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FROM LEFT MODULES TO ALGEBRAS OVER AN
OPERAD: APPLICATION TO COMBINATORIAL HOPF
ALGEBRAS

MURIEL LIVERNET

ABSTRACT. The purpose of this paper is two fold: we study the be-
haviour of the forgetful functor from S-modules to graded vector spaces
in the context of algebras over an operad and derive the construction
of combinatorial Hopf algebras. As a byproduct we obtain freeness and
cofreeness results for those Hopf algebras.

Let O denote the forgetful functor from S-modules to graded vector
spaces. Left modules over an operad P are treated as P-algebras in the
category of S-modules. We generalize the results obtained by Patras
and Reutenauer in the associative case to any operad P: the functor O
sends P-algebras to P-algebras. If P is a Hopf operad the functor O
sends Hopf P-algebras to Hopf P-algebras. If the operad P is regular
one gets two different structures of Hopf P-algebras in the category of
graded vector spaces. We develop the notion of unital infinitesimal P-
bialgebras and prove freeness and cofreeness results for Hopf algebras
built from Hopf operads. Finally, we prove that many combinatorial
Hopf algebras arise from our theory, as it is the case for various Hopf
algebras defined on the faces of the permutohedra and associahedra.

INTRODUCTION

An S-module, also named symmetric sequence, is a graded vector space
(Vi)n>0 together with a right action of the symmetric group S,, on V,, for
each n. The present paper is concerned with the study, in an operadic point
of view, of the forgetful functor O from S-modules to graded vector spaces
and its applications.

The category S-mod of S-modules is a tensor category. Motivated by the
study of homotopy invariants, Barratt introduced the notion of twisted Lie
algebras in [3], which are Lie algebras in the category of S-modules or — in the
operad context — left modules over the operad Lie. More precisely, a twisted
Lie algebra is an S-module (Ly,),>0 together with a bilinear operation [, ]
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satisfying, for any a € L,,b € L, and ¢ € L, the relations

[b7 a] “Cpg = —[CL, b],
[a7 [b7 CH + [67 [a7 b]] : CP-HL?“ + [b7 [67 a]] : CP#]-H“ =0,

where (4 is the permutation of Sy, given by ¢, 4(i) = ¢+iif 1 <i < pand
(pq(i) =i—pif p+1 <i < p+gq. For instance the S-module (Lie(n)),>o is
a twisted Lie algebra for the bracket induced by the operadic composition

Lie(2) ® Lie(n) ® Lie(m) — Lie(n + m).

There exists also a notion of twisted associative algebras— associative alge-
bras in the tensor category S-mod— and a notion of twisted associative bial-
gebras — associative bialgebras in the category S-mod. Stover proved in [24]
that a Cartier-Milnor-Moore theorem relates the categories of twisted asso-
ciative bialgebras and twisted Lie algebras. Following an idea lying in [24],
Patras and Reutenauer proved in [21] that two associative bialgebras arise
naturally from a twisted associative bialgebra (A, m,A): the symmetrized
bialgebra A = (A,, A) and the cosymmetrized bialgebra A = (A,m, A).
In [22] Patras and Schocker derived from this construction some known com-
binatorial Hopf algebras. The first part of this paper is the generalization
of these constructions to any operad P. This generalization is performed
in two steps: the first step will focus on the algebra constructions and the
second step on the coalgebra constructions.

Given an operad P, the following notions are the same

Twisted P-algebras (see e.g. [12]),
Left modules over P (see e.g. [11]) and
P-algebras in the category of S-modules.

Our first question is the following one: given a P-algebra M in S-mod can
one endow the graded vector space O(M) with a P-algebra structure? This
question comes from the observation that &,P(n) is a P-algebra in S-mod
but is not a priori a P-algebra in the category of graded vector spaces. To
convice the reader, one can look at the Lie case: if P = Lie then &,, Lie(n)
is a twisted Lie algebra, and the bracket is not anti-symmetric since the
action of the symmetric group is not trivial. Our first theorem 2.3.1 states
that if we apply a symmetrization to the twisted P-algebra structure on
M then O(M) is a P-algebra. If P = As we recover the definition of the
symmetrized product m of Patras and Reutenauer. Our second theorem
2.4.3 states that another product can be defined if the operad P is regular,
that is, P is obtained from a non-symmetric operad tensored by the regular
representation of the symmetric group. Then in case P = As we recover the
product m defined by Patras and Reutenauer.

