; (p), where C), is the cyclic group of order n and p is the representation

of C), of dimension one given by an irreducible nth root of unity (see [21]).
Denote the element [[...[x1,z2],...,Zn-1], 25] by

[x1, 22, ..., xn] = [... [x1,22], ..., Zp-1], Tn].

The proof of the following proposition is similar to the proof given in [3],
Lemma 4.1, where it is considered another basis for Lie(n).

2.0.10. Proposition. The set of elements [11,%5(2), - - -, To(n)] with o € Sy,
such that o(1) = 1, form a basis for Lie(n).

Proof. Let us denote B the set of these elements. Since the dimension of
Lie(n) is (n — 1)!, it suffices to show that B generates Lie(n). First, let us
prove that any monomial in Lie(n) can be express as linear combination of
elements of the form [X, z;], where 2 <7 < n and X is a monomial of degree
(n — 1) in the remaining variables.

The Jacoby identity may be rewritten as:

[:Ev [y7 Z]] = [[:Ea y]7 Z] - [[l‘, Z]a y]
If n > 2, any monomial in Lie(n) can be write as [X,Y], where X and Y
are monomials of degree strictly smaller than n. By antisymmetry of the
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bracket, we can suppose that that the variable z1 is in X. If Y is of degree
one our assertion is true. If Y is of degree bigger than one, we can write
[X,Y] = [X,[Y1,Y2]]. So, by Jacoby identity, we have that

(X, V1, Y]] = [[X, V1], Vo] — [[X, Y2, VA].

If Y7 and Y, are of degree one, we have proved the assertion. If Y7 or
Y, are of degree bigger than one, we can apply again the Jacoby identity.
Iterating this process, which is finite, we arrive to the expected result.

Let us now see that any monomial in Lie(n) can be write as linear com-
bination of elements of B. The proof is by induction on n. The assertion
is obvious if n = 2. Consider n > 2. By the previous result, any monomial
can be write as linear combination of elements of the form [X,z;], where
2 <i < nand X is a monomial of degree (n —1) in the remaining variables.
So, Applying the inductive hypothesis on X, we have the assertion and we
can conclude that B is a basis for Lie(n). O

2.1. Algebras over an operad.

2.1.1. Definition. Let P be an algebraic operad. A P-algebra is a vector
space A equipped with a morphism of operads p: P — E4, where E 4 is the
operad of endomorphisms of A, defined in 2.0.4.

Note that A is a P algebra if, and only if, there exists a collection of linear
maps
pn: P(n) @ A®" — A,
which is compatible with the compositions vyp, and such that, for any per-
mutation o € S,, and any operation pu € P(n),

pr((0 - ) @ (a1 an)) = pp(p ® (A1) Aon)))-

It is easy to verify that an As-algebra is nothing but an associative algebra
in the usual sense.

2.1.2. Free P-algebra. A P-algebra F(V'), equipped with a linear map ¢ :
V. — F(V) is said to be free over the vector space V if it satisfies the
following universal condition:

for any P-algebra A and any linear map f : V' — A ,there exists a unique
P-algebra morphism f : F(V) — A, which extends f:

V—A

Note that a free algebra is unique up to a unique isomorphism. For
example, the free associative algebra is the tensor algebra T'(V'), while the
free commutative algebra is the symmetric algebra S(V').
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2.1.3. Remark. Let V be a vector space and let P be an algebraic operad.
The graded vector space P(V) is defined by

P(V) =P P(n) ®xs, V",

n>1

where the left action of S,, on V®" is given by o-(vy - - - v,,) = Vg=1(1) """ Vg1 (n)-
The compositions in P induce linear maps P(n)@P(V)®" — P(V), which
make of P(V) a free P-algebra over the vector space V.

2.2. Non-symmetric operads.

2.2.1. Definition. A non-symmetric operad is a graded vector space P
equipped with a family of linear maps

Y: P ® Py @ @ P,y = Proygepm s

for each positive integer n and each ordered collection of positive integer
mi, ..., My, which satisfy the conditions (1) and (2) in the Definition 2.0.3.

Sometimes, we will refer to an operad P as a symmetric operad to clearly
distinguish it from a non-symmetric operad.

2.2.2. Remark. Given a non-symmetric operad P, we can associate a sym-
metric operad, which we also denote by P, as follows:
(1) The vector space P(n) = P, ® K[S,].
(2) The action of S, on P(n) is given by the action of S,, on the regular
representation KI[S,].
(3) The composition map in the symmetric operad P is given by the
tensor product of the composition map = in the non-symmetric op-

erad P with the composition map of the symmetric operad As given
by

0(01,- 1 00) = (01 X -+ X Ty )

Considered as symmetric operad, P is sometimes called a reqular operad.
In particular, if P is a types of algebraic structures in whose relations the
variables stay in the same order, then P is a regular operad.

2.2.3. Example. The classical example of a regular operad is As. Using
the same notation for non-symmetric operad associated, we have that As,
is generated by only one operation,

H(T1y ooy Tn) = T1oon s T
The composition map
v:As, ®Asp, @ @ Asy, = ASp 4oty

is given by fin(p1, -y fn) = tmy+-tm, -
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2.2.4. Remark. By Remark 2.2.2, if P is a regular operad, then the free
P-algebra on a vector space is given by

P(V) = P Pn)exs, V"
n>1
= PP @KISW) @xs,) VE"
n>1
= Ppr.ove

n>1

2.2.5. Proposition. A non-symmetric operad P is completely determined
by the free P-algebra on one generator.

Proof. We have that in a non-symmetric operad P the free algebra on one
generator is given by

P(K) =P P. @ K®" = P P..
n>1 n>1
So, each P, correspond to the n-multilinear part of graded vector space
P(K). Since P(K) is a P-algebra, for each positive integer n, we have linear
maps
pn : P, @ P(K)®" — P(K).
So, we can define composition maps
VZ‘F%§§}%“(®"'@§}%M —>fzn+m+nm
by YU @1 @ -+ ® pp) = pp(H @ p1 @ -+ @ ). O

2.3. Binary quadratic operads. There exists a close relationship between
the description of algebraic operads and spaces spanned by colored trees.
More precisely, the free operad on an S-module F may be described on the
vector space spanned by non-planar trees with the internal vertices colored
by the elements of E. As any operad is a quotient of a free operad, it may
be described in terms of a quotient of a vector space spanned by a collection
of trees. In particular, when the operad is generated by binary operations
and these operations are subject uniquely to quadratic relations (that is,
relations which involve three arguments), such an operad is called a binary
quadratic operad. In particular, the operads As, Com and Lie are examples
of binary quadratic operads.

2.3.1. The free operad. The forgetful functor from operads to S-modules
admit a left adjoint functor, which gives place to a free operad over an S-
module. If E is an S-module, the free operad over E is denoted by F(FE)
and it is characterized by the following universal property: any S-module
morphism f : E — P, where P is an operad, extends uniquely into an op-
erad morphism f : F(E) — P.

Let us describe free operad over a S-module E. For this, we use non-planar
rooted trees.
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If ¢ is a non-planar rooted tree, we will refer to it simply as a tree. Given
a tree t and a vertex v € t, we denote by In(v) the set of input edges at
v. Given a positive integer n, if I is a set such that |I| = n, a I-tree is a
tree ¢t with n leaves, which are decorated by the elements of the set I. In
particular, if I = [n] = {1,...,n}, we say that t is a n-tree. Consider a
I-tree t such that I is a set of positive integers, with |I| = n. There is a
natural bijection between o : I — [n] which preserves the order(from lowest
to highest) in the set I.

We say that is normalized if the leaves of t are redecorated by the elements
of [n] according to bijection o7, which makes of t a n-tree. A tree t is binary
if each vertex of ¢ has exactly two inputs. It is known that the number of
n-binary trees is given by

(2n -3 =1-3-5---(2n — 3).

We have a natural composition between labelled trees as follows. Given
a n-tree t and ty,...,t,, m;-trees, with 1 < i < n, the tree t(¢1,...,t,) is
the (m1 + - -+ 4+ my)-tree that is obtained by grafting the roots of the trees
t1,...,t, in the n leaves of ¢, with the natural re-enumeration of the leaves
of the trees t1,...,t,.

Consider now an S-module E = {E(n)|n > 1}, which will represent the
set of operations in certain algebraic theory. We assume that £(1) = 0 and
for each n > 1, E(n) is generated by a finite number of n-ary operations.
Given a tree t, we define

E(t) := ) E(In(v)),
vet
where v € ¢ is a vertex of t. For any positive integer n we define

F(E)n) = &) E®).

n—tree ¢t

In this way, F(E)(n) is the space of all the n-ary operations that we can
construct from the operations that generate E. The composition in F(E) is
induced by the composition between trees.

In low dimension, we have

F(E)1) =E(1)=0,
F(E)2) = E(2),
F(E)3) =EQB) e BEQ2) @ E(2),

where the copies of E(2) ® E(2) is determined by the 3-binary trees, which
allow us to see the action S3 on 3E(2) ® E(2) from the action of Se on E(2):

3E(2) ® E(2) = Indg}(E(2) © E(2)) = (E(2) ® E(2)) ®s, K[S3],
where the action of Sy on F(2) ® E(2) is on the second factor only.
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From the description that we have given, we can think F(E)(n) as the
space generated by all n-trees, whose vertices are labelled by the operations
that generate E, where an vertex with k inputs is labelled by an element
of E(k). In particular, if F is generated only by binary operations, that is,
E(n) =0, if n # 2, we have that F(E)(n) consists of n-binary trees whose
vertices are labelled by the binary operations that generate E.

2.3.2. Definition. Let P be an operad. An ideal of P is an S-submodule I of
P such that for any family of operations {u, p1, ..., tn}, if one of them is in
I, then pu(p1, ..., ) is also in I. Given a collection of sets R = {R(n)},>1
such that R(n) C P(n), the ideal of generated by R is the smallest ideal of
P which has R as a subset. The ideal generated by R is denoted by (R).

If I is an ideal P, then the quotient operad is defined by:

P(n)
P/I = ——
(P/T)(m) = i
with the composition maps induced by the composition maps defined in the
operad P.

2.3.3. Definition. An operad P = F(E)/(R) is a binary quadratic operad
if E is generated by binary operations and R C F(E)(3). In such case, we
write P = P(E, R).

A binary quadratic operad is an operad which codifies an algebraic theory
whose generating operations are binary, under quadratic relations. Exam-
ples of this type of operads are As, Com and Lie.

2.3.4. Example. If P = As, we have that F is generated by two operations
x1 -z and zg - x1. So, E = K[Ss], the regular representation. In this case,

F(E)3) =Indd(E® E)
= (K[S2] ® K[S2]) ®s, K[S3]
= K[S2] ® K][Ss]
= K[S3] & K[S3].

So, the dimension of F(FE)(3) is 12. We can think the generators of first
summand as the operations of the type z4(1)- (ma(g) “Z4(3)) and the generators
of the second summand as the operations of the type (z,(1) - T5(2)) * To(3),
where o € S3. The space of relations R is generated by 6 elements, the set

{2o(1) - (To2) - Zo@3)) = (To(1) - To2)) - Toe)| 0 € Sz}

2.3.5. Remark. Let P = P(E, R) be a binary quadratic operad. Since the
S-module F is generated by binary operations, we have that the free operad
F(E) consists of linear combinations of rooted trees whose internal vertices
has exactly two inputs, which are labelled by these binary operations. More
specifically, if Bg = {o1,...,05} is a basis for F(2), we have that the space
F(E)(3) is generated by the set of trees:
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AR EW

So, since that 1 < 4,5 < s, the dimension of F(FE)(3 ) is equal to 3 - s
We can also represent this ba81s by means of operations in three varlables,
we have that

B = {(x1 0; x2) 0j x3, (z2 0; ¥3) 05 21, (T3 0j T1) 0 Ta}1<i j<s-

In the binary quadratic operad P = P(FE, R), the set of relations R con-
sists of ¢ linearly independent relations, which are linear combinations of
elements in the basis By, where t < 3 - s2.

2.3.6. Example. Consider the Lie operad P = Lie. It is generated by a
single binary operation: the Lie bracket [z7,z3]. By antisymmetry of the
bracket [—, —], we have that [z1,x2] - (2,1) = —[z1,22]. So, E(2) is the sign
representation of Sp. The space F(F)(3) is generated by three elements
[[z1,x2), 3], [[x2, 23], z1] and [[x3,z1],z2]. Applying the Jacoby identity,
the space of relations is generated by a single element in F(E)(3). So,

R = {{[z1, m2], x3] + [[x2, 3], 21] + [[23, 1], 2] }.

2.4. Coalgebras over a operad. Given an operad P, a P algebra is a
vector space with some n-ary operations, for n > 1. A P-coalgebra is a
vector space C, equipped with an operation 6, : C' — C®", for any n-ary
operation p € P, which satisfies the relations obtained by reversing all the
arrows in the relations defining a P algebra. To simplify the exposition,
we shall only consider binary quadratic operads. For more details about
coalgebras over an operad and its relationship with the concept of cooperad
we refer to [22].

Given a binary quadratic operad P with P(1) = 0, which is generated by

binary operations p1, ..., 4, and relations of the form
Z vt (py @ id) = Zﬁijm(id ® pg), i, Bij €K,
2% 2%

a coalgebra C over P is defined by cooperations ¢, : C' — C' ® C satisfying
the relations:

Zaw 1, ®1d)3,, = Zﬁw (id ® 0y, )0, g, Bij € K
7] 7.]

(see [25], 1.3.6). Thus, for instance, when P = As, the notion of coalgebra
over As coincides with the notion of coassociative coalgebra given in 1.2.1.
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2.4.1. Primitive part, conilpotency. Let P be an binary quadratic operad
and consider C' a P-coalgebra. We define a filtration on C' as follows:

F1C = PrimC = {z € C|é,(x) = 0 for any operation u € P}.

The elements of PrimC' are called primitive elements of C and the sub-
space PrimC' is called the subspace of primitive elements of C. We define a
filtration by

F,.C :={z € C|o,(x) =0 for any p € P(n), with n > r}.
We say that the coalgebra C'is conilpotent or connected, if C' = UT21 F.C.

2.4.2. Cofree coalgebra. We define a cofree coalgebra over a operad P. We
say that a P-coalgebra Cj is cofree over the vector space V' if it is conilpotent
and it is equipped with a map s : Cy — V such that Cj satisfies the following
universal property: any linear map ¢ : C — V |, where C is a conilpotent
P-coalgebra, extends uniquely to a P-coalgebra homomorphism ¢ : C' — Cj:

@
Co ——V

The cofree coalgebra over V' is well-defined up to isomorphisms. For in-
stance, when P = As, the cofree coalgebra over V' is given by T'(V') equipped
with the deconcatenation coproduct (see 1.2.10).

2.5. Koszul duality for operads. The Koszul duality for algebras was
introduced by S. B. Priddy in [34]. This notion was generalized to binary
quadratic operads by V. Ginzburg and M. Kapranov in [13]. Later, the
Koszul dualitity was extended to quadratic operads (not necessarily binary)
by E. Getzler in [12], other versions of Koszul duality are due to B. Vallette
(see [38]) and R. Berger, M. Dubois-Violette and M. Wambst (see [2] and
[1]). In our work, we will only consider Koszul duality for binary quadratic
operads. Let us recall some definitions needed to introduce the notion of a
Koszul operad.

2.5.1. Definition. Let V' be a right S,-module. We denote by V'V the right
Sp-module V* ® sgn,,, where sgn,, is the sign representation of S,,.

Let us describe the right S,-module V'V. By definition, V* = Homg (V, K)
and the right action of a permutation o € S, on an element f € V* is given
fo(x) = f(z-01). So, the action of S, on V'V is given by

f7(@) = sgn(o) f(z-07).
Moreover, if V' is finite dimensional and By = {ej,...,es} is a basis for

V', then there is a natural isomorphism of vector spaces V' =2 VV. The image
of e; under this isomorphism is denoted by e/, for all 1 <14 < s.
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2.5.2. Definition. Let E be a S-module such that F(n) is finite dimensional
for all n. Its Czech dual is the S-module EV given by EY(n).

Consider now P = P(FE,R) a binary quadratic operad and let By =
{o1,...,05} be a basis for E(2). Considering the basis B of F(FE)(3) as in
Remark 2.3.5, we have a natural pairing (,) : F(EV)(3) @ F(E)(3) — K,
given by

((wq 05 ) 0 Te, (Tq O, Te) O Tf) 1= O(ap.c),(dse, ) Oik i1
We denote by R* the relations orthogonal to R with respect to this pair-
ing.
2.5.3. Definition. Let P = P(E,R) be a binary quadratic operad, with
E(2) finite dimensional. We define its Koszul dual operad by P¥ = F(EV)/(R*).

2.5.4. Example. It is well-known that Lie' = Com and Com' = Lie. Let us
compute the Koszul dual of the operad Lie. In the presentation of the operad

Lie, we have that E is generated by [z1, z2], with [z, z2] - (2,1) = —[x1, 2],
and

R = {[[z1, 2], 3] + [[w2, w3], 1] + [[w3, 1], 2] }-
Let us denote by o the dual of [,]. So, EV(2) is generated by o. Since
[x1,22] - (2,1) = —[z1,x2], we have that (x1 o z3) - (2,1) = z1 0 9. So, the

product o is commutative and EV(2) is the trivial representation. Using the
formula of Remark 2.3.5, a direct compute shows that

Rt = {(1171 OiEz) °r3 — ($2 OZE3) © Ty, (331 O$2) 0Zx3 — ($3 O$1) O$2}-

So, the product is associative, which implies that Lie' = Com.

2.5.5. Koszul dual: Non-symmetric case. Let us now consider the case of
a binary quadratic operad P = P(FE, R) which is additionally regular. So,
the operad P is generated by binary operations which do not satisfy any
symmetry property. Since P is a regular operad, we have that £ = E' ®
K[Ss], for some vector space E’. So, the space of operations in three variables
is
F(E)3) = IndP(E®E)

— (E® E) 8, K[S)|
[(E" @ K[S3]) ® (B’ @ K[S2])] ®s, K[S3]

= [(£'®K[S)]) ® E'] ® K[S3]

= (E'®?2 g E'®?) @ K[Ss).

We can represent the generators of the first summand as operations of the
type x1 - (2 o x3) and the generators of the second summand as operations
of the type (x1-22)oxs, where (-, 0) is any pair of generators elements of F’.
Let us denote by Vp the vector space generates by the operations described
above. So, we have that

F(E)(3) = VP @ K[S3].
The following proposition is proved in [24], Appendix B, Proposition 3.
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2.5.6. Proposition. Let P = P(E, R) be a binary quadratic operad is ad-
ditionally reqular with E = E' @ K[S3]. The Koszul dual operad of P is a
reqular operad and

P'= P(E,R*),
where R+ is the annihilator of R for the scalar product on Vp given by
(x1-(w2023),21 - (B2 013)) = 1,
<(.Z'1 ‘.Z'Q) oxg,(f]fl '{1}‘2)0{1}‘3> = —17

and 0 in other case, where (-,0) is any pair of generator elements of E'.

2.5.7. Example. Consider the regular operad P = As. In this case, F’ is
generated by a single element -. So, the vector space Vp is generated by two
elements, z1 - (x2-x3) and (z1 -x2)-x3. In this case, the subspace of relations
is generated by
R = {1’1 . (1’2 . 1’3) - (1’1 . 1’2) . 1’3}.
So, the annihilator of R with respect to scalar product described in Propo-
sition 2.5.6 is generated by a single element. Since

(:El . (ZEQ . :Eg) — (l‘l . :Eg) 3,1 * (ZEQ . :Eg) — (l‘l . :Eg) . ZE3> = 0,

we have that R is its own annihilator. So, As' = As.

2.5.8. Homology and Koszul duality. Let P = P(FE, R) be a binary quadratic
operad and let P' be its dual operad. V. Ginzburg and M. Kapranov have
showed in [13], that to any P-algebra A there is an associated chain-complex
CF given by

.= P'(n)Y ®g, A" = P'(n — 1) @5, _, A%D ... 5 P(1)v @ 4,

whose differential d agrees, in low dimension, with the P-algebra structure
of A,
74(2) : P(2) ® A®? — A,

The differential d is characterized by the condition above and the fact that,
on the cofree coalgebra P*(sA), d is a graded coderivation([24], appendix
B.4). The associated homology groups are denoted HI (A), for n > 1. We
say that an operad P is Koszul when, for any vector space V', the groups
HEP(P(V)) are trivial for n > 1. This definition is equivalent to the first
one given by V. Ginzburg and M. Kapranov in [13], the equivalence of both
definitions was stated by them in the same work. It is well-known that the
operads As, P = Com and Lie are Koszul operads (see [13]). Let us give a
brief description of the chain-complexes associated to these operads.

Let us first consider the case P = As, the operad associated to the asso-
ciative algebras. Since As' = As, we have that

C2(A) = As'(n) ®g, A®" =K|[S,] ®g, A" = A®",

for any associative algebra A.
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So, the complex given the homology of A, with coefficients in the field K,

is of the form

..._)A®n_>A®(”—1) — ... _)A’
where the elements of A have degree 1. In order to simplify notation, we
denote by (ay,...,ay) the n-tensor a; @ - - ® a, in A®™.

As the differential dy coincides with the product on A, we have that
da(a,b) = a-b. In the case C*(A), the coalgebra structure is given by
deconcatenation coproduct,

i=1
A(ab s 7an) = Z(alv s ,(li) ® (ai—l-lv s ,(In)-
n—1
Since d is a graded coderivation with respect to A, we obtain that
n—1
dp(ay,...,an) = Z(—l)’+1(a1, N PR YA PO Y
i=1

When P = Com, we have that for a commutative associative algebra
A, the chain-complex C7°™(A) is given by the Harrison complex ( see [22],
13.1.10).

For the case P = Lie, we have that Lie'(n)V = Com(n) ® sgn,,. Since
Com(n) is the trivial representation of S,,, we obtain that Com(n) ® sgn,, is
the sign representation. So, for a Lie algebra g, we have that

Ci“(g) = sen, ®s, g°" = A"(9),
the nth exterior power of the space g. The differential d is given by

Ay A Aan) =Y (D) g ag) Awy A NG N NE A Ay,
1<j
Note that the antisymmetry property of the bracket [,] implies that the
differential d is well defined and the Jacobi identity implies that d? = 0.

2.6. PBW basis for operads. In [18], E. Hoffbeck introduced the notion
of Poincaré-Birkhoff-Witt (for short, we write PBW) basis for operads and
he showed that, if an operad P admits a PBW basis, then P is a Koszul
operad ([18], Theorem 3.10), generalizing the criterion given by S. Priddy
for algebras in [34]. To simplify the exposition, we only will consider binary
quadratic operads.

To describe the method developed by E. Hoffbeck, we need to introduce
some conventions and definitions. Recall that a n-binary tree ¢ is a binary
non-planar rooted tree with n leaves which are labelled by the set [n]. We
identify each leaf of ¢ with the element in [n] that labelled it. Given a n-
binary tree ¢, we denote by V() the set of vertices of ¢t and by E(t) the set
of edges of t. An edge e € E(t) is oriented from a S(e) € V(t) U [n] to a
F(e) € V(t) U {0}, where 0 denote the root of t. Sometimes, to specify the
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tree t to which we refer, if e € E(t) we will write Si(e) and Fy(e). If v € V (¢)
, we denote set of the inputs of v by

I, = {S(e),e € E(t) such that F(e) = v}.

We fix a planar representation of ¢t as follows. We say that a leaf i is
linked to a vertex v € V(t) if there is a monotonic path of edges between 14
and v. We assume also that a leaf ¢ is linked to itself. Thus, if a € I,,, we
denote by m(a) € [n] the minimum of the leaves that are linked to a.

For instance, if ¢ is the tree given by

then I, = {v2,2}, m(ve) = 1 and m(2) = 2.

Given a binary tree t and a vertex v € t, the application m induces an
order on I,. In this way, the planar representation of ¢ is obtained to order
the inputs of each vertex v € t in an increasing order from left to right.

2.6.1. Example. The planar representation of the 3-binary trees is given by

the set
(/N

In what follows, when we speak of a tree t, we will be considering the
planar representation of ¢ described above.

A subtree t' of a n-tree t is a tree such that V(¢') C V(t) and E(t') C E(t)
satisfying the following conditions.

(1) For all v € V(¢') and for all e € E(t), we have that if S(e) = v or
F(e), then e € E(t).

(2) For all e € E(t') if e is an internal edge, then Sy(e) = Si(e) and
Fy(e) = Fy(e). Moreover, if Sy(e) is a leaf in the tree ¢’ then it
is labelled by m(S¢(e)). This makes of ¢’ a I-tree, where I is some
subset of [n], with |I| = m < n. We consider the tree ¢’ normalized,
which ¢ is a m-tree.

The subtree ¢’ of a tree ¢t generated by an internal edge e € E(t) is the
tree t. such that V(t.) = {S(e), F(e)} and the only internal edge of t. is e.
The leaves are labelled as specified above.

2.6.2. Example. Consider the tree ¢ given by
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The subtree generated by the edge e is

1 3 2

1 3

Given a binary quadratic operad P = P(FE, R), we denote by BT]L: B) the

basis for F(FE)(n) given by the n-binary trees whose vertices are labelled by
the binary operations that generate F/, which are considered with the planar
representation described above. We refer to these trees as labelled trees. A
basis for the free operad F(E) is given by

BF(E) — U B E),
n>1

(E)

Given a n-binary tree ¢, we denote by Bt]: the set of all the elements

of BF(E) whose underlying tree is ¢.

The description of a PBW basis requires the partial compositions on the
free operad F(F). Given positive integers m and n, we define

0j : F(E)(m) ® F(E)(m) = F(E)(m+n—1),

for 1 < i < m, as follows: for any pair of labelled trees o € F(FE)(m) and
B € F(E)(n), the composition co; 3 is the labelled tree obtained by grafting
the root of 8 to the ith. leaf of «.

2.6.3. Definition. Given two labelled trees o and 8 with m and n leaves,
respectively, a permutation w € Sy,4,—1 is a pointed shuffle of the composi-
tion avo; B if the order the entries of o and 3 coincides with the order in the
composition («o; ) - w, and the minimal leaf of 8 in the composition is i.

Note that this definition implies that the leaves labelled from 1 to i — 1
are not modified. For example,

(s

For the construction of a PBW basis, we need to fix an order on the basis
of F(E)(n), for each n € N, which must satisfy the following compatibility
condition:

For two pairs («, 8) and (o/, 8') of labelled trees, with m leaves the first
pair and n leaves the second one, we have that if « < 3 and o < /3, then
for all i, (ao; ') - w < (B o; ') - w, for all pointed shuffle w.

2

In such case, we say that < is a suitable order for F(E).
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2.6.4. Example. A example of a suitable order is the so-called lexicographi-
cal order, considered in [18], Example 3.4. Let us describe this order. We can
associate to each element of the basis BZ (£) a sequence of words. Given a la-
belled trees o with n leaves, we associate a sequence of n words (aq,...,a,)
to « as follows. For any 1 < i < n, there exists a unique monotonic path of
vertices from the root to i-th. leaf. The word a; is composed of the labels
of the vertices, which are the generating operations of F, read from bottom
to top.

For an ordered basis of F, let a and b be two words on the elements of
the basis. We compare the length of the words, that is a < b, whenever
l(a) < I(b). If the lengths of the words are equal, then we compare them
lexicographically.

Given two labelled trees v and 8 with n leaves such that a # 5, we can
compare them as follows. We have associated to o and [ two sequences of
n words (aj,...,ay,) and (by,...,by,), respectively. So, we compare first a;
and by lexicographically. For instance, if a; < by, then a < 8. If a1 = by,
we compare as and by, etc. This define a strict relation of order.

In [18], Proposition 3.5, it is proved that it is a suitable order for F(E).

Analogously, we can define the reverse-length order. If a and b are two
words, we first compare the length of them and a > b if I(a) < [(b). If
l(a) =1(b), then we compare them lexicographically. So, to define the order
on F(n), we proceed in a similar way to the previous case.

2.6.5. Poincaré-Birkhoff- Witt basis. We can introduce now the definition of
PBW basis.

Let P = F(E)/(R) be a binary quadratic operad. Consider a set BY C
B7(E) of elements representing a basis of the underlying vector space of P.
Given a tree t € F, we denote by B} the set of all the elements of BY
whose underlying tree is t. We say that B is a PBW basis for P if 1 € BY,
BE ¢ B? and for each t € F we have that:

(1) For o € BY, B € BY and any pointed shuffle w, either (ao; 8) - w is

in B(];OZ_ ) O the elements of the basis § € B, which appear in the
unique decomposition (ao; 8)-w = 5 ¢50, satisfy that § > (ao; 3)-w
in F(E).

(2) A element « is in BY if, and only if, for every internal edge e of t,
the labelled tree «ay;, belongs to Btlz .

2.6.6. Remark. As a consequence of condition (2), we only need to specify
the quadratic part of the basis to determine the basis completely. As E.
Hoffbeck has described in [18], there are two main methods to find PBW
basis:
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e We can star with a basis and find an order on F such that it is a
PBW basis, that is, to verify that it satisfies the condition (1) and
(2).

e We can start with an ordered basis of E. The quadratic part is
chosen in such a way that it satisfies the conditions (1) and (2). The
quadratic elements determine the choice of elements of the basis in
higher degree. Finally, we must check that effectively this set is a
basis for P.

E. Hoffbeck also proved in [18], Theorem 5.1, that if P has a PBW basis,
then its Koszul dual P' also has a PBW basis, whose quadratic elements are
determined by the quadratic elements of P. Let us describe how the basis
of P'is obtained from the PBW basis of P.

We have that in F(E)(3) its basis B¥ (®)3) can be described as the disjoint
union:

BTE®) —{n |agBP}U{a |ae B}

The elements of first set, labelled now with the respective dual elements,
form a basis of the subspace of quadratic elements of the PBW basis of P'.

In higher degrees, the labelled trees are constructed using the previous
choice and applying condition (2). The set obtained in that way is a PBW
basis of P, with respect to the opposite order originally defined. In Section
7 we use this result to find a PBW basis for the operad Com?, generated by
two associative and commutative compatible products.

2.6.7. Example. Consider the operad Lie, generated by a single binary
operation [—, —]. Using a lexicographical order, we get that a PBW basis
for the subspace of quadratic elements is given by the set of trees of the

form:
1 9 3 1 3 2
)
N i
|

By the PBW conditions, in higher degrees the PBW basis consists of trees

of the form
1 o(2)0(3) a(n)

where o is any permutation of the set {2,...,n}. This PBW basis for Lie(n)
is just the basis described in 2.0.10.
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3. COMPATIBLE ASSOCIATIVE ALGEBRAS

3.0.1. Definition. A compatible associative algebra is a vector space A to-
gether with two associative products - : A® A —+ Aando: A® A — A,
satisfying that their sum * := - 4 o is an associative product, too.

Note that the if the product * = - + o is associative, then all linear
combinations A - + p o are associative products, for any coefficients A and
©in K.

3.0.2. Remark. The condition - + o is an associative product, is equivalent
to:

zo(y-z)+z-(yoz)=(zoy) z+(z-y)oz,
for all elements x,y, z € A.

3.1. Examples of associative compatible algebras.

3.1.1. Matriz case. Let (A,-) be an associative algebra. An associative prod-
uct o : A® A — A, compatible with the original product, is obtained by
setting x oy = x - a - y, for some fixed element a € A.

An interesting problem is to find all the possible associative products o
on A compatible with the original product -.
When A = Mat,, is the vector space of square matrices with coefficients in
the field K , in [30], the authors describe all the associative products o on
A compatible with usual matrix product. In this case, there exists a linear
map R: A — A, such that any associative product o has the form

roy=R(z) - y+x-R(y) — R(z-y).

Note that in our first example, the map R : A — A is given by R(x) :=
a-x, for any a € A.

3.1.2. Example. Consider A = Mat,, with usual matrix product, and let a
and b be two elements of A. Define R: A — A as R(z) := a(xb — bx). The
new product o is given by

zoy = (az — za)(by — yb),

which is associative whenever a2 = b2 = 1 and ab = —ba.

In general, if (A, -) is a unital associative algebra and a and b are elements
of A satisfying the conditions of the previous paragraph, then (A,- 0) is a
compatible associative algebra.

3.1.3. Remark. Note that if (A,-) is an associative algebra and R: A — A
is a linear map, then the product o defined as above is not necessarily an
associative product. However, the products - and o verify the compatibility
condition

zo(y-z)+ta-(yoz)=(roy) z+(z-y)oz
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So, if o is associative, then (A, -, o) is an associative compatible algebra.

3.1.4. Nijenhuis algebras. In [5], J.F. Carinena, J. Grabowski and G. Marmo
introduced the notion of Nijenhuis tensor for an associative algebra. Given
an associative algebra (A,-) and a linear map R: A — A , the map R is a
Nijenhuis tensor if it satisfies the following condition:

R(R(z)-y+x-R(y) — R(x-y)) = R(z) - R(y), for all z and y in A .

Thus, an associative Nijenhuis algebra is an associative algebra (A, -) to-
gether with a Nijenhuis tensor R : A — A. Defining zoy = R(z) -y + x -
R(y) — R(z - y), we get that R(x oy) = R(x) - R(y). In this case, o is an
associative product.

So, any associative Nijenhuis algebra defines a compatible associative al-
gebra. For more details about Nijenhuis tensor, we refer to [5].