The second step of the construction involves Hopf operads. We define the
notion of Hopf P-algebras in the category S-mod, so that in case P = As
we recover the notion of twisted associative bialgebras. We develop the
analogues of the constructions of Patras and Reutenauer. In theorem 3.1.3
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we prove that a Hopf P-algebra (M, pyr, Ap) in S-mod gives rise to a
Hopf P-algebra in grVect, denoted M = (O(M),,&@(M),AO(M)), analo-
gous to the symmetrized bialgebra construction. This is the symmetrized
Hopf P-algebra associated to M. If P is regular then there is another
Hopf P-algebra structure M = (O(M),,a@(M),Ao(M)), analogous to the
cosymmetrized bialgebra construction (see theorem 3.2.1): this is the cosym-
metrized Hopf P-algebra associated to M. Thus the theory developed by
Patras and Reutenauer is a consequence of the regularity of the operad As.
The example of a Hopf P-algebra in S-mod that we should have in mind
throughout the text is the S-module P itself, if P is a connected Hopf operad
(see section 3.1.4).

The case P regular has another advantage: we define unital infinitesimal
‘P-bialgebras, which when restricted to P = As, are unital infinitesimal
bialgebras as defined by Loday and Ronco in [16]. The theorem 4.1.2 asserts
that ((’)(M),ﬂ@(M),AO(M)) is a unital infinitesimal P-bialgebra if M is a
Hopf P-algebra. It is shown in theorem 4.1.3 that the graded vector space
®,P(n)/S, has also a structure of unital infinitesimal P-bialgebra. These
results combined with the theorem of Loday and Ronco (see 4.2.1) yield the
main theorems of our paper, which have some importance in the study of
combinatorial Hopf algebras. First of all if P = As and (A, m, A) is a twisted
associative bialgebra, then the algebra (A,m,A) is a unital infinitesimal
bialgebra and consequently is free and cofree (see theorem 4.2.2).

Before going through the applications to combinatorial Hopf algebras, let
us summarize the results in a table.

Operad P S-module M graded vector space O(M) | Thm
any P-alg (M, p) P-alg (O(M), 1) 2.3.1
regular P-alg (M, p) P-alg (O(M), 1)
P-alg (O(M), n) 243

Hopf Hopf P-alg (M, u,A) | Hopf P-alg (O(M),,A) |3.1.3
Hopf regu- | Hopf P-alg (M, i, A) | Hopf P-alg (O(M), 1, A)
lar

Hopf P-alg (O(M), &, 4) 3.2.1

u.i. P-bialg (O(M),a,A) | 4.1.2

Given a graded vector space H, the question is: how does a Hopf algebra
structure arise on H? In the last section, we illustrate with examples that
many combinatorial Hopf algebras arise from our theory. We distinguish
two cases.

If P is a Hopf multiplicative operad then H = @, P(n) has two struc-
tures of Hopf algebras: the symmetrized Hopf algebra H is cofree and the
cosymmetrized algebra H is free. For instance, we prove that the Malvenuto
Reutenauer Hopf algebra arises as the symmetrized Hopf algebra associated
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to the operad As and also as the cosymmetrized Hopf algebra associated
to the operad Zin defining Zinbiel algebras. It gives yet another proof for
the Hopf algebra of Malvenuto and Reutenauer to be free and cofree in-
dependent from its self-duality. We prove that Hopf algebra structures on
the faces of the permutohedra given e.g. by Chapoton in [5], Bergeron and
Zabrocky in [4] and Patras and Schocker in [22], arise from the operad CTD
of commutative tridendriform algebras defined by Loday in [14]. We deduce
also some freeness results from our theory.

In the second case, we assume that there exists a Hopf multiplicative
regular operad P such that H = @&,P(n)/S,. Our theory implies that H
is a Hopf P-algebra hence a Hopf algebra and is also a unital infinitesimal
P-bialgebra. We prove that the Hopf algebra of planar trees described by
Chapoton in [5], and the one of planar binary trees described by Loday and
Ronco in [15] arise this way. As a byproduct we obtain freeness results for
these Hopf algebras.