3.1.5. Modified Quasi-Shuffle Algebra. In [10], for the construction of the
free commutative unital associative Nijenhuis algebra over a commutative
unital associative algebra, K. Ebrahimi-Fard introduced the modified quasi-
shuffle product.

Let (A,-) a unital associative algebra with unit e and consider the tensor
algebra T(A) = @,,, A®" over the vector space A.

The quasi-shuffle product [19] on T'(A) is defined inductively by
(aU) % (bV) = a(U xbV) +b(aU * V) — (a - b)(U x V),

with Ux1=1xU = U, U € T(A). This product is associative and it is
commutative if (A,-) is a commutative algebra (see [19]).

The modified quasi-shuffle product [10] on T(A) is defined inductively using
the algebra unit e € A by :

(aU)® (bV) =a(U®bV)+blaU ®V) —e(a-b)(U® V),

withU®1=1®U =U, U € T(A). Again, this product is associative and
it is commutative whenever (A, -) is a commutative algebra.

The operator B : T(A) — T(A) defined by B (a1 ---a,) = eay - - - ap, is
a Nijenhuis tensor with respect to the product ®, and therefore T'(A) is an
associative compatible algebra, whose products are both commutative when
A is a commutative algebra (see [10]).

3.1.6. Remark. The free commutative unital associative Nijenhuis algebra
over a commutative unital associative K-algebra A (see [10]) is the data
(T(A),X, BF), where the product X is defined by:

aURDV = (a-b)(U®V).

The product K is associative and commutative, and e)XU = UKe = U, for
all U € T(A).
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3.2. The free associative compatible algebra. Free objects in the cat-
egory of associative compatible algebras were studied by V. Dotsenko in [8],
where he determined the structures of S,-module and S,, X SLo-module of
As?(n). In particular, he showed that the dimension of As?(n) is ¢, - n!,
where ¢, is the nth. Catalan number. He constructed associative products
on vector spaces spanned by trees using R. Grossman and R.G. Larson’s
constructions (see [17]), but the associative products are compatible only in
certain cases and quite difficult to deal with.

We give a different construction of the free associative compatible al-
gebra, applying Dotsenko’s results on its dimensions, by means of planar
rooted trees.

Let V be a vector space with basis X = {a;}ic;. Denote by T the set of
planar rooted trees with (n + 1) vertices, whose vertices different from the
root are colored by the elements of X. For instance:

™ = {C? ra€ X}

X — {@v@, cabe X}

®
®O OO &
- 1RO RQ O Q O W Graheex)

Consider the vector space As*(V) = KlUps1 TX] = D1 K[TX], whose
basis is the set 5, T of all planar rooted colored trees.

w
I

3.2.1. Remark. For any tree ¢ in T, we say that ¢ has degree n and we

write |t| = n. We consider the tree ¢ oriented from bottom to top.
Given a vertex v € t, we say that a vertex v/ € t is a child of v if v/ is
directly connected to the vertex v.

3.2.2. Notation. Given a tree ¢, the set of vertices of ¢ is denoted by Vert(t)
and the root of ¢ by root(t). The subset Vert(t) \ {root(t)} of Vert(t) is
denoted by Vert*(t).

We define two associative products in As?(V).

3.2.3. Definition. Let t,w be trees in As?(V). Define t - w as the tree
obtained by identifying the roots of t and w. Extending this binary operation
by linearity, we get an associative product

G ASH(V) @ ASH(V) — AsE(V).



50

3.2.4. Remark. Note that any tree t in As*(V) may be written in a unique
way ast = t'-...-t", where r > 1 and the root of each ¢ has only one child,
T

for each i € {1,...,r}. Clearly, we have that |t| = Z |t].
i=1

When the root of a tree t € TX has a unique child, we say that ¢ is
irreducible. We identify the elements of the basis X with the trees of degree
one (which are irreducible).

Denoting by Irr the vector space spanned by the set of all irreducible trees
in As?(V), we have that (As*(V),-) is free over Irr as an associative algebra.
The set of irreducible trees of degree n is denoted by Irr,.

3.3. Second product. Let t and w be trees in As*(V), with t = ¢!-...-¢"
as described in Remark 3.2.4. A second product t o w is defined proceeding
by induction on the degree n of w.

If n =1, then w = a, for some a € X. In this case, the element ¢ o w is
the tree obtained by replacing the root of ¢ by the vertex, colored with a,
and adding a new root.

@@ @
tow = a

Assume now that n > 1, and that the product ¢ o w has been defined for
any |w| < n.

Let w = w* -...-w™ be the unique decomposition of w as a product of
irreducible trees.

If m =1, then w = w' = woa, where u is a tree such that |u| =n —1
and a is an element of the basis X. Applying a recursive argument, we may
suppose that ¢ o u is already defined. The product ¢ o w is the element

1

1

tow:=to(uoa)=(tou)oa.

For m > 1, the element t o w is defined by the following formula:

m
tow—Z((t-wl w1 o w?) w™
i=1
m
=t (@l T o)
=2

Note that the recursive hypothesis states that each term of the previous
formula is well defined.

3.3.1. Example. Let ai,...,a, be elements of the basis X, with n > 2.
Consider the tree w given by
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.an

If n = 2, then we have that

tow=to(ay-ag) = (toay) az—t-(agoaz)+ (t-ay)oay,
therefore we get

In general, for w =ay - ... ay,, we get the formula:

3.3.2. Proposition. The vector space As*(V'), equipped with the products -
and o defined in 3.2.83 and 3.3, is the free associative compatible algebra on
V.

Proof. Note that the definition of the product o implies that the products -
and o satisfy the compatibility condition.

Let us prove that the product o is associative. Let t1,%5,t3 be trees in
As?(V). To see that t; o (tg o t3) = (t; ots) o t3, we proceed by induction on
the degree of the third term ts.

If the degree of t3 is one, the assertion is follows easily from Definition
3.3.

Suppose that n = |t3| > 1. If t3 is an irreducible tree, then t3 = w o a,
where w is a tree with |w| = n — 1, and a is an element of the basis X.
Applying a recursive argument, we get the following identities:

tlo(tgotg) =1 O(tQO('woa))

=t10((tgow)oa)

(tio(tgow))oa

((tyotg)ow)oa

(tjotg) o (woa)
(tl o tg) ots,

which imply the result.
Suppose now that t3 = w - z, where w and z are trees of degree smaller
than |t3|.
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By the compatibility condition and a recursive argument, we get that:
tlo(tgotg) :tlo(tgo(w-z))

o ((trow) -2ty (wo2) + (tz-w)o )

=(t1o(taow)) -z—1t1-((tgow)oz)+ (t1 - (tzow))oz
—(tyoty) - (woz)+t1-(tgo(woz)) — (t1-t2) o (wo 2)
+t1 0 ((ta - w) o 2)
= ((trotz)ow) -z — (t1ota) - (woz)
+(tyo(ty-w) — (t1 - t2) ow + t1 - (t2 ow)) o 2.

As (tyotg)-w =t10(ta-w) — (t1 - t2) ow + t1 - (t2 o w), we conclude that

tlo(tgotg) :((tlotg)ow)-2—(tlot2)~(woz)—|—((tlot2)~w)oz
:(tlotg)o(w-z)
= (tl Otg)otg.

To end the proof, we need to see that As?(V) is free as associative compat-
ible algebra. Let A be an associative compatlble algebra and let f:V — A
be a linear map. The homomorphism f : As? (V) — A is defined in a
recursive way.

_Let ¢ be a tree in As?(V). If |t| = 1 then t = a with a € X and therefore
f(t) = f(a).

Suppose that [t| > 1. If t = t'oa, for some a € X, is irreducible, we define

f@t) = f(t") o f(a),
which is well defined by a recursive argument.
Ift =t!'- ...t for some r > 1, then we can assume that f(!) is defined,
for 1 <i<r, andset f(t) = f(t!)-...- f(t").

To see that fis unique, consider g : As*(V) — A, a homomorphism of
compatible associative algebras such that g(a) = f(a), for a € V. Let t be
a tree in As*(V). If |t| = 1, then ¢ = a, with a € X. So, by definition of f,
g(t) = f(t). Suppose that [t| > 1. We have that t = ¢’ o a, for some a € X,
ort=t'-....t", for some r > 1. Applying a recursive argument, we have
that g(t) = f(t). This show that f is unique, which ends the proof.

(]

3.4. The operad As?. As the operad As? is generated by two associative
products which do not satisfy any symmetry, the operad As? is regular. So,
As? is determined by a non-symmetric operad, with As? = {As2},>1, such
that
As?(n) = As? @ K[S,],

where K[S,,] is the regular representation of .S,,.

By Proposition 2.2.5, the non-symmetric operad As? is completely deter-
mined by the free As?-algebra on one generator.
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So, Asi is the vector space spanned by the set of planar trees with (n+1)
vertices. As a consequence of the previous assertion, the dimension of As?
is the Catalan number c,, and therefore the dimension of As?(n) is nlc,, as
showed by V. Dotsenko in [§].

Let T, be the set of planar trees with (n + 1) vertices. We can identify
each tree t in T}, with an operation in n variables, x1,...,x,. There is only
one way to label the non-root vertices of ¢ by the set {1,...,n} so that the
labels are in an increasing order, seen from left to right, and an increasing
order on each path from of a vertex to the root. Using the description of
the products - and o in AS2(V), this rule determine a unique operation g
in n variables x1,...,z,.

For example, when ¢ is the tree

~
I
20000

we get = ((v1022) - (w3 - (x4 025)) 0 7)) 0 w7 0 ws.

To describe the composition =y of the operad, we use the structure of com-
patible associative algebra of As?(K) = @ T,.. Explicitly, given a collection
n>1
of trees t,t1,...,t,, wheret € T;, and t; € T},,, for 1 < i < n and considering
the identification of ¢ with the operation p;, we define

’Y(tatlw o 7tn) = ,Ltt(tl,. . 7tn)7

which can be determined inductively by the formulas given in 3.2 for the
products - and o.

3.5. Koszul dual of As?. The Koszul dual of As? was originally described
by H. Strohmayer in [37]. In his work, H. Strohmayer established the general
notion of operads of compatible structures.

He proved, among other examples, that (As2)! is a Koszul operad. As a
consequence of this result, the operad As? is Koszul operad, too. Following
the notation of [37], we denote the Koszul dual of As? by 2As.

The operad 2As is generated by two associative products, denoted by - and
o, respectively, satisfying the relations

(1 -x9)0ox3 =21 (X2 023) = (X1 0X2) - T3 = X1 0 (T2 - T3).

The operad ?As was studied in detail by Y. Zhang, C. Bai and L.Guo in
[42].
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Let us describe a basis for 2As,, given by Y. Zhang in [41]. For each
0 <1i <n—1, the operations pu; are defined by

Wi(T1, . o Tp) =T1 ... Ti410...0 Ty,

with ¢ copies of the product - and (n — i) copies of the product o (note that,
by the relations present in 2As, the position of the products - and o in p; is
irrelevant).

The set {11, ..., fin} is a basis for 2As,, and the composition in the operad
2As is given by

Mn(ﬂmp s 7an) = Hn+mi+-4mns

as it was showed in [41], Proposition 3.2. So, 2As, is n-dimensional and
2As, = As,, @ - -- ® As,, it is direct sum of n copies of As,,.

3.6. Operadic homology for As?-algebras. The operadic homology for
As? was studied by Y. Zhang in [41]. We give an explicit realization of
this chain-complex by means of a bicomplex, which is defined by Hochschild
complexes induced by the two associative products defined in a compatible
associative algebra.

Let us recall some facts about non-unital Hochschild complex. Given a
non-unital associative algebra (A, -) and a right A-module M, the Hochschild
complex of A with coefficients in M is given by:

ColA,M): -5 M@ A% 5 M@ A®) oo 5 M.

Denoting an element of M @ A®™ by (ag, a1, ...,a,), the differential d is
given by

n—1
d(ag,...,an) = Z(—l)l(ao, ey Qi Gy e Op).
i=0
Defining d(aq, - ..,an) = (ao, ..., a;i11,-..,ay,), for 0 <i <n —1, we can
express the boundary d as:
n—1
d=Y (1)’
i=0

The homology groups are denoted by H,.(A, M). If A is a free associative
algebra, that is, A = T(W) for some vector space W, then Ho(A, M) =
M/MA and H, (A, M) =0, for n > 1( see for instance [23]).

In particular, if M = A, the Hochschilds complex is denoted by C,(A)
and the homology groups by H,(A).

This chain complex defines the operadic homology of associative algebras
(see 2.5.8).The differential is described by the formula

n—1

d(ay,...,ap) = Z(—l)”l(al, ey Qg ey Ay

=1
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Consider now a compatible associative algebra (A, -, o). By definition, its
operadic chain complex is given by

o O (A) = OB (A) = = P (A),

where C2<*(A) := (As?)!(n)" ®g, A®", whose differential d is described in
2.5.8. Since the Koszul dual of the operad As? is given by 2As and, in the
symmetric framework,

(*) 2As(n) =K[S,] @ - ®K[S,]
is the direct sum of n-copies K[S,], the regular representation of S,,, we get

C*(A) (As?)!(n) ®s, A"

= (sgn, ® (K[Sy] @ --- ©K[S,])) ®s, A"
= (sgn, ® A®") @ - @ (sgn, ® A®")

= A®ng...q A®",

We can reorganize the chain-complex C$S2 (A) as a bicomplex. Explicitly,
we have:

3.6.1. Proposition. Let (A,-,0) be a compatible associative algebra. The
Hochschild differentials d., do, induce a bi-complex:

d d. d
483 do 44 do 485 do
d d. d
A®2 ° A®3 do A®4 do
d d. d

A o 482 do 483 do

Proof. We must prove that dod. + d.d, = 0. Using the characterization of
the Hochschild boundary, we have that

dd, =) (1) d,

1,J
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where the sum runs all the pairs (i,7), with1 <i<n—1land 1 <j<n-—2.
Analogously,
dod. =Y (1) 2dld,
i7j
withl<¢:<n—-land1<j<n-—2
A direct compute shows that:
(1) dhdt =ddl*!, if 1 <j<n-—2
(2) did! =d7'd},if3<i<n-land1<j<i-2.
(3) ddi =didd™ if3<i<n—-3andi+2<j<n-—2.
On the other hand, the compatibility condition between the products -
and o implies that

dd +dd = ddt + ddiH.
All these facts together imply that dod. + d.do = 0. O

Note that the total complex of the bicomplex described in 3.6.1, is the op-
eradic chain complex of a compatible associative algebra A because C2<*(A)
is the direct sum of n-copies of A" and the operadic differential can be
identified with the differential d = d. + d,. In particular, since the operad
As? is a Koszul operad, if A = ASQ(V) is the free compatible associative
algebra over V, the complex C’fsz(A) is acyclic. We give a direct proof of
this fact without to use the Koszulity of As?.

3.6.2. Proposition. Let A = As?(V) be the free compatible associative al-
gebra over the vector space V.. The chain complex

o ORT(A) = OO (A) = o O (4)
s acyclic.

Proof. For the proof, we use the description of the free compatible associa-
tive algebra A = As?(V) given in 3.2 and the results obtained in Section 5.
By Theorem 4.2.14, A is free as associative algebra over the free N-algebra
N (V')(described in 4.2.13) for both products. For each p > 1, we have that,
in the bicomplex, the pth column correspond to the chain complex

CP(A): o= APOFD o gn oy A%P)

where A®P is in degree 1 and the differential is d.. We denote the homology
groups of this complex by HY(A). Since the groups of homology are the
same that in Cy(A), for n > p, and the associative algebra (A, -) is free over
N(V), we have that C¥(A) is acyclic and that

HP(A) = A®P /Imd. = A®?~D @ N(V).

Denoting K, := HY(A) = A®P~D @ W, we get a well defined chain
complex
= Ky = Ky — - - = K,
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whose differential is induced by horizontal differential d,(see for instance

[23], 1.0.11). Since in the bicomplex the columns are acyclic, we have that

H,(K.,d,) = H**(A), for all n > 1 (see [23], Proposition 1.0.12). So, as

K, = A®(P~D @ N(V) and the differential is induced by the Hochschild

differential d,, (K, ds) is the Hochschild complex of (A, o) with coefficients

in N(V). Since (A4, 0) is free over N'(V), the complex (K, d,) is acyclic and
Hi(K.,do) =N(V)/NV)A=V.

Therefore, H2*(A) = V and H}(A) = 0 for n > 1, which ends the
proof. O

4. COMPATIBLE INFINITESIMAL BIALGEBRAS

In this section, we introduce compatible infinitesimal bialgebras, which
uses the notion of unital infinitesimal bialgebra introduced in Section 2. To
work in the more general context, we do not assume the existence of unity.
So, an infinitesimal bialgebra is an associative algebra (H,-) equipped with
a coassociative coproduct A : H — H ® H satisfying

Alz-y) =20y @ (@) y) + (T ya)) Oy + 1Y,
for z,y € H, with A(z) = 2(1) ® 7(2) and A(y) = y) @ y(o) for v,y € H.
In this context, an element « € H is called primitive when A(z) = 0.

4.0.1. Definition. A compatible infinitesimal bialgebra over K is an asso-
ciative compatible algebra (H, -, o) equipped with a coassociative coproduct
A: H — H ® H such that (H,-,A) and (H,o,A) are both unital infini-
tesimal bialgebras.

4.0.2. Lemma. The notion of compatible infinitesimal bialgebra is well-
defined.

Proof. A direct computation shows that:

(1) A((w-y)oz) = z)@(x2)-y)oz+z y1)@Yeoz+z® (yoz)
@ -y)ozay ®ze) +(T-y) @2,

(2) A((zoy)-2) = z2za)®@ (TR oY) 2+Toyn)RyYp) -2+ (y-2)
+H@oy) 20y ®ze) + (Toy) ® 2,

(3) A(x-(yoz)) = z20)@x@9) (Yo2)+z y1)Ryeoz+z®(yoz)
+x-(yoz(1))®z(2)—i—(x'y)@z,

(4) A(zo(y-2) = x@x oy -2)+Toyn®Ype) 2+r(y-2)

+2 0o (y-21)) ® 22 + (roy) ® 2.
Using the compatibility condition between the products - and o, we get that:
(1) z)®(x(2)y)oz+z(1)@(2(2)0Y) 2 = T(1)®@T(2)(y02)+2 (1)@ (2)0(y-2),
(2) (z-y)oz()®2(2)+(zoY) 21)®2(2) = T+(yoz(1))®z2) T2o(yY-2(1) ) ®2(2).
which implies that

A((@-y)oz+(zoy) 2)=Ax-(yoz)+xo(y-2)).
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4.0.3. Proposition. Let V' be a vector space, the free associative compatible
algebra As*(V) has a natural structure of compatible infinitesimal bialgebra.

Proof. The coproduct A : As?*(V) — As*(V) ® As?*(V) is defined by induc-
tion on the degree of a tree t in As?(V).

For t = a € X, its image is A(t) = 0. When [t| > 1, we consider two
cases:

(1) for t =t' o a, with a € X, we define
A(t) =ty @t ca+t ®a.
(2) for t =t'-¢" with |t/| < |¢t| and [t”] < ||, we have that
gl / 1 / 7 7 / "
A(t) =ty @ty -t +1 -ty @ty +1 @1,
Lemma 4.0.2 and the inductive hypothesis, state that A is well defined.
Note that if A(t) = t1) @ t(2) then ’t(l)’ < |t] and ‘t@)’ < [t].
To see that A is coassociative, we proceed by induction on degree of t.
Let ¢ be a tree. For [t| =1 the result is immediate.
For |t| > 1, we consider two case:
First, if t is an irreducible tree, then t = t' o a, with @ € X. So, we have
that:
(AIA(t) = (A®Id)(t,) @ty ca+t ®a)
= A(t’( )) ® t’(2) ca+A(t')®a
/ / / / /
=ty @laye) Ol 0atin) @l ®a

Applying the recursive hypothesis to t/, we write
(A@Id)A(t) = t(;) @ty ®Lz) 0 a+ty Dty @a.

On the other hand, using a similar argument to computer (Id ® A)A(t),
we have that
(Id® A)A®R) = (Id®A)( ) @ty oatt ®a
—t’ (t’(2 oa)+t ® A(a)
—ﬁn®%xw®ﬁ>®oa+%>®ﬁm®“

/ / /
—t(1)®t( )® ()oa—i-t( )®t( )®a

which gives the expected result.
Second, if ¢ is reducible tree, then ¢t = ¢’ - t", with [t/| < |t| and [t"] < |¢].
Applying the recursive hypothesis to ¢ and t”, we have that

(AI)AR) = (AId)(t;) @ty "+t -t @t +1' ®1")

_ ! ! 2 ! ! /! /!

= <(>®%mm®ﬁg Pty @l to) @ty
()?QW@®%p+t®QP®%m+%D®Qm®t
®@)®@9 tfgy@w@ ty @ 1y )
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and,
Id®@A)AER) = (Id@A)(t) @ty "+t -t @t +1' ®1")
_ / / / Ll / 1o "
=ty @l Olge U A Ol iy Gle)
Ty Ol @+ 110y @ L)) Olie) + 1O Oty
So, we conclude that
(A @A) = (Id ® A)A(H),

which ends the proof.
O

4.1. Formula for the coproduct A. We want to give an explicit formula
for the coproduct A, for which we previously describe an order on the ver-
tices of a tree.

Given a tree t, we consider the set Vert(t) ordered by the level order, that
is, the vertices of t are ordered by reading the vertices of ¢ from left to right
and from top to bottom. For instance, if ¢ is the tree

O,
00
- @

then Vert(t) is ordered by a < b < ¢ < d < e < root(t).

4.1.1. Notation. Given a tree ¢t and a vertex v € Vert*(¢), we denote by e,

the edge e, = of ¢, with initial vertex w and final vertex v.

4.1.2. Definition. Let A = {v1,...,v;} be a ordered subset of Vert*(t) with
v1 < --- < vy respect to the level order.

We define t4 as the tree of the degree [ such that Vert*(t4) = A, which
is obtained from ¢ by deletions of the vertices that are not in A and by
successive contractions of the edges of which these are the final vertex.

4.1.3. Example. When ¢ is the tree

olBC ©
t= 0 ’ t{a,b,c} : ° :

4.1.4. Proposition. Let t be a tree of degree n, with Vert*(t) given by the
ordered vertices ay < --+ < a,. The coproduct A(t) is given by the formula

n—1

A(t) = Z t{al7---7ai} ® t{ai+17---7an}’

i=1
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Proof. Let t be a tree of degree n and a1 < --- < a, its vertices, different of
the root, ordered by the level order.

We prove the assertion by induction on n. Forn = 1,¢t =a € V. So,
A(a) = 0 and the assertion is true.

For n > 1, we consider two cases. First, if ¢ is an irreducible, then
t =t' oa,, where t' is a tree of degree (n — 1), with vertices aq,...,a,-1. In
this case, note that ¢’ = t{ai,...an_,} and the vertices ay,...,a,—1 preserve
the order that they originally had in . Moreover, if 1 < k <[ <n —1, then

/ .
t{ak7ak+17---7al} - t{ak’akﬂ"“’al}'
By definition of coproduct A and by a recursive argument, we have that

A(t) = A(t'oay)
= A(t')oa,+t oAa,)+t @ay
n—2
- Z t/{al,---,ai} ® t/{ai+17---7an71} oan+t @ an

i=1
n—2

= § :t{al,m,ai} ® t{ai+17~~~7an71} O ap + t{alwnyanfl} ® an
i=1
n—1

= Z Haraiy © Haigr,mands

i=1
because t{4, 1 an_1} ©an = a1, an}s fOri=1,...,n—2

If ¢ is a reducible tree, then we may write t = ¢’ - t”, where ¢’ and t” are
trees of degree smaller than n. If ¢’ is of degree [, then Ver(t') = {a1,...,a;}
and Ver(t") = {aj41,...,a14m}, where n =1+ m. Note that the vertices of
t" and " preserve the order that they had in ¢. Moreover, t' =ty,, 3 and
t

—
= Harg1, 50 4m )

By definition of the coproduct A and by a recursive argument, we obtain
that:

Al) = A -t
A(t/) . t// +t/ . A(t//) +t/ ®t//
-1

—~

/ / "
- t{al,---,ai} ® t{ai+17---7az} -t

3)—'

-1

+
(]

T/ " / "
t t{al+17---7al+j} ® t{al+j+1,...,al+m} + ¢ ® ¢
1

N
|
—.
Il

/ "
- t{aly-”vai} ® t{ai+1,...,al} -t

T
3)—'

-1

I I o gt
- t{az+17---,az+j} O Uaryjir,mtrpm) T OT
1

+

J
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! 1!
As 75{a¢+1,---, 1} 1t
oo

{al+1,...,[ll+j} = t{alv---7al+j}7

= tair,man)s for i =1,...,0 =1, and
forj=1,...,m—1, we get

n—1

t) = Z Harmaiy © Haigr,eoan)s
=1

which ends the proof. O

4.1.5. Example. When t is the tree

OJONO,
t=C0) (O,

the coproduct A(t) is given by

@®+ 363
2,008+ &ges

4.1.6. Remark. Consider Hy = As?(V) with the coproduct A as in Propo-
sition 4.0.3. The triples (Hy,-, A) and (Hy,o0,A) are graded infinitesimal
bialgebras, with the natural graduation of Hy . In particular, the vector
space V is the component of degree one. By definition, A(v) = 0, for all
veV. So, (H,-,A) and (H,o,A) are conilpotent infinitesimal bialgebras.

Applying the result obtained by J.-L. Loday and M. Ronco in [26], The-
orem 2.6 , we obtain that H is isomorphism to T(PrimH).

In particular, the associative algebras (As?(V),-) and (As*(V),0) are free
as associative algebras. This result is an alternative proof to that obtained
by Dotsenko in [8], using operad theory .

4.2. Structure theorem for compatible infinitesimal bialgebras. Our
aim is to prove that any conilpotent compatible infinitesimal bialgebra can
be reconstructed from the subspace of its primitive elements.

We introduce the notion of N-algebra, which describes the algebraic struc-
ture of the subspace of primitive elements of any compatible infinitesimal
bialgebra.
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4.2.1. Definition. A N -algebra is a vector space V equipped with n-ary op-
erations IN,, : V" — V, for n > 2, which satisfy the following conditions:

n—1
(1) Nn(x:h e 7N2(xnaxn+l)) = Z Ni-i-l(xla cee 7Nn—’i+1(x’i7 cee 7xn)7xn+l)7
i=1

(2) forn >3
No(z1, Np(x2, ..., 2n41)) = Np(No(z1,22), 23, ..., Tng1)

n
_Z Ni(ﬂfl, Nn+2_i($2, cee ,ﬂj‘n+3_7j), Lp43—i4+1y -+ 73311-1-1)7
(3) for r,nl 23 3
Nn(x7y1 sy Yn—2, NT(Zytlv s 7t7‘—27w)) =
Nr(Nn(x7y17"'7yn—27z)7t17"'7t7‘—27w)
n—2
+ZNr+i($ayla---7yi—17Nn—i(yi7-~7yn—2az)7t17-~7tr—2aw)

i=1
r—2

_ZNn-i-T—i—l(xu:IJh <y Yn—2, Ni+l(27t17 o 7ti)7ti+17 o 7t7’—27w)7

i=1
For instance, the relations in low degrees give:

(1) N2 is an associative product.

(2) N3(z,y, Na(z,t)) = Na(N3(z,y, 2),t) + N3(x, Na(y, 2),t).
(3) Na(x, N3(y, z,t)) = N3(Na(x,y),z,t) — N3(x, Na(y, 2),t).
(4) Ns(z,y,N3(z,t,w)) = N3(Ns3(x,y,z),t,w) + Ny(z, No(y
Ny(z,y, Na(z,t),w).

72)7t7w) -

o~~~

4.2.2. Remark. Let N be the algebraic operad of N -algebras. It is clear that
the operad N is regular. So, the S,,-module N/ (n) is of the form N'(n) = N,,®

K[S,] for some vector space N,,, where K[S,,] is the regular representation
of S,,.

4.2.3. Proposition. The dimension of the vector space N, is equal to the
Catalan number c,_1.

Proof. Denote by |N,| the dimension of N, as a K-vector space. We know
that |V, | is the dimension of the subspace of homogeneous elements of degree
n of the free N algebra on one generator x. From the Definition 4.2.1, it
is clear that the vector space N,, has a basis formed by all the elements of
type:

Ny (My(...), ooy Myq(...), ),

where each M, is an element in the basis of N,,, and mi+---+m,_1 = n—1.
So, we get that

‘Nn’ = Z ‘Nnn’ ’Nmrq’

where the sum is taken over all the families {m;}i<j<,—1 such that m; +
e =n— 1.
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In particular, [N7| = 1 and, for n > 1, we have that:
INol =3 Cmy v ov Gy
= Cp—1,
by a recursive hypothesis, which implies that |[N7| = ¢y and that the integers

IN,| are defined by same equation than the Catalan numbers. We may
conclude that |N,| = ¢,—1, for n > 1. O

4.2.4. Definition. Given a compatible associative algebra (A, -, o) , the n-
ary operations N, : A®™ — A on A are defined as follows:

Np(z1,...,xp) = (1 ... xp_1)0oxy —x1- (T2 ... Tp_1) 0 xy)
4.2.5. Remark. The operations V,, satisfy the following relations:

(1) Na(z,y) =z0y—z-y.
(2) Np(z1,...,2n) = N3(x1,22 ...  Tp_1,xy,), for any n > 4.

4.2.6. Proposition. Let (A,-,0) be a compatible associative algebra. For
any family of elements x1,x2, T3, 4, x5 € A we have that:
(1) No(Na(z1,22),23) = No(z1, Na(22, 23)),
(2) N3(x1,72, Na(x3,24)) = No(N3(21, 2, 3), 4) + N3(x1, Na(22,23), 74),
(3) N3(x1, w2, N3(x3,24,25)) = N3(N3(x1, 2, 23), T4, 5)
+Ny(x1, No(w2,23), 4, 25) — Na(21, 22, No(23, 24), T5)

Proof. The first relation states that N, is an associative product, which is
true because Ny is linear combination of the products - and o.

Let us prove the second statement. The proof of the other ones is obtained
in an analogous way.
Let us denote the element No(x,y) as x xy = x oy — x -y. We have that,

N3(:E1,:E2,N2(l‘3,l‘4) = (:El . l‘Q) e} (333 * ZE4) — X1 (:Eg (e} (333 * l‘4))
= (z1-w3)0xz0m4 — (71 T2)0 (T3 74)
—x1 - (xg0x3024) + 21 - (T2 0 (T3 - 24)).
Applying the compatibility condition between - and o, we get:
(1) (z1-w3)o(r3-w4) = ((21-T2)0w3) T4 — 1 -T2 (x3024) + (2122 23) 024,
(2) x1-(x90(w3-24)) = 21 (T20x3) X4 — 1 -T2 (x3024)+ 271 ((T2-23)0Ty).
So, we obtain that
Ns(x1, 22, No(z3,24) = (v1-22)0x3024 — ((%1 - 22) 03) - 24
—(1’1 T -x3)0x4—x1 . (x20x30x4)
+x1 - (g 0xs) - x4+ 21 - (22 - 3) 0 24).
Regrouping the terms, we get:
N3(x1,22, No(23,24) = N3(x1,22,23) 0 54 — N(21,22,22) - T4
+(z1 - (zo*xx3)) oy — 21 - ((x2 *x x3) 0 24
= Nao(N3(x1,22,73), 24) + N3(21, Na(72,73), 74),
which proves the equality. O
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4.2.7. Lemma. Let (A,-,0) be an compatible associative algebra and let
{Np}n>2 be the family of products introduced in Definition 4.2.4. For el-
ements x,y,z € A, we have that:

(1) No(x-y,z) = N3(z,y,2) + - Na(y, 2).
(2) Nao(x,y-z) = N3(x,y,2) + No(z,y) - 2.

Proof. The formulas are obtained by a straightforward computation, using
the definition of the operations N,s. O

The following result is immediate to prove.

4.2.8. Proposition. Let A be a compatible associative algebra A. For any

family of elements x1,...,x, € A, we have that:
(1) No(x1-...-xp_1,%p) = Np(x1,...,2n)+x1 - Np—1(z2, ... 20)+.. .+
Ty Tpog s No(Zp_1, 2p),
(2) No(x1,x9-...-xp) = Np(x1,...,2n)+ Np—1(z1, .« oy Tp—1) - Tp+... +
N2(1E1,$2) cX3 ... Ty,

4.2.9. Theorem. Let (A,-,0) be a compatible associative algebra with n-
ary operations Ny, introduced in Definition 4.2.4. The data (A,{N,}) is a
N -algebra.

Proof. We apply Remark 4.2.5 together with Proposition 4.2.6 and Propo-
sition 4.2.8.

Let us prove the relation (1) of Definition 4.2.1. The proofs of the re-
maining relations follow by similar arguments.