The organization of the present paper is as follows. After some prelim-
inaries in section 1 we define in section 2 the notion of algebras over an
operad P in the category of S-modules and in the category of graded vector
spaces. We explore the structures of P-algebras on the underlying graded
vector space of a P-algebra in S-mod. We prove that such a structure
always exists and when the operad is regular one has an additional struc-
ture. We compare this result to the one obtained by Patras and Reutenauer
[21] in the case of twisted associative algebras. In section 3 we study Hopf
operads and the consequences on the underlying graded vector space of a
Hopf P-algebra in S-mod. The section 4 is the study of unital infinitesimal
‘P-bialgebras and states the freeness theorems. We develop in section 5 the
application to combinatorial Hopf algebras by means of examples.

Throughout the paper, the ground field is denoted by k and all vector
spaces are k-vector spaces.

CONTENTS
Introduction 1
1. S-modules and related functors 5
1.1. The symmetric group 5)
1.2. Graded vector spaces and S-modules 6
1.3. Endofunctors induced by an S-module 8
1.4. Proposition 9
2. Algebras over an operad 9
2.1. Operads 10
2.2.  Algebras over an operad 10
2.3. Relating P-algebras in S-mod and in grVect 11
2.4. Regular operads 12

2.5.  Multiplicative operads 14



hal-00086437, version 2 - 15 Jul 2009

FROM LEFT MODULES TO ALGEBRAS 5

3. Hopf algebras over a Hopf operad 14
3.1. Hopf operads—the general case 14
3.2. Regular Hopf operads 18
3.3. Application to multiplicative Hopf operads 20
4. Unital infinitesimal P-bialgebras 21
4.1. Unital infinitesimal P-bialgebras 21
4.2. Rigidity for twisted bialgebras 24
5. Application to combinatorial Hopf algebras 25
5.1. The Hopf algebra T'(V) 26
5.2.  The Malvenuto-Reutenauer Hopf algebra 26
5.3. Hopf algebra structures on the faces of the permutohedron 27
5.4. Hopf algebra structures on the faces of the associahedron 32
References 37

1. S-MODULES AND RELATED FUNCTORS

1.1. The symmetric group. In this section we develop some material on
the symmetric group needed in the paper. The set {1,...,n} is written [n].
For any set of integers S, the set {p + s,s € S} is denoted p + S. For sets
S C [n] and T C [m], the set S x T is the subset S U (T + n) of [n + m].

Any permutation o € S, is written (o1, ...,0,) with o; = 0(i). There is
a natural injection
Sp X Sy — Sntm
(0,7) = oXT=(01,eeyOn,T1+ Ny, Ty +0).
The standardisation of a sequence of distinct integers (aq,...,ap) is the

unique permutation o € ), following the conditions
o(i) <o(j) & a; <ay, Yi,j.
For instance
st(2,13,9,4) = (1,4,3,2).
Any subset A = {a; < ... <a,} C [n] induces a map
S, — Sp

o — ola=stlo(ar),...,o0(ap)).
For instance
(2,6,1,3,5,4) |11 2.4y = st(2,6,3) = (1,3,2).
If A is the empty set then oly = 19 € Sp.
A (p1,...,pr)-shuffle is a permutation of Sy, 1 4p, of type

1 1 T r\—1
(TL ey Ty s Thaee s T )
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with 7§ < ... < T;fk for all 1 < k < r. The set of all (py,...,p,)-shuffles
is denoted by Shy,, ., . For simplicity, a (p1,...,p,)-shuffle is written as a
r-uple (4j,...,A;) where A; ... U A, is an ordered partition of the set
[p1 + ...+ pr]. Some of the A;’s may be empty.

For instance ({2,5},{1,3,4}) denotes the (2, 3)-shuffle (3,1,4,5,2). Re-
call that Sh,, ., constitutes a set of right coset representatives for S, x
.. X Sp,. CSpi4.. 4pr, 1€ ANy 0 € Sp 4. 4p, has a unique factorization

o= (01 X...X0p)a,

where o; € Sp, and where « is a (p1, ..., py)-shuffle. More precisely, if r = 2
0= (0’0*1([17}) X 0‘0*1(p+[q}))(0'_1([p])7 U_l(p + [Q]))

1.2. Graded vector spaces and S-modules.

1.2.1. Definition. A graded vector space A is a collection {A;},>0 of k-
vector spaces A, indexed by the non-negative integers. One can define also
Aas A =&,A,. A map A — B of graded vector spaces is a collection
of linear morphisms A, — B,. The category of graded vector spaces is
denoted grVect.