Let A be a compatible associative algebra and consider x1,...,2,, Tp11 €
A, with n > 3. The equality was proved in Proposition 4.2.6 for n = 3. Let
n > 3, by Remark 4.2.5, we have that :

Nn(x17x2a cee 7$n—17N2(33n,33n+1)) = N3($17332 el $n—17N2(xn7xn+1))-

So, from Proposition 4.2.6, we obtain that

Ni(xy, 22 ... Tp-1, No(Tn, Tnt1)) = No(N3(z1,22 ...  Tp_1,%n), Tnt1)
+N3(3317N2(332 et $n—17xn),xn+1)'

Applying Proposition 4.2.6 and Remark 4.2.5 to the second term, we get:

Ni(x1,Na(z2 ... Tp-1,Tn), Tnt1)

n—1
= Z Ng(l‘l,l‘Q et Li—1 Nn—i+1($ia e ,:L'n),$n+1)
=2

n—1
= Z Ni+1($1, Ly e ooy Lj—1, Nn—i+1($i, e ,$n), l‘n+1).
=2

To end the proof it suffices to apply Remark 4.2.5 to first term, which
implies that

n—1
Nn(xh e 7N2(‘Tn7xn+1)) = ZN’i+1(x17 e 7Nn—’i+1(xi7 cee 7xn)7xn+l)-
i=1
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O

4.2.10. Theorem. Let H be a compatible infinitesimal bialgebra with coprod-
uct A. If the elements x1,...,x, in H are primitive, then Ny(x1,...,zy)
is primitive, too. Therefore, we have that Prim(H) is a N -subalgebra of

(H, {Nn}).

Proof. The cases n = 2 and n = 3 are obvious.

Suppose that n > 4 and that the elements z1,...,z, are primitive ele-
ments in H. Recall that
(%) Np(z1,...,25) = N3(x1,20 ... Tp—1,Tp)
=(x1 @ ... Tp_1)omy —x1 - ((T2+ ... Tp_1)0Tp).

Applying a recursive argument on n > 2, it is immediate to verify that

n—1

A(:Elxn):Z(xlznl)(X)(xZHxn)
i=1

Applying the formula above to (%) we obtain that :

n—2
A((xy ... xp_1)0oxy) = (1o ) @ (g1 oo Tp_1) 0Ty
i=1
+ (21 Tp1) @y,
and
n—2
A((xg ... -xp_q)ox,) = Z(JEQ e x) @ (g1 -+ Tp—1) O Ty)
i=1
+ (z2... Tp_1) @ Tp,
for n > 3.
Therefore, we may conclude that
n—2
Ay (w2 zp1) o) = (21 2) ® (@ig1 - - Tno1) 0 Tn)
i=2
+(z1 oo ) QT+ 1@ (T2 - oo - Tp—1) 0 Ty),
and thus A(N,(z1,...,x,)) = 0, which ends the proof. O

4.2.11. Remark. Let V be a vector space. Denote by Hy the free compat-
ible associative algebra As?(V) with the compatible infinitesimal bialgebra
structure given in Proposition 4.0.3. By remark 4.1.6, (Hy, A, -) is isomor-
phic as bialgebra to T'(Prim(Hy). By identifying the product - with the
concatenation product in T(Prim(Hy ), we have tha any element z € Hy
is written in a unique way as a linear combination of elements of the type
x1 ... 2y, where x; € Prim(Hy ), for each 1 < i <.

4.2.12. Lemma. Let V' be a vector space and Hy the compatible infinitesimal
algebra as in Remark 4.2.11. As N -algebra, Prim(Hy ) is generated by V
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Proof. Let Ny be the sub-N-algebra of Hy generated by V. Since any
element x € V' is a primitive element, Ny C Prim(Hy).

Let us see that any element z € Hy can written as a linear combination
of elements of the type z1 - ... x,, where z; € Ny, for each 1 < i < 7.
It is sufficient to verify the assertion for any tree ¢ € Hy. We prove the
statement by induction on degree of .

If |t| = 1, then t = a, for some element a in the basis X of Hy. Suppose
|t| = n, with n > 1.

If ¢ is a reducible tree, then ¢t = ¢1 - ... - t,, where » > 1 and ¢; is a tree
of degree smaller than n, for each 1 < i < r. By a recursive argument, the
assertion is true for each ¢;, which implies the result for ¢.

Now, if ¢ is an irreducible tree, then t = t’ o a, where t’ is a tree of
degree (n — 1) and a is an element in the basis X. Applying a recursive
argument, ¢’ is a linear combination of elements of the type z1 - ... - z,,
where z1,...,2, € Ny, with 1 < r <n—1. So, t = t' oa is a linear
combination of elements of the type (z1-...-x,)oa, where x1,...,z, € Ny,
with 1 <7r <n —1 and a an element of the basis X.

Now, consider the operation

Nys1(z1, .. yxpya) = (z1 ... xp)oa—xy - (w2 - ... - x) 0 a),
applied on the elements z1,...,z,,a. We have that
(r1+...-zp)oa= Npp1(z1, ..., 2r,a) + 21 ((x2-... - ) 0 Q).
Applying a recursive argument to z1 and (z2-...-x,)oa, in the right side

of the previous equality, we get the result.
By Remark 4.2.11, this implies that Prim(Hy ) is generated, as N -algebra
by Ny, which implies that it is generated by V. This ends the proof.
O

4.2.13. Proposition. Let V' be vector space and let Hy be the free associative
compatible algebra As*(V'), spanned by V. The N -algebra Prim(Hy), of
primitive elements of Hy, is the free N-algebra on V.

Proof. Note that, by Lemma 4.2.12, as N-algebra, Prim(Hy ) is graded and
generated by V. Denote by Prim(Hy ), the subspace of homogeneous ele-
ments of degree n of Prim(Hy ).

By Proposition 4.2.3, to see that Prim(Hy) is the free N-algebra on V' it
suffices to show that the dimension of Prim(Hy ), is equal to (dimV)"¢,_.

Let us compute the dimension of Prim(Hy ),. Recall from [26] the linear
operator e. Since (Hy,-,A) is a conilpotent infinitesimal bialgebra, we can
define e : H — H given by

e(r) =2 —xa) L) = T@) L) LE) T
where A(x) = (1) ® - - - ® (), for all x € Hy. Consider the set
B, =

{e(t)|t is an irreducible tree of degree n in Hy }.
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Let us prove that the set B,, is a basis of Prim(Hy )y,
From [26], Proposition 2.5, we have that B,, C e(Hy) = Prim(Hy) and
for any reducible tree t =¢1 - ... - t,,

e(t)=e(ty-...-t,) =0.

So, e(Irr) = e(Hy) = Prim(Hy), because all element x € Hy can be
written as a linear combination of elements in J,,~; Irry.

On the other hand, the same result asserts that, if ¢ is a irreducible tree
of degree n, then

e(t) =1 t(l) . e(t(Q)).

So, if t; and t9 are different irreducible trees in Hy, then e(t;) # e(t2).
In particular, since the number of irreducible trees of degree n is equal to
(dimV)"¢y,—1, we have that |B,| = (dimV)"¢,_1.

Let us see that the set B, is linearly independent. Note that in par-
ticular |B,| = ¢,—1. To simplify the notation, denote | = |B,| and let
{t',...,t'} be the set irreducible trees of degree n in Hy. We have that

B, = {e(tY),...,e(t)}.

Let {a1,...,q;} be a family of elements in the field K and suppose that
are(th) + ...+ age(th) = 0.
Since e(t!) =t — tlﬁ) . e(t% )), for any 1 <+ </, we have that

at' + .. ot = Z a;(t )

But this is possible only if a; = 0, for all 1 <4 < [, because the right
side is linear combination of reducible trees. So, B, is linearly independent
and we may conclude that it is a basis of Prim(Hy),. The dimension of
Prim(Hy),, is equal to (dimV')"¢,_1, which ends the proof.

O

Proposition 4.2.13 and Proposition 4.1.6 imply the following structure
theorem.

4.2.14. Theorem. Let V be vector space and let N' (V') be the free N -algebra
generated by V. The free associative compatible algebra As*(V) is isomor-
phic to TC(N'(V)).

4.2.15. Remark. Let (A,-,0,A) be a compatible infinitesimal bialgebra.
Consider x xy = a(z - y) + B(x o y) a linear combination of the products -
and o, where o and 3 are elements in the field K.

A direct compute shows that

Alz*xy) =20) @z *y + T x Y1) ®ye) + (@ + Bz @Y.

In particular, when xxy = z-y—zoy, (A4, -, *, A) is a compatible associative
algebra with coalgebra structure satisfying:
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(1) Az y) =20y @z2) Yy +7-y1) @Y + Y,
(2) A(z*y) =20) @x(2) ¥y + T * Y1) D Y(2)-

So, A is infinitesimal unitary with respect to the product -, in the Loday-
Ronco’s sense, and infinitesimal with respect to the product *, in the Joni-
Rota’s sense.

This notion of bialgebras is equivalent to the notion of bialgebras that we
have given in Definition 4.0.1.

5. MATCHING DIALGEBRAS

In this section, we consider a particular case of compatible associative
algebras, the matching dialgebras. In [40], Y. Zhang, Ch. Bai and L. Guo
studied the operad of matching dialgebras. They constructed the free match-
ing dialgebras on a vector space V' by defining a matching dialgebra structure
on the double tensor space T(T(V)).

In the same work, the authors proved that the operad of matching dialge-
bras is Koszul and compute the complex which gives the homology groups.

The aim of the present section is to study the notion of bialgebras in
matching dialgebras.

Motivated by the path Hopf algebra P(S) described by A.B. Goncharov in
[16], we introduced bi-matching dialgebras. We show that the Goncharov’s
Hopf algebras is part of a family of bi-matching dialgebras, which can be
constructed from a bialgebra (H,-, A)(in the usual sense) and a right semi-
homomorphism R : H — H, which is a coderivation with respect to the
coproduct A.

We also develop the notion of compatible infinitesimal bialgebra in a
matching dialgebras. In particular, a free matching dialgebra is a compat-
ible infinitesimal bialgebra, which we obtain another example of a Loday’s
good triple of operads (see [25]).

5.0.1. Definition. A matching dialgebra is a vector space A with two asso-
ciative products - and o such that

(x-y)oz=x-(yoz), (xoy)-z=x0(y-2)
for all z,y,z € A.

We recall from [40] the notion of right semi-homomorphism of algebra.
This type of linear map gives an interesting family of examples of matching
dialgebras.

5.0.2. Definition. Let (A,-) be an associative algebra. A K-linear map
R: A — Ais a right semi-homomorphism if it satisfies the condition

R(x-y) = R(x) -y, for all z,y € A.



69

5.0.3. Remark. Note that if (A,-) is an associative algebra and R: A — A
is a right semi-homomorphism, then (A,-, o) is a matching dialgebra with
the product o: A® A — A given by z oy =z - R(y) (see [40]).

5.0.4. Example. If (A,-) is an associative algebra and a is an element in
A, then the map R : A — A defined as R(z) := a -z, for x € A, is a right
semi-homomorphism.

In particular, when (A,-) is a unital associative algebra with unit e € A
and R : A — A is a right semi-homomorphism, then the linear map R is
completely determined by the action of R on the unit e. Indeed, if z € A,
then R(x) = R(e-z) = R(e)-x. So, for the case of unital associative algebra
A, any right semi-homomorphism R : A — A is given by R(z) := a-x, where
a is some element in A.

5.1. The free matching dialgebra. The free matching dialgebra over
a vector space V is a quotient of the free compatible associative algebra
As?(V). In particular, we may define an explicit compatible infinitesimal
bialgebra structure on the free objects of the category of the matching dial-
gebras.

Given a vector space V', with basis X, let T, ,f( be the set of planar rooted
trees with (n + 1) vertices, whose non-root vertices are colored by the ele-
ments of X.

In the Subsection 3.2, we define a compatible associative algebra structure
on the vector space spanned U T;LX of colored planar rooted trees, where

n>1
X is a basis of V, and proved that ASQ(V) is the free compatible associative
algebra over V.

The free matching dialgebra over V may be obtained as the quotient
As?(V), by the ideal spanned by the elements (z -y) oz = x - (y o z) and
(xoy)-z=zo(y-z), for z,y and z in V.

We want to find a set of trees which gives a set of representatives of the
classes of As?(V') modulo these relations.

5.1.1. Examples. In low degree, we identify the trees:

because a - (boc¢) = (a-b)oc. In degree four, we have that

In the general case, we have the following result.
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5.1.2. Proposition. Any tree t € T:X, for n > 1, is equivalent to a tree of
the type

t=t' Lt
where each t* is a tree of the form t* = a¥o...0 ank, with 1 <k <r and
ny+...+n, =n.

Proof. For n = 3, the result was proved in 5.1.1. For n > 3, suppose that
the assertion is true for any tree of degree strictly less than n. If ¢ is an
irreducible tree, then ¢t = ¢’ o a, with |[t/| = n — 1 and a an element of degree
one. Applying a recursive argument to t’, we get

t= (t/l-...'t;)oa:tll-...-(t;,oa).

If t is a reducible tree, then t = ¢’ -t where t' and t” are trees of degree
strictly less than n. So, applying the inductive hypothesis to ¢’ and t”, we
obtain the assertion for ¢, which ends the proof. O

5.1.3. Notation. We denote by D;¥ the set of all trees of degree n, described
in Proposition 5.1.2 and by D¥ the set Ups1 DX.

For instance, in degree three we have that:

ONO,
D3:{ ° ta,bc € X}

The free matching dialgebras is the vector space Asy (V) = €, K[D X,
whose basis is the set DX.
Given two elements ¢ = ¢! . "and w =w'-...-w®in DX of degree n

and m, respectively, we have that t w is the tree in Dn ", that is obtained
by 1dent1fy1ng the roots of ¢ and w, while that ¢ o w is the tree

tow=t' .. " (" ow!) - w?... - wf,

where " o w! is the tree that is obtained by identify the root of ¢" with the

only leaf of the tree w!.

For instance,
0 @
00, 0 © 0 OROJ0J0ON

5.1.4. Remark. In [40], Y. Zhang, C. Bai and L. Guo defined the free match-
ing dialgebra over the vector space V as the double tensor space T(T(V)).
For a vector space W, T, (W) = @ W®™ denotes the non-unitary tensor
n>1
algebra, where the tensor product is denoted by ®..
Under this notation, the double tensor space is T, (T, (V)). The prod-
ucts - and - are defined as follows:
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For w = U1 ®y; By U and v = V] ®y, -+ O, Uy In T*l(T*Q (V) with
ui, v € Ty (V), for 1 <i <m, 1 < j <n, define:

(1) w-v =11 Ry, Ry Uy Qu; V1 Ry, -+ - Dy Uy, the tensor product @, .

(2) vov =11 Ry~ By (Um By V1) Py *** By Un.
In [40], it is showed that (T, (T4,(V)),-,0) is a matching dialgebra, which
is free on the vector space V.

The identification between both versions of the free matching dialgebras

is clear. In our description, the tensors of first type are the trees of the type:

where a; € X, for 1 <i < n, are element in the basis X. In this context, we
will call irreducible tree to the trees of this type.

5.1.5. Remark. For V = K, we identify the free matching dialgebra Ass(K)
with the partition algebra
c=cm,

n>1

where C™ is vector space generated by all the ordered partition of a positive
integer n. We denote by c(,, ., the ordered partition n =ny +--- +n; of
n. The products - and o are given respectively by

Clni,..ony) " C(ma,..omy) *= C(na,ngma,.. my)
and

C(n1yemy) © Clma,emi) 7= Clna e npbma,..my)-
Since the non-symmetric operad Asy is completely described by the free
matching algebra on V' = K, we have that (Asg), = C™. In particular, the
dimension of (Asg),, is 2".

5.2. Bi-matching dialgebras. We introduce the notion bi-matching dial-
gebras. For this, we requires the following proposition, which shows that
the operad of matching dialgebras is a Hopf operad.

5.2.1. Proposition. If (A,-,0) is a matching dialgebras, then A ® A is a
matching dialgebras with the products defined by:

(1) (a1 ®az)- (b1 ®b2) = a1 -by @ag - by and
(2) (a1 ® az) * (b1 ®by) =ay by ® ag 0o by + aj 0by ® agy - b.

Proof. The proof follows by direct computation. O
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5.2.2. Remark. Note that in Proposition 5.2.1, the associativity of the prod-
uct * requires the compatibility condition between the products - and o.

The following notion of bialgebra was originally introduced by A.B. Gon-
charov in [16].

5.2.3. Definition. A bi-matching dialgebra is a matching dialgebra (H, -, o)
equipped with a coassociative coproduct A : H — H ® H such that A is
morphism of matching dialgebras with respect to the matching dialgebra
structure of H ® H defined in Proposition 5.2.1.

5.2.4. Proposition. Let (H,-,A) be a bialgebra and let R : H — H be a
right semi-homomorphism. If R is a coderivation for the product -, then

Az oy) = A(x) * A(y),

for any x,y € H, where x oy = x - R(y) is the product defined in Remark
5.0.3.

Proof. By a straightforward calculation, we get:

Alzoy) =A(z-R(y))
= A(z) - A(R(y))
=z(1) ®@z2)  (R(Y1)) ® y2) + Y1) @ R(y(2)))
=z1) - R(ya)) @ z@) Yo + ) - ya) @ 7@ - R(y@)
=) oY) ®T(2) Y) + L) Ya) D Te) oY)
= A(z) * A(y),

which proves the formula. O

5.2.5. Example. Consider the Grossman-Larson’s Hopf algebra H = K][T]
with basis the set of all non-planar rooted trees 7 described in [17]. Recall
that the tree e with one vertex is the unit for the product defined in H.
Consider the linear map R : H — H such that, for any rooted tree ¢, R(t)
is the sum of trees obtained from ¢ by attaching one more outgoing edge
and vertex to each vertex of ¢, which is originally defined on the Connes-
Kreimer’s Hopf algebra in [7].

In [33], Proposition 2.2, F. Panaite showed the linear map R is a right
semi-homomorphism for H. In fact, R(x) = R(e) - z, for all z € H. In
his work F. Panaite showed that R is a coderivation for the coproduct A
defined in H. Indeed, since R(e) is a primitive element, we have that

A(R(z)) = A(R(e) - )

A(R(e)) - A(z)
= (R(e)®@e+e® R(e)) - :1:(1)®x(2)
R(e) -z ®a:(2)+x R(e) -z
R(z 1)) ® z(2) + 7(1) ( 2));
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and R is a coderivation. So, (H,-,0,A) is a bialgebra, where o is the asso-
ciative product induced by R and the compatibility condition between the
products - and o with the coproduct A is as in Remark 5.2.2.

5.2.6. Remark. The previous result obtained by F. Panaite may be gener-
alized to any bialgebra (H,-, A) with unit e € H, that is, if R: H — H is a
right semi-homomorphism and R(e) is a primitive element of H, then R is
a coderivation. The proof is similar to that given in the Example 5.2.5.

5.2.7. Example. Let H = K[X] be the K-algebra of polynomial in one
variable, with the usual product and the coproduct given by:

AX™) =" <7Z> X" e X,
1=0

with the homomorphism R defined by R(X™) = X"*!. As R(1) = X is a
primitive element, we get that R is a coderivation.

5.3. The Goncharov’s Hopf algebra. Let us describe the path algebra
P(S), introduced by A. B. Goncharov in [16], which motivates our notion
of bialgebra, described in Remark 5.2.2.

Let S be a finite set. Denote by P(S) the K-vector space with basis
Dso,....sns  form>1, and s € S, for k=0,...,n.
The associative product - : P(S) ® P(S) — P(S) is defined as follows:

Pa,X,y,d forb=c,

Pa, X, Dey,d = {0 , for b # c,

where the letters a, b, ¢, d denote elements, and X and Y denote sequences,
possibly empty, of elements of the set S. In particular, p,p = pa,z - Pap, for
r € S, and the unit for this product is the element e =) ;¢ p; ;.

The coproduct A : P(S) — P(S) ® P(S) is given by:

n
A(pa7r17~~,$n,b) = Z Z Pa,z, 1y, i)sb ® DPazq(ki1yseZo(n) b
k=0 ceSh(k,n—k)

For instance, A(pgp) = Pa,p @ Pap, for a,b € S, and
Ale) = me ®pii #FeQe.
€S
The linear map R : P(S) — P(S), given by:
R(e) = Zplll
€S

is a right semi-homomorphism.
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With the definition above, we get that R(pq x b) = Pa,q¢,x b, for any element
Pa,x b Of the basis. So, R induces a new associative product o : P(S) ®
P(S) — P(S) by setting x oy = x - R(y), that is:

PXbY, for b = c,

PXb©Pey = {O, for b # ¢,

where b,c € S, and X and Y are sequences of elements of S.

5.3.1. Proposition. The right semi-homomorphism R : P(S) — P(S) is a
coderivation.

Proof. Note that for any element i € S, we have that A(p; ;) = piii ®pii+
Di,i @ Dii, therefore:

A(R(e)) = szzz QR Pii+ Pii @ Digi-
€S
Let = pg x,» be an element of the basis of P(S). By definition of the
coproduct A, we have that the element A(z) is a sum of tensors of type
Pa, X’ b b2y Pa, X" b,
where X’ and X" are (possibly empty) ordered subsequences of X.
Using the Sweedler’ notation, we write
A(x) = ‘/L'(l) ® x(2) = pa7X(1)7b & pa7X(2),b'
Computing A(R(x)), we obtain that:
A(R(z)) = A(R(e) - z)
= (Qies Pisii @ Pii + Pii @ Pisii) - T(1) @ T(2)
= (D ies Pisii ® Pisi + Pii @ Piisi) * Pa,X(1y,b @ Pa, X2,
= Pa,a,a ° pa,X(l),b & Pa,a - pa,X(z),b + Pa,a - pa,X(l),b b2y Pa,a,a * pa,X(z),b
= pa,a,X(l),b & pa,X(z),b + pa,X(l),b ® pa,a,X(Q),b
= R(a:(l)) ® Z(2) + Z(1) & R(x(g)),
which ends the proof. O

5.4. Notion of compatible infinitesimal bialgebra in matching di-
algebras. We consider the notion of compatible infinitesimal bialgebra in
matching dialgebras. A direct compute shows that this notion of bialgebra
is well-defined in a matching dialgebra.

Let (A,0,A) be an infinitesimal bialgebra. The product o and the co-
product A may be extended to T(A) = @, A" as follows:

(1) (a1...ap)o(by...by) =ay...apn—1(ay 0by)by...by, and

n—1 n—1
(2) A(al celp) = Z ay...a;i—1A(a;)aiy1 ... CLn—I-Z ai ... ;41 ... 0y
i=1 =1
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If we denoted by - the concatenation product in T'(A), then (T'(A),-,0) is a
matching dialgebra, and A is infinitesimal for both products.

In particular, consider the free matching dialgebra Aso(V) = T(T(V)).
In this case, A = T(V) is an infinitesimal bialgebra with the concatenation
product and the deconcatenation coproduct. Identifying the tree ajo...o0a,
with a tensor in T(V') and the product o with the concatenation product,
we get:

n—1

Aajo...0ay) ::Z(alo...oai)®(a,~+1o...oan).
i=1

Thus, extending A to T(T(V)), we have that Asy(V) is a compatible
infinitesimal bialgebra.
The explicit formula for the coproduct A is given by:

n—1

t) = Z Har,mai}y @ Haigr,eoan}s
i=1

described in Proposition 4.1.4, which extends the deconcatenation coproduct
of T(V).
5.4.1. Example. When t is the tree

®
©©
t=0 O,

the coproduct A(t) is given by:

n-gedapeiB ageaf
+®+®@

5.4.2. Remark. The primitive part of the compatible infinitesimal bialgebra
Aso(V) is generated by the associative product * given by zxy = zoy—x -y
together with the A-operations of superior degree. By the compatibility con-
ditions defining a matching dialgebras, the N-algebra structure of Asy(V)
is reduced only associative product x. Thus, we get a good triple of operads
(As, Asg, As), in the Loday’s sense (see [25]).
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5.5. As-Comg-operad. Let us consider the matching dialgebras where one
of the associative products is commutative. We denote the associated operad
by As-Coms. The associative product is denoted by o and the commutative
product by -.

The following lemma is obtained by a straightforward computation, apply-
ing the compatibility condition between the products and the commutativity
of the product -.

5.5.1. Lemma. If x1,x9,x3 € As-Comsy and o € S3, then

(Zo(1) © To(2)) - Toz) = (T1022) - 23 = (Zo(1) - To(2)) © To(3)-
5.5.2. Remark. As an immediate consequence of Lemma 5.5.1, we get that:
if x1,...,2,,y € As-Comy, then

(x10...02p) y=(210...0L;_10YOTi410...0Ty) Ty,

for all i € {1,...,n}.

In this way, if z € As-Comg(n) is a monomial in the variables z1, ...,z
of the form = = (2,1 0 ... 0 Zy(3)) * Ty(ig1) * - - - * To(n) for some o € S, and
1<i<n-—1, then

T=(T10...08;) Tyl -.." Tp.

5.5.3. Proposition. Let x € As-Comg(n) be a monomial constructed with

the elements x1, . . ., x, and the products o and -, in such a way that o appears
k times, for0 <k <n—1:
(1) If0<k<n—2,thenx = (10...0T11) Tkyo .. Tp-

(2) If k=mn—1, then T = T5(1) 0 ... 0 Ty(y), for some g € S,.

Proof. For k =n — 1, the result is immediate.

For 0 <k <mn — 2, x can be written as x = y1 - ... - y,—, Where each y;
is a monomial of the type y; = ;, o...ox;, where {i1,...,4} is subset of
{1,...,n}.

Applying Lemma 5.5.2, we may permute the products - and o, until we
obtain that:

T = (To(1) © -+ 0 To(s)) * To(i41) " -+ To(n)s
for some o € S,,. Therefore, we may conclude that
T=(T10...08;) Tyl -.." Tp.

O
5.5.4. Remark. Consider n > 1 and a monomial x € As-Comgy(n) con-
structed with the elements z1,...,x, and the products o and -, in such a
way that o appears k times, for 0 < k < n — 1. From Proposition 5.5.3,if we
permute the variables or we permute the products - and o in the monomial

x, we obtain the same element. So, the action of symmetric group S, is
trivial on this element.
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5.5.5. Proposition.
As-Comay(n) =1, @ --- @& 1, ® K[S,],

where the sum consist of (n — 1) copies of the trivial representation and one
copy of reqular representation of Sy,.

Proof. The proof follows from Proposition 5.5.3 and Remark 5.5.4. O

As a consequence of the previous result, we have that the dimension of
As-Coma(n) is (n — 1) + nl.

6. THE OPERAD As-Com?

This section is devoted to study the operad of associative compatible
algebras such that one of products is commutative. We denote this operad
by As-Com?. So, As-Com? is generated by a commutative product - and by
an associative product o, which satisfy compatibility condition of Remark
3.0.2.

6.1. Basis for As-Com?. We want to find a basis for As-Com?. In order to
do this, we previously introduce the notion of n-tree.

6.1.1. Definition. Let n be a positive integer. A n-rooted tree, or simply
n-tree, is a non-planar rooted tree ¢ with (n + 1)-vertices, whose vertices
different from the root are colored by the set [n], while the root is not

colored. We denote the set all the n-trees by T,, and by T the union U T,.
n>1

Given a n-tree t, we identify each vertex of ¢, different of the root, with
the element of the set [n] which colors it. The degree of a vertex a in the
n-tree t, different of the root, is the number of inputs of this vertex and it
is denoted by |al.

Given X = {ay,...,a,} a set of n positive integers such that a; < --- <
an, a n-tree in the set of vertices X is a non-planar rooted tree ¢ with (n+1)
vertices, whose vertices, which are not the root, are colored by the set X.
Given a n-tree t, we denote by t, the n-tree in the set of vertices X such
that the vertex ¢ in ¢ is colored by the element a; in t,, for 1 <¢ <n.

6.1.2. Remark. Since the product - is commutative and the product o is
associative, we identity each n-tree t with a monomial m; in As-Com?(n).
For example:

(xl.x3)ox2 = = E(II}'3‘IIJ‘1)OIE2-
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In particular, for any permutation o € S,,, we denote by t, the n-tree,

)
The n-tree t,, is associated to the element z,(j)0...0 x4 in As-Com?(n).
6.1.3. Lemma. Let z,y and z be elements of As-Com?, we get obtain that

(x-y)oz=zo(x-y)+(xoz2)-y—x-(20y)—(z0x)-y+x-(yo2).
Proof. The compatibility condition between the products states that :
zo(y-z)=(xoy)-z—z-(yoz)+(r-y)oz
and
zo(z-y)=(xoz)-y—x-(z0y)+ (v -2)oy.
While the commutativity of - implies that:
(z-y)oz=(roz)-y—w-(z0y)+(z-2)oy+a-(yoz)—(roy)- 2
As (z-x)oy=zo(z-y)—(zo0x)-y+2z-(xoy), we get that :
(z-y)oz=zo(x-y)+ (xo2)-y—z-(z0y)—(z0x) - y+z-(yo2),

which ends the proof. O
6.1.4. Proposition. If z,yi,...,y, are elements in As-Com?, then
n
zo(yr o yn) = ((T-y1- o 4%i1)OUs)  Yit1 - Un
i=1
n
=Y @ (Y1 Yic) O ) Yit1 - Un.
i=2

Proof. The proof follows by induction on n and by the compatibility condi-
tion between the associative products - and o. O

From the previous reduction formula, we have that As-Com?(n) is, as
vector space, generated by T,,.
However, the set T,, is not a basis for As-Com?(n).

6.1.5. Example. Consider the case n = 3. As-Com?(3) is generated by the
elements (1 - x2) o @3, (21 - 22) 0 w3, (T1 - T2) © T3, (Ty(1) © T (2)) * Tor(3)s
Ty(1) © Ty(2) © T(3) and 7 - T3 0 x3, where o € S3.

By Lemma 6.1.3, we have that:

(1’1-%3)01’2 = xgo(xl-xg)—i—(mloxg)-xg—xl-(xgoa:g)
—(xg0xy) - x3+ 1 - (T3 029)

= (21-22)023 — 21 (T2023) + (T 022) - 73
+x1 - (x3 0 9) — (21 0 3) - X9
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In terms of trees, we get

5-ab-8p-ad e
5-ad-&p-afpde

Moreover, it is clear that the element (x - x9) oxs = (z2-x1) 0 x3 can not
be reduced. So, the set

and

{(z1-22) 023, @1 223, (To(1) © Ta(2)) " Ta(3)s To(l) © To(2) © To(3) )
where o € Ss, is a basis for As-Com?(3). Therefore, the dimension of As-
Com?(3) is equal to 14.

6.1.6. Remark. Via the identification described in Remark 6.1.2, each n-
tree ¢t can be expressed ast = t;-...-t,., where the root of each ¢; has exactly

one child and Z |ti| = n. When r > 1, we say that t is a reducible n-tree.
i=1
The tree t is an irreducible n-tree if » = 1, that is, the root of ¢ has only
one child. In such case, if n > 1, t = t' o a, where a € [n] and ¢’ is a
(n — 1)-tree in the set of vertices [n] \ {a}.
We denote by Red-T the set of all the reducible n- trees.

6.1.7. Definition. Let X,Y be elements in As-Com?. We say that X is
equivalent to Y if X —Y belongs to K[Red-T]. We denote the previous
relation by X ~ Y.

6.1.8. Example. In As-Com?(3), we have that
(w1 - w2) 023 ~ (%(1) '1170(2)) 0 Zg(3),
for any permutation o € S3. More in general, in As—Com2(n), we have that
(To(1) "+ Tam—1)) © Tom) ~ (T1 -+ - Tn_1) © Tn,

for any o € S,. In fact, if o(n) = n, then by the commutativity of the
product -, we get:

($J(1) T xa(n—l)) OLg(n) = (T1 ... Tp_1) 0 Tp.
Suppose that o(n) = k, with k # n. By commutativity of the product -,
we may assume that o(n — 1) = n. By Lemma 6.1.3, we have that

(To@) -+ To(no2) " Tn) © T ~ T O (T(1) * - -+ * To(n_2) * Tn)-
Applying the reduction formula 6.1.4 to the element xj, 0 (T5(1) ... To(n_2) -
x,) and using the commutativity of -, we obtain

($cr(1) Tl xo(n—l)) © Lg(n) ™~ (331 el $n—1) O Tn.
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6.1.9. Remark. The relation ~ satisfies the following conditions:

(1) if X ~Y, then Y ~ X
(2) f X ~Y and Y ~ Z, then X ~ Z,
B)if X~Yand Z~T,then X+Z~Y + T,

for any elements X,Y, Z and T.

Let us describe the method that we will use to construct a basis B,, for
As-Com?(n), using n-trees.

Suppose that we have constructed a basis B; for As-Com? (i), which con-
sists of i-trees, for 1 < i < n—1. The reducible n-trees in B,, are constructed
from the irreducible trees present in the basis Bi,..., B,_1. Specifically, an

T

reducible n-tree in the basis By, is given by t = til et where [n] = U X,
i=1

is a partition of [n], with r > 2, and ' € B, is an irreducible | X;|-tree, for
1<e<r.

The set of n-trees constructed in this way form a linearly independent set
in As-Com?(n). To complete the basis B, we consider a linearly indepen-
dent set of irreducible n-tree such that if ¢ is an irreducible n-tree, then ¢ is
equivalent to a linear combination of these trees under the relation ~ defined
in 6.1.7. Since these elements do not belong to the subspace generated by
the reducible n-trees in B,,, the set B,, is linearly independent.

Moreover, B, will generate As-Com?(n). In fact, by induction, if t =
t1-...-t, is areducible n-tree, then ¢ can be expressed as a linear combination
of n-trees of the type t = t;l o t;r, where X is the set of vertices of ¢;

and t' € B, | is an irreducible |X;|-tree, for 1 <4 <.

So, we can generate all the reducible n-trees by mean of elements of B,,.
Now, if ¢ is an irreducible n-tree, then by construction, ¢ is equivalent to
a linear combination of irreducibles n-trees in B,. So, since each reducible
n-tree is generated by B,,, we have that t is generated by B,. This shows
that B, is a basis for As-Com?(n).