An S-module M is a graded vector space together with a right S,-action
M, ® k[S,] — M, for each n > 0. A map M — N of S-modules is a
collection M,, — N, of morphisms of right S,,-modules. The category of
S-modules is denoted S-mod.

There is a forgetful functor

O : S-mod — grVect

which forgets the action of the symmetric group.

1.2.2. Tensor product.

The category grVect is a linear symmetric monoidal category with the
following tensor product:

(A®B)n = P 4,® B,
pg=n
The symmetry isomorphism 7: A® B — B ® A is given by

T: A,®B;, — B;®A4,
a®b — b®a

The symmetry isomorphism 7 induces a left action of the symmetric group
Sy, on A®* for A € grVect.
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The category S-mod is a linear symmetric monoidal category with the
following tensor product:

(M@ N)(n)= € (M(p) @ N(q)) @xs, xs,] K[Sn]
ptg=n

= P (M(p) ® M(q)) ® k[Shy,g].
ptg=n

Since a (p, ¢)-shuffle is uniquely determined by an ordered partition ILIJ of
[p+¢], an element in (M ® N)(p+ ¢q) can be written m @ n® (I, J). For the
sequel m ® n denotes the element m ® n ® ([p],p + [¢q]) of (M ® N)(p+ q).
The right action of the symmetric group is given by

(men@(I,J) -0=m-ol1@n-olyay @@ (I),07 (]) (1)

The unit for the tensor product is the S-module 1 given by
if n=
1(n) = {10{: otherv&tl)i’se.
The symmetry isomorphism 7: M @ N — N ® M is given by
Tmene (I,J)=n@m® (J,1).

For any o € S}, the symmetry isomorphism induces an isomorphism 7,
of S-modules from M; ® ... ® My, to My-1(1) ® ... ® M,-1(3) given by

To(m1 @ ...0mE & (I1,..., 1)) =

Mg-1(1) @ -+ @ My1(4) @ (Lg=1(1ys -+ s Lom1 (1)) (2)

As a consequence 7, induces a left Si-action on M®F, for any S-module
M.

When it is necessary to distinguish the tensor products, we write ®, for
the tensor product in grVect and ®g for the one in S-mod.

The forgetful functor O does not preserve the tensor product. There are
two natural transformations, 7€ and ¢

7T](\9/[7N,L](\9/[7N :O(M ®s N) — O(M) @4 O(N)
defined by, for any m € M(p),n € N(q)

m@n, if (I,J) = ([pl,p+ [4]),

w](&’N(m @n®(l,J) = {0 otherwise;

Srvmene (I1,7) =men.

When restricted to the full subcategory of vector spaces (the S-modules
concentrated in degree 0), these two natural transformations restrict to the
identity.
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1.3. Endofunctors induced by an S-module.

1.3.1. Endofunctors in S-mod. The category of S-modules is endowed with
another monoidal structure (which is not symmetric): the plethysm o.

(M o N)(n) := D M(k) @s, (N*F)(n),
k>0

where S, acts on the left on (N®*) by formula (2). The left and right unit
for the plethysm is the S-module I given by

k ifn=1
I<n>={’ s

0, otherwise.

Hence any S-module M defines a functor
Fy: S-mod — S-mod
N — MoN
satisfying

Fr = Id
Fyomr = FuFae

1.3.2. Endofunctors in grVect. For M € S-mod and A € grVect, one can
use the same definition for the plethysm:

(M o A)(n) :== @ M(k) @5, (A%*)(n).
k>0

where the tensor product A®¥ is taken in grVect. Similarly any S-module
M defines a functor

F{ : grVect — grVect
A — MoA

satisfying
{Fj" = Id
g N P
Fyroner = FuFap
1.3.3. Ezample. Here is an example that emphasizes the fact that the two
functors are different even if evaluated at the same underlying vector space.
Consider the S-module Com(n) = k with the trivial S,-action. A vector

space V is considered either as a graded vector space concentrated in degree
1 or as an S-module concentrated in degree 1. This gives

FY (V) =®n>0 k®gnV®9” = S(V),

Com

Feom (V) = ®n>0 k®g, VO =T(V).
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1.4. Proposition. Let M, N be two S-modules. The map

M o O(N) — O(M o N)
MM ...0n — Yy pyMOm&...Qn & (Th,...,T),

where n; € N(;) and (T1,...,Ty) is an ordered partition of [l1 + ...+ lg]
with |T;| = l;, defines a natural transformation

Vs Fﬁé, O — OFy
functorial in M € S-mod. Furthermore the following diagram commutes

wMoN

FJ?JONO OFMON
% %:
FY, O Fy

Proof. Relation (2) implies that

m-o@n Q...0n, R (Th,...,Tk) =
m®n071(1) X... ®’I’L071(k) (4 (To.fl(l),. .. ,To.fl(k.)).