6.1.10. Lemma. Let z,y,z and w be elements of As-Com?. We have that

(r-y)ozow~wo(r-y)oz

Proof. Note that, by the compatibility condition, we have:
zo(y-w)ox=((z0y) -w)ox—(2-(yow))ox+ (2 -y)owouw
and
zo(w-y)ox=((zow) -y)ox—(z-(woy))ox+ (2 -w)oyouwx.
Therefore, we get that:
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((zoy) w)ox—(z2-(yow))ox+ (2 -y)owox =
(zow)-y)ox —(2-(woy))ox+ (z-w)oyou.
On the other hand, consider the following equivalences :

((zoy) w)ox~(z-w)ozoy,
(z-(yow))ox~(z-(yow))oz,
(z-y)o(wox)~ ((wox)-y)oz,
((zow)-y)ox~(z-y)ozow,
( oz~ (z-(woy))o
~((youx)- )Oz
they imply that

(x-w)ozoy ~ (z-y)ozow— (z-(woy))o
+((yox) - w)oz+ (z-(yow))oz— ((wox)-y)o-z.

In a similar way, given that z o (z-w) oy =x o (w - 2) oy, we have that:

(z-w)ozoy ~ (y-wjoroz—(z-ylozow
+(x-(woy))oz+(x-y)owoz— ((xow)-y)oz.

Using the equivalences above, we obtain

2Az-y)ozow ~ (y-w)owoz+2z-(woy))oz—((zow) y)oz
Tz y)owoz—((yor) w)oz—(z-(youw) oz
H(wo ) y)o-.

But, as

(x-y)owoz=(x-w)oyoz+ ((xow) y)oz
H{yow)-w)oz—((woy) w)oz—((woy)-z)o:

and

(v wyoror = (x-woyoz+((yor) w)o
+(woz) -y)oz—(woy) z)oz— ((xoy) w)oz,

we may conclude that
2(x-y)ozow~2(x-w)oyoz—2((xoy) w)oz+2(wox)- y)oz.
and, we get the expected result

(x-y)ozow ~ ((woz) - y—w-(xoy)+ (w-z)oy)oz
~ wo (@ yoz
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6.1.11. Example. In degree 4, we have that:

KA 0. 0% 0.00.¢

00040 8o b e

we obtain that:

RRAAL

Ina81m11arway, as (1-3)o0402~20(1-3)o04, we have that:

and, as (2-3)o401~10(2-3)04, we get

i

6.1.12. Definition. A n-tree ¢ is a B-tree whenever it satlsﬁes one of the
following conditions:
(1) t =t,, for some o € Sy, or
(2) the vertices of ¢ satisfy the following condition. If a is a vertex of ¢,
different of the root, such that |a| > 2, then:
(a) all the vertices that are above the vertex a are smaller than a,
and
(b) the direct path from the vertex a to the root is increasing.

6.1.13. Notation. We denote the set B-trees of degree n by B,,.

For example, Bj is the basis for As-Com?(3) described in Example 6.1.5.
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6.1.14. Remark. Suppose that t = ¢1 -... -, is a tree in B,,. Denote by
X = [n] and by X; the set vertices of the tree t;, for each i € {1,...,r}.
We have that t; is an irreducible B-tree in the set of vertices X;, for each
i€ {1l,...,r}. So, we can see each B-tree t as a forest of irreducible B-trees.
In particular, for r = 1 and n > 1, we have that t = ' o a. By the
conditions on the vertices in a B-tree, for a # n, necessarily t = ¢, for some
oces,.

On the other hand, if @ = n, then ¢ € B,_1. Thus, if t € B,, is an
irreducible n-tree, then t = t,, for some o € S,, or t = t' o n, for some
t'e B,_1.

Moreover, note that, in the second case, if t = t' o n, then there exists
k € [n] such that t = (s1-...-s;)oko(k+1)o...on, where k < k+1<---<mn
are consecutive integers and s1-...-s € Br_1.

6.1.15. Proposition. If t is a n-tree, then t can be reduced to a linear
combination of trees in B,,.

Proof. The proof is by induction on the degree of the tree ¢.
Let n be the degree of t. If n =1 or n = 2 the assertion is obvious.
For n = 3, B3 is a basis for As-Com?(3).

Consider n > 3 and suppose the result is true for 1 < r < n. Let t be

an irreducible n-tree. In such case, ¢ = t’ o a, where a € [n] and t’ is a
(n — 1)-tree in the set of vertices [n] \ {a}.
Suppose that ¢ is not a B-tree. So, a # n and t # t,, for all 0 € S,,. By
inductive hypothesis, ¢ can be reduced to a linear combination of B-trees
in the set of vertices [n] \ {a}, whose reduction is derived from the relations
between the products - and o.

So, t can be expressed as a linear combination of elements of the type
soa, where s is B-tree in the set of vertices [n]\ {a}. Let us show that these
elements may be written as a linear combination of elements in B,,.

If s is an irreducible tree, then s = (w; - wg) ows, where wy - wo is a B-tree
in some subset of [n]\ {a}, and w =ay0...0ap0on, witha; <--- < ap < n.
By Lemma 6.1.10, we have that

soa~ao(wy-wg)ows=(ao(wy-wg)o(ajo...o0a))on.

So, soa = (ao(wy-ws)o(ajo...oa))on+some linear combination of reducible trees.
Since the monomial a o (wy - we) o (a3 o ... 0 ag) is a linear combination of
(n — 1)-trees, we apply the inductive hypothesis of this element.

In similar way, we apply the inductive hypothesis to each child of the
reducible trees present in the decomposition of s o a. So, we have that soa
is linear combination of elements of B,,.

Assume now that s is a reducible tree and write s = s1 - ... - s, where
[ > 1 and each s; is an irreducible B-tree in some subset of [n] \ {a}, with
1 <4 < [. By the commutativity of -, we may assume that n is a vertex of
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s;. By Lemma 6.1.3, we have that:

(s1+...-s)ca=((s1 ... s-1)-s))oa~ao((s1+...-8-1)"8]).

Using the compatibility condition between the products - and o, we get

ao((sy-...-s1—1)-s;)=(ao(sy-...-85-1))-sp—a-((s1-...-8-1)08])
+(CL’81-...-31_1)031.
For the term (a-s1-...-8;_1)0s;, when s; = s’ on, we may apply a recursive
argument.

If s; is of the form s; = ajo0...ono...o0ag, we apply Lemma 6.1.10, and
afterwards a recursive argument, as in the previous case.

For the other terms, we use a similar recursive argument. Therefore, ¢ is
a linear combination of elements of B,,.

Consider a reducible n-tree t = t; - ... - t,, where t; is an irreducible tree,
for 1 <4 < r. Applying the result obtained in the previous paragraph to
each t;, we get that t is a linear combination of reducible n-trees in B,
which ends the proof.

O

6.1.16. Theorem. The set B,, is a basis for As-Com?(n).

Proof. By Proposition 6.1.15, each n-tree may be written as a linear com-
bination of n-trees in B,. So, since As-Com?(n) is generated by T,, B,
generates As-Com?(n).

Let us show that the set B,, is linearly independent for each positive
integer n. The proof is by induction on n.

The case n = 1 and n = 2 are obvious and in Example 6.1.5 we have
seen that Bs is basis of As-Com?(3). Consider n > 3 and suppose that the
assertion is true for all £ < n.

First, let us see that the set of reducible n-trees in B,, is linearly indepen-
dent. Suppose that such set is not linearly independent. In this case, there
exists a reducible n-tree

t=1ty-... t, € By,

which is a linear combination of the others elements of B,,. But in this case,
at least one t; must be reducible, for some 1 < ¢ < r, which contradicts our
hypothesis.

By other hand, if B,,—; = {t1,..., %}, then the set of trees {tjon, ..., t;on}
is linearly independent because the set B,,_; is linearly independent.
By Remark 6.1.14, the set of irreducible n-trees in B,, is described by:

A, ={ton|teB,_1}U{t =t,|o € Sy,o(n) #n},

we have that A, is linearly independent. An element of the last cannot be a
linear combination of reducible n-trees in B,,. So, B,, is linearly independent,

which ends the proof.
O
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6.2. Dimension of As-Com?(n). Let us denote by A, the set of the irre-
ducible n-trees in B,,, and by b, and a,, the number of elements of B,, and
A, respectively .

From Remark 6.1.14, we have that if ¢t € A,,, then t = ¢,, for some o € S,,,
or t =t on, for some t' € B,,_1. Let us denote by Al and A2 the subsets
of A, given by

Al = {t e T,|t = t,, for some o € S,,,0(n) #n}

and
A2 ={tcTyt="ton,t' €B,1}.
The set A, is the disjoint union of the sets AL and A2. So, we get the
equation
(%) apt1=0bp+mn-nl

Let us denote by A(x) and B(x) the exponential generating functions,
associated to the sequences a,, and b,,, respectively.

As any element of By, is a forest of B-trees (Remark 6.1.14), we have that
B(z) = e*®) . Thus, the equation (*) is equivalent, in terms of generating
functions, to

A'(z) = B(x) + C(x),
where B(z) = ¢A®) and C(z) = ﬁ
As B'(z) = eA®) A'(x), we have that

B'(z) = B(x)? + B(x)C(x).

Given that the sequences associated to exponential generating functions
B(x)? and B(x)C(x) are, respectively,

dp = Zn: <Z> bibnok, €n = Zn: <Z> bi(n — k)(n — k),

k=0 k=0
we obtain an explicit recursive formula to determine b,,, which is

n

bria =3 () ulbucs+ (0= = 1

k=0

where by = 1. In particular, the dimensions of As-Com?(n) in low degree are
given by the sequence 1, 3, 14, 85, 632, 5559, 56444, 649557, 8353352, 118712191.

7. COMPATIBLE COMMUTATIVE ALGEBRAS

In this section, we study the operad generated by two commutative prod-
ucts, which are compatible. The algebras over this operad will be called com-
patible commutative algebras. Following the notation given by Strohmayer
in [37], we denote this operad by Com?.
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7.1. The dual of Com?. Let us compute the Koszul dual operad of Com?.
The operad Com? is generated by two commutative products, which are de-
noted by - and o, respectively, which are compatible. From the compatibility
condition given in Remark 3.0.2 and the commutativity of the products, we
have that:

(x1-x9)ox3+ (x1029) 23 = (21 23)0x2+ (T1 02X3) - T2
= (xg-m3)oxy+ (w2 0x3) - 11

So, the space of relations is generated by :

pr = (w1-x2)- 23 — 21 - (T2 - 23),

pa = (x10x9)0xs— 210 (22 023),

ps = (x1-x9)omwg+ (x10x2)-23) — (21 - ¥3) 0y — (T1 0 T3) - X2),
ps = (x1-w2) 03+ (T10T2) - 73) — (W2 - 3) 0 W1 — (T2 0 TZ) - TY).

From the commutativity of the products, the Koszul dual of Com? is gen-
erated by two Lie brackets -, and oy, which are determined by the products
- and o, respectively. To determine the rest of relations, we consider the
natural pairing between the space of relations. Note that it is sufficient to
consider elements of the type (z -y y) oy z and (x oy y) -y 2

The inner product with respect to the relations us and u4 is given, for
each element of the previous type, by:

< (wy-va2)oyws,uz>=1 , < (x1-y22)o0yx3, 4 >=1,
< (wy-vx3)oyma,uz3 >=1 , < (x1-yw3)0y T2, 14 >=0,
< (wg-yx3)oyw,uz3 >=0 , < (x3-yw2)oy T, 4 >=1,
< (wpoywa)-vw3,uz3>=1 , < (x10ym2) -y 3,04 >=1,
< (wpoya3)-vwo,u3>=1 , < (x10yw3)-y 224 >=0,
< (wgoyw3) vy, u3>=0 , < (wx3o0yw2)-vw1,Hu4>=1

Therefore, the space of relations for the Koszul dual operad of Com? is
given by the relations of the Lie brackets -, and oy, together with elements
of the type: (z-vy)ovz—(zovy)vzand (z-vy)oyz+(y-vz)ovz+(zvz)ovy.

The Koszul dual of Com? as an operad generated by two Lie brackets [, ]
and {, } whose relations are given by:

(1) {lz,y], 2} = [{z,y}, 2].
2) {lz, ], 2} +{ly, 2], 2} + {[z, 2], y} = 0.

7.1.1. Notation. Following the notation of H. Strohmayer, we denote the
Koszul dual of Com? by 2Lie.

7.1.2. Proposition. 2Lie(n) = Lie(n)@---® Lie(n), where the sum consists
of n terms.

Proof. Let us denote by L(i,n—1) the subspace of 2Lie(n) of the operations
in n variables with i brackets of type [,] and (n — i) brackets of type {, },
where 7 is an integer 0 <¢ <n — 1.

This subspace is generated by binary trees with ¢ vertices decorated by
the brackets [,] and (n — i) vertices decorated by the brackets {, }.
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From the relation {[z,y], z} = [{x,y}, 2], if we have a tree of the previous
type and we interchange the place of the brackets, the operation obtained
is equivalent to the original one. The previous remark together with the
relation {[x,y], z} +{[v, 2], 2} +{[2, 2], y} = 0 shows that L(i,n—i) = Lie(n)
for each 0 <43 <n-—1.

Therefore, as 2Lie(n) = @?:_11 L(i,n —1i), we get the expected result. O

As an immediate consequence from the previous proposition, we have the
following corollary .

7.1.3. Corollary. The dimension of 2Lie(n) is equal to n!.
Proof. 1t is immediate, since the dimension of Lie(n) is equal to (n—1)!. O

7.2. A PBW basis for 2Lie. We want to construct a PBW basis, in the
sense given by E. Hoffbeck in [18], for 2Lie.

To construct this basis, we start by defining an order on the brackets [, ]
and {, }. Using this order, it is easy to choose a basis in the quadratic part
such that it satisfies the conditions required for a PBW basis.

The elements of the basis in superior degree will be determined by the
condition that any subtree generated by internal edge is a element of the
basis in the quadratic part. Finally, we must check that this set is effectively
a basis (for more details, see [18]).

We use the lexicographical order and define [,] > {,}. If ¢ is a tree, a
vertex of t decorated by black color represents the bracket [,] while a vertex
decorated by white color represents the bracket {, }.

We check easily that, in the quadratic part, the following set is a basis
and it satisfies the PBW conditions stated in [18]:

PNPNINININY

In higher degree, the elements are given by trees of the type:

v% o(i+1) o(i+2) o(n)

N
N

ty =

RN
N
N

v
where 0 <i <n — 1 and o is any permutation of the set {2,...,n}.

It is clear, from the description of operad 2Lie, that this set generates
2Lie(n). Furthermore, as the number of elements is equal to n!, it is a basis

of 2Lie(n).

Applying the result obtained for E. Hoffbeck in [18], Theorem 3.10, we
get as a consequence the following proposition:
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7.2.1. Proposition. The operad 2LCie is Koszul. Therefore, the operad Com?
18 Koszul, too.

8. A PBW BasIS FOR Com?

E. Hoffbeck has showed that if a quadratic operad P has a PBW basis,
then its Koszul dual operad P' has a PBW basis, whose quadratic part is
determined by the quadratic part of the PBW basis of P (see [18]). So, since
Com? is the Koszul dual operad of 2Lie, we can construct an explicit PBW
basis for Com?, using the PBW basis found for 2Lie.

We use the black color to represent the product -, dual of the bracket [, ],
and the white color to represent the product o, dual of the bracket {, }. So,
the quadratic part of the PBW basis is given by:

WA

The elements of superior degree will be determined by the condition that
any subtree generated by internal edge is in quadratic part of the basis.

8.0.1. Remark. Given the variables x1, x2, x3, the previous set of trees rep-
resents the set of operations:

{z1-(x2-w3), z10(x2023), (T10%2)-73, (T103)-T2, X1-(T2023), T10(T2-3)}.

Now, since the operad Com? is a quotient of the operad As?, the quadratic
elements of the basis can be described by means the following planar rooted

0090889805

In this context, let us describe the PBW condition on the trees of higher
degree.

Consider n > 3 and let ¢t be a planar rooted tree with n vertices, different
to the root, which are colored by the set [n].

A tree t belongs to the PBW basis if any subtree ¢’ of ¢ with three vertices,
decorated by set {a,as,as}, with 1 < ay < ag < ag < n, is one of the trees
described in (%), where the integer j is replaced by the element a;, for
i=1,223.

In particular, the vertex of ¢ labelled by n is necessarily a leaf such that
it is more to the right with respect to the other vertices that have the same
origin that n.

Furthermore, the subtree of ¢ that is obtained by removing the vertex
colored by n, is an element of the basis of degree (n — 1).
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From the previous observations, we construct inductively the PBW basis
for Com?(n) as follow.