Since the sum is taken over all ordered partitions (77,...,T), the image of
m-c®@n ®...0ng is

Z m®n071(1)®...®n071(k)®(U1,...,Uk)
(U1,..,Uk)

with |Us| = l,-1(;), which is the image of m @ n,-1(1) ® ... @ ng-1(y). As a
consequence the map is well defined.
The known formula

Sh

1 1
pl""’pll7"'7p]1;7"'7pkk

Sh 1y X ...%x Sh 1, ) Sh i 1 3
( PlyeP p,ﬁ,...,pk’“) pit..4pytsoph Ak (3)

yields the commutativity of the diagram. O

2. ALGEBRAS OVER AN OPERAD

In this section we give the definitions of operads and algebras over an
operad and we refer to Fresse [11] for more general theory on operads. We
further state the main results of the section: the underlying graded vector
space of an algebra over an operad P in S-mod is always a P-algebra and
when P is regular there exists a second P-algebra structure.
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2.1. Operads. An operad is a monoid in the category of S-modules with
respect to the plethysm. Namely, an operad is an S-module P together with
a product pup : PoP — P and a unit np : I — P satisfying

pp(Idp opp) =pp(pp o Idp),
pp(Idp onp) =pp(np o ldp) = 1dp .

As a consequence the functors Fp and Ff; are monads in the category S-mod
and grVect.
The product up is expressed in terms of maps called compositions

Pn)@PlL)®...P,) — Pli+...4+1)
PRV Q... v, = u(v, ., )

which are morphisms of right S;, 4 4;,-modules and which factors through
the quotient by the action of the symmetric group S,,.

The operad As is the S-module (k[Sy])n>0. For o € S,, 7, € S, the
composition pas(o;71,...,7,) is the permutation of S;, 4 4, obtained by
substituting the block 7 + l;—1(1) + l5-1(2) . .- + l5=1(5(;)—1) for the integer
o;. For instance

3,2,1,4);(2,1),(1,3,2),(1),(2,3,1)) =(6,5,2,4,3, 1 ,89,7).

s (( );(2,1),(1,3,2),(1),(2,3,1)) = ( > )
T1+4 T4+l T8 46

2.2. Algebras over an operad. Let C denotes either the category of S-

modules or the category of graded vector spaces. For any S-module M, the

functor Fz\cj denotes the functor F); or FJ@.

Let P be an operad. A P-algebra or an algebra over P is an algebra
over the monad Fg, that is an object M of C together with a product
Y Fg(M ) — M such that the following diagrams commute:

FS () =
S () 2 B () FEON =M
FEP(M)l luM F%(M)l o
I
FS(M) M M FF(M)

For p € P(n) and myq,...,m, € M the product pp(p@mi ®...@my) is
usually written
p(my,...,my) € M.

In the category of graded vector spaces one gets the usual definition of an
algebra over an operad. In the category of S-modules, P-algebras are also

-Left modules over P in the terminology of Fresse [11],

-If P = As or P = Lie, twisted associative or twisted Lie algebras in the
terminology of Barratt [3],

- Twisted P-algebras in the terminology of Livernet and Patras [12].
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In the sequel we dedicate the word twisted to the only case P = As: a
twisted algebra is an algebra over the operad As in the category S-mod.

Any free P-algebra in the category C writes Fg(M ) for some M € C. As
a consequence P is the free P-algebra in S-mod generated by the S-module
I.

2.3. Relating P-algebras in S-mod and in grVect.

2.3.1. Theorem. Let M € S-mod be an algebra over an operad P. The
graded vector space O(M) is a P-algebra for the product fip(ary given by the
composition

Fg O(M) Yp (M )OFP(M)O(MM)

O(M) .
That is

oy (P@mi®...0my) = ppu(pRm ® ... @my) - qy,...1, (4)
with p € P(n), m; € M(l;) and qp, .1, s the sum of all (I, .., 1,)-shuffles.