In degree one, the basis has an only one element, the unique tree with
two vertices, the root and the vertex colored by 1.

Suppose that n > 1 and that we have constructed the basis for Com?(n —
1). An element in the basis of Com?(n) is a tree ¢, which is obtained from
a tree t' in the PBW basis of degree (n — 1) by gluing the vertex colored by
n with a vertex of ¢’ in such a way that the vertex colored by n is on the
right with respect to the other children of the vertex chosen of ¢’ .

8.0.2. Proposition. The dimension of Com?(n) is equal to n!.

Proof. We prove the result by induction on n. The dimension of Com?(1)
is one.

Suppose that the dimension of Comz(n) is n!. From Remark 8.0.1, we
have that, if ¢ is a tree in the basis of Com?(n),then an element in the basis
of Com?(n + 1) is obtained by gluing a new vertex colored with (n + 1) to
some vertex of t.

So, each tree t in the basis of Com?(n) gives rise to (n + 1) different
elements in the basis of Com?(n 4 1).

Moreover, note that, if ¢; and ¢, are different trees in the basis of Com?(n),
then all the trees obtained from them are different.

So, the number of trees in the basis of Com?(n+1) is (n+1)n! = (n+1)!,
which concludes the proof. O

8.0.3. Remark. We characterize an element ¢ in the PBW basis of degree
n as a rooted planar tree with n vertices, different to the root, which are
labelled by the set [n], satisfying the following conditions:

(1) Any path of ¢ starting at the root is increasing.
(2) The vertices of ¢ that have a same origin are in increasing order (read
from left to right).

As the product - is commutative, the trees of the PBW basis of Com?
can be seen as non-planar rooted trees. So, if additionally we considerer the
root colored by zero, the elements of PBW basis are known as increasing
Cayley trees or recursive trees. It is known that the number of increasing
trees with (n 4 1) vertices is n! (see, for example, [11]).

8.0.4. Notation. We denote the set of elements of the PBW basis of Com?
with n vertices, different of the root, by I,,.

A planar rooted tree t with n vertices, different of the root, colored by
a set of n positive integers, a; < --+ < a,, which satisfies the conditions of
Remark 8.0.3, is called an I-tree. In such case, we say that t is of degree n
and we write |t| = n.

Given an I-tree t, we identify the set of vertices of ¢, different of the
root, with the set of numbers by which decorate them, denoting this set by
Vert(t).



90

8.0.5. Remark. Note that if ¢ is an I-tree, then ¢ can be written in a unique
way as t = t' - ...-t", where r > 1 and the root of each t' is I-tree which
has only one child, for each i € {1,...,7}.

T

In this way, we get that |t| = Z |ti].
i=1
When the root of a I-tree ¢ has a unique child, we say that t is an irre-
ducible I-tree. In such case, the tree ¢t has the form

t:,

where a is a positive integer and t’ is an I-tree such that all the vertices of
t' are bigger than a. Moreover, we have that t = aot'.

8.0.6. Definition. Let ¢ be a I-tree. We define the index of ¢ as the minimal
element the set Vert(t), which we denote by ind(t).

8.0.7. Remark. Let t be an I-tree. If ¢ is an irreducible tree, then t = aot’,
for some positive integer a and some [-tree t'. So, ind(t) = a.

On the other hand, if t = t!-...-#" is areducible tree, then ind(¢) = ind(t!).
In such case, note that ind(t!) < --- < ind(¢").

Given two I-trees t; and to such that Vert(t1) N Vert(ty) = 0, we say
t <ty if ind(tl) < ind(tg).

8.1. Algorithm for PBW basis. We want to describe an algorithm that
to allow us express the elements of Com? in terms of the PBW basis found.
For this, we consider the following reduction formula.

8.1.1. Proposition. Let n be a positive integer with n > 2. If x1,...,Tn,y
are elements of Com?, then
n
(II}‘l'...'LUn)Oy:ZLUl'...'II}‘i_l'(LUZ'O(xiJ,_l...'II}‘n'y))
i=1
n—1
—le-...'xi_l'(a:,-o(a;,qu...-xn))-y.
i=1

Proof. The proof is by induction on n. Consider n = 2 and 1, z2,y € Com?.
From the compatibility condition between the products, we have that

(rrom) - x3=z10 (22 Yy)+ 21 (x10Y) — (1 - T2) O 3.

Suppose n > 2 and consider 1, z9, . .., Zn,y € Com?. By the compatibil-
ity condition between the products, we have that
(x) (x1-29-..."2n)0y = (x1 (T2 ... TY))0OY
= xj0(xg-...-xp-y) +a1-((z2-... - xp)0Y)

—(x10 (2.0 ) - Y.
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Applying a recursive argument on the second term of the right side, we
obtain that

n
xl-((azg-...-xn)oy):Zm1~x2-...-x,~_1-(xio(xi+1...-a:n-y))
=2
n—1
—Z$1'$2'...'3§‘i_1'($Z'O(3§‘i+1...'3§‘n))'y.
=2

This together with (x) imply that

n
(ZEl'...'iUn)Oy:le'...'$Z’_1'($i0($i+1...'$n‘y))
i=1
n—1
—le-...-xi_l-(mio(xiﬂ...-xn))'y,
=1
which ends the proof. O

Consider two I-trees t; and to with Vert(¢1) N Vert(t2) = 0. We want to
determine an algorithm that allow us to express ¢ - t9 and t1 oty as a linear
combination of I-trees in the set of vertices Vert(t;) U Vert(t2).

First, t1 -5 is the I-tree obtained from by identifying the roots of 1 and t»,
ordering the children of the root of an increasing way, according to Definition
8.0.6. Note that it is possible because the product - is commutative.

For the product ¢; o t3, as o is a commutative product, we may assume
that t1 < to. To write t1 o t9 as a linear combination of I-trees, we proceed
by induction on the degree of the tree t.

If ¢1 is the degree one, then t; = a, for some positive integer a. In this
case, t1 o to is the I-tree obtained to identify the root of to with the vertex

a )
tioty = 0 .
Suppose that |t;] > 1. We write ¢; in a unique way as t; = t1 - ... -],
where 7 is a positive integer and ¢} are irreducible I-trees, for ¢ € {1,...,r},

such that their set of vertices are mutually disjoint.

If r = 1, then t; = t} = aot], for some positive integer a and I-tree t; of
degree (n —1). So,

tyoty = (aot)) oty =ao (t)oty).

Applying a recursive argument, we suppose that (¢ ots) is a linear combi-
nation of I-trees. Note that each I-tree which appears in the decomposition
of (] ote) is of index greater than a, so t otz is linear combination of I-trees.
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Suppose that r > 1. First, we consider #; = #1 -...-#] such that ind(#}) <
ind(t2). So, ind(#}) < ind(t2), for each i € {1,...,r}. To write t; oty as
linear combination of I-trees, we apply the formula given in Proposition
8.1.1:

T
tyoty=Y tl-...-ti - (tio (M. 4] 1))
i=1
r—1 ' '
=D ot (o () -t
i=1
Now, by a recursive argument, in the previous sum, ti o (ti1+1 coeth )
and } o (171 ... - #7) can be write as linear combination of I-trees, for each
i€ {l,...,r}. So, we can express tj oty as a linear combination in terms of
I-trees.
For the general case, consider k € {1,...,r} such that t’f is maximal
element of the set {t;| ¢} <t2}. Denoting by t{ and by ¢{ the I-trees given
by t) =t} ...t and #] = {71 - ... -], we have that t; =t - /. By the

compatibility condition and the commutativity of the products - and o, we
get:
tioty = (tll tlll) oty
=ty 0 (ta-t]) + 11 - (f20t]) — (¥ o t]) - L2,
where each term of the right side is linear combination of I-trees, using a
recursive argument.

8.1.2. Example. Consider the I-tree t; given by

BN
1= )

where n > 2. Let to be an I-tree such that ind(t2) > n. We have that

G () () ) (D
n n—1
hon=3 0. O -0 006
i=1 =1

8.1.3. Remark. Suppose that t; is an irreducible I-tree. In such case, there
exists a positive integer [, with [ < |¢1], such that

ti1=a10...0q;_10ay,

where {aq,...,a;_1} is a set of positive integers and q; is a positive integer
or a reducible I-tree with aq < -+ < a;—1 < Ind(a).

Consider an I-tree to such that Vert(t1) N Vert(t) = 0) and 1 < to.
To compute t; o ty, we consider k € {1,...,l} such that aj is the maximal
element of the set {a;|Ind(a;) < ind(t2)}.



93

By the commutativity of o, we have that
tiotg=ayo...-apo(tgoagrio...0q).

8.1.4. Example. Consider the [-trees,

ONO ONO,
ti1= (J and to= ©J .

To compute t1 o to, we proceed as follows:

R (00
. @o<@o<o»
. Q0

Ty

8.2. Bijection between I,, and S,,. We want to find an explicit bijection
between I,, and S,. To determine it, we consider the usual decomposition
of a permutation o € S,, as a product of disjoint cycles. We denote a cycle
of the usual way, with the convention that the smallest element is written
more to the right.

For instance, in S4, we denote the cycle

(12 3 4
77\3 14 2 )
by o = (3421).

If o = (ap---a1) is a cycle, we say that the index of ¢ is a; and we
write ind(0) = a;. Furthermore, given a permutation o in S,,, we write the
decomposition of o as product of disjoint cycles putting the indices of the
cycles in increasing order. Thus, when we write 0 = o7 - - - 0,-, we have that
ind(o1) < --- < ind(oy).

Under these conventions, we assign to each irreducible I-tree a cycle and

reciprocally.
Consider an irreducible I-tree ¢ of degree n whose set of vertices is given
by X = {aq,...,a,}, where ay is the minimal element of X. We assign to

t a cycle on the set X, which we denote by o, writing the elements of o
from right to left as we now indicate :
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(1) Start with the smallest vertex of ¢, a;. We write oy = (---a1) and
we discard the vertex a; in t. We continue with the vertices that are
above a1, reading the vertices of the tree t as follows:

(2) Suppose that a vertex a € X has been written in o, and discarded
in the tree t. We choose the next vertex as follows:

(a) If the vertex a is a leaf, then we continue with the first not
discarded vertex of ¢, which is on the left of a (looking at the
tree t from the bottom to up). This vertex is written in o; and
discarded in ¢.

(b) If the vertex a is not a leaf, then we choose between the children
of a, the rightmost vertex. This vertex is written in o; and
discarded in t.

(3) The process ends when all vertices of ¢ haven been discarded.

Reciprocally, let 0 = (a,, - --a1) be a cycle of large n. We denote by X =
{ai,...ay,} the set of elements of 0. So, by our convention, a; is minimal
element of X. We refer to the elements of X as vertices and construct
an irreducible I/-tree whose set of vertices is X, which we denote by t,, as
follows:

(1) The first vertex of ¢, is a; and we discard this vertex in o. To draw
the remaining vertices of t,, we proceed as follows:

(2) Suppose that an element a of o has been drawn in ¢, and discarded
in 0. To draw the following vertex in t,, we proceed as follows:

(a) If all the elements of o, which are on the left to a, have been
marked, then we continue with the smallest element of o (not
discarded), which is on the right of a. Denote this element
by b and let v be the vertex colored by the discarded element
closest to the right b in o (seen from left to right). We draw
vertex colored by b on the vertex v in such a way that b is the
rightmost input of v. We discarded b in o.

(b) If, on the left of a, there are elements of o that have not been
discarded, then we continue with the smallest of these elements.
We draw this vertex on the vertex a in ¢, and is discarded in o.

(3) The process ends when all the elements of o haven been discarded.

8.2.1. Example. In degree eight, we have:

@
© (®)
@) 5 (83576421) —
O

8.2.2. Remark. (1) Let t be an irreducible I-tree of degree n, with n >
1, and let b be the leftmost leaf of t. Denote by ¢’ the irreducible
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I-tree, of degree (n — 1), obtained by removing the vertex b of ¢t. If
oy = (ap—1---ay), then oy = (bap_1---ay).

(2) Let 0 = (an---a1) be a cycle and let b be a positive integer such
that b # a; for all i € {1,...,n}, with b > a;. Consider ¢, and the
cycle ¢/ = (bay, ---a1). The tree t, is obtained from t, as follows.
Reading o from left to right, let a; be the first element of o such
that b > a;. We obtain t, by gluing a vertex decorated by b in the
vertex of t, decorated by the element ay, in such a way that b is the
leftmost input of the vertex aj. Moreover, the vertex decorated by
b will be the leftmost leaf of the tree ¢,.

8.2.3. Definition. We define the map V¥ : [, — S,, by
\I’(t) = \If(tl .. .tr) = Oty " Oty

where t = t1 - ... t, is the unique decomposition of an I-tree in irreducible
I-trees.
Reciprocally, let @ : S,, — I,, be the map

O(o)=P(o1-0,) =tgy o,

where 0 = o1 --- 0, is the unique decomposition of the permutation o dis-
joints in cycles with ind(oy) < - -+ < ind(oy).

We want to see that ¥ is a bijection and & is its inverse. We need a
previous lemma.

8.2.4. Lemma. If 0 = (a,---a1) is a cycle, then ¥(t,) = o.

Proof. The result is obtained by induction on the length of the cycle o. If
the length of the cycle is one, the proof is immediate.

Consider n > 1. Write 0 = (apan,—1---a1) and consider ¢’ the cycle of
length (n—1) given by ¢’ = (a,—1---a1). By a recursive argument, we have
that W (t,/) = o’

Let ay, be the first element of o such that a,, > aj. By point (2) in Remark
8.2.2, we have that the irreducible I-tree t, is obtained by gluing the vertex
decorated by a,, to the vertex decorated by ay in t,s, so that a,, is the leftmost
input of ag. So, by point (1) in Remark 8.2.2, ¥(t,) = (anan-1---a1) = o,
which ends the proof. O

Applying Lemma 8.2.4, it is immediate to see that:

8.2.5. Proposition. The map V¥ : I, — S, is bijective and ® : S,, — I, is
its inverse.

9. OPERADIC HOMOLOGY FOR COMPATIBLE COMMUTATIVE ALGEBRAS

Recall that if A is a commutative algebra, the operadic chain-complex
of A is given by Harrison complex C7*"(A) of A. The Harrison complex
CFer(A) is a quotient of the Hochshild complex C,(A). Explicitly, CF*"(A)
is the quotient of C,,(A4) = A®™ by all the non-trivial signed shuffles, that
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is, by the (p1,...,p,)-shuffles for p; > 1, with p; +---+p, =n and r > 2
([22], 13.1.10). For instance,

CHerr(A) = A®? /{ non-trivial shuffles} = A%%/{a ® b —b® a} = S*(A).

We will show that if (A4, -, o) is a compatible commutative algebra, then its
operadic chain-complex is given by the total complex of a bicomplex whose
vertical and horizontal complexes are induced by the Harrison boundary
maps of complexes of (4, ) and (4, o). As the Harrison complex is a quotient
of Hochshild complex, we denote the respective differentials by d* and d (
see 3.6.1).

9.0.1. Proposition. Let (A,-,0) be a compatible commutative algebra. The
total complex of the bicomplex with vertical differential d¥ and horizontal
differential d

d* d* d*
Harr d; Harr d; Harr d;
C3'(A) ~—— CJ""(A) ~—— C5'"""(4)
dr d* d*
d; arr d; arr d;
3 (A) ~—— G5 (A) ~—— C*7"(4)
d* d* d*
d; arr d; arr d;
Crem(A) ~—— 3" (A) ~—— C5"*7"(4)

is the Com?-operadic complex of A.

Proof. Let us see that its total complex corresponds to the Com?-operadic
complex of A.
The chain complex CS**(A) is given by

s O A) o O (A) = e CFR(A),

where CS*(A) := (Com?)'(n)” ®s, A®" and whose differential d is de-
scribed in 2.5.8. Since the Koszul dual of the operad Com? is given by %Lie
and

(¥) 2Lie(n) = Lie(n) ® - -- ® Lie(n)
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is the direct sum of n-copies of Lie(n), we have that

Cm*(A) = (Com?)'(n)v ®g, A®"
= ((Lie(n)®--- ® Lie(n)) @ (sgn,,)) ®g, A®™
= Lie(n)' ®g, A®" @ --- @ Lie(n)” ®g, A®"
= Com'(n)¥ ®g, A®" @ --- @ Com'(n)" ®g, A®".

So, C%m™*(A) is the direct sum of n-copies of C°™(A), the operadic chain-
complex associated A as a commutative algebra. Since C{*"(A) is the Har-

rison complex C#*"(A), we have that CS™”(A) is a direct sum of n-copies
of Clierr(A),

2

CEm (A) = G (4) & -+ @ Ol (A).

In a similar way that for the case As? in 3.6.1, we can reorganize the
chain-complex C™*(A) by means of the bicomplex that we have described,
and identify its differential with the total differential d = d* +d}, which ends
the proof. O
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