Proof. One has to prove the commutativity of the following two diagrams:

Flioon =
F$.» O(M)==="F O(M) F} O(M) — O(M)
Fi, O(M)l lﬂO(M) Fip O(M)l /
790 o g Hoan
P (M) O(M) FP O(M)

The second diagram is commutative because 1y is functorial in NV, so
Yr =1d,
Vp(F], O) =(0 Fyp )ir,
and because s (Fy,(M)) = Idas.

Since M is a P-algebra pps(Fju, M) = pn(Eppar).
The commutativity of the first diagram is a consequence of the computa-
tion

o Fis O(M)
= Oljuarym (M) (Ef, O(M)) by definition,
= O(um)(O Fp ) pop (M) by functoriality of 1,
= O(um) O(Fppn )pop(M) M is a P — algebra,
O(NM) (Fppa)(WpFp)(Fdip) by proposition 1.4,
O(unr)op (M) (F3 O(unr))(Fpp) ¢ is a natural transformation,
= ,uO(M)( Bl ) by definition. O

As pointed out in section 2.2 any free P-algebra in S-mod is a P-algebra
and satisfies the conditions of the theorem. Hence any free P-algebra in
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S-mod gives rise to a P-algebra in grVect. In particular the graded vector
space &,>0P(n) is a P-algebra.

2.3.2. Example. We apply formula (4) for the examples of the commutative
operad and the associative operad.

The commutative operad Com is the trivial S,,-module k for all n. Let e,
be a generator of Com(n). The composition is

//'Com(en & €l ®...® eln) = €L+ -

The graded vector space @,, Com(n) is isomorphic to k[X]. The commutative
product on k[X] induced by the composition picom is

XXM — <TL —;m) Xn+m7 (5)

since the number of (n, m)-shuffles is (™).
The associative operad was defined in section 2.1. The associative product
on the space @, k[S,,] induced by the composition g 45 is

oXT = Z (0 x7)-&, (6)

§€Shp 4

where o € S, and 7 € S;. This is the product defined by Malvenuto and
Reutenauer in [18].

2.3.3. Remark. Let P be an operad and M be a P-algebra in S-mod such
that the action of S;, on M (n) is trivial. There is another P-algebra structure
on O(M) given by

HSn (P @M1 @ ©my) = par(p M ® ... @ my), (7)

since the formula (2) together with the trivial action imply the S,-invariance.
If P = Com then k[X] is a commutative algebra for the product

X" X" = XM,

In characteristic 0 the two commutative products on k[X] are isomorphic
but it is no more the case in characteristic p.

2.4. Regular operads. In this section we prove that any algebra over a
regular operad P gives rise to two structures of P-algebra on its underlying
graded vector space. This is the generalization to operads of the result
of Patras and Reutenauer in [21] in the associative case. Note that this
generalization holds only for regular operads.
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2.4.1. Definition. The forgetful functor O : S-mod — grVect has a left
adjoint, the symmetrization functor S : grVect — S-mod which associates
to a graded vector space (V},),, the S-module (V;, @ k[S},]),, where the action
of the symmetric group is the right multiplication. An S-module M is regular
if there exists a graded vector space M such that M = SM. For instance,
the S-module I is regular, since I = SI. Let S-mod,; be the subcategory
of S-mod of regular modules (and regular morphisms). A regular operad
P = SP is an operad in the category S-mod,, i.e. w(vy, ..., vg) € P as soon
as p,v; € P.
Indeed, there is also a plethysm in the category grVect:
Vol W = @ Vi @ W

Note that
SVoSW =8V I W).
A non-symmetric operad is a monoid in the category grVect with respect

to the plethysm o9. The operad SP is regular if and only if P is a non-
symmetric operad.

2.4.2. Proposition. Let M = SM be a regular module and N be an S-module.
The map
M o O(N) — O(M o N)
MmMINIKQ...0Nng = MAOAN X ... RN
defines a natural transformation

Yy FY, 0 — OFy

functorial in M € S-mod,. Furthermore for M and N in S-mod, the
following diagram commutes

s
w]%oN

FJ?/IONO OFMON
FY, O Fy

Proof. Since any element in M writes m - o for m € M, define Yy(m-o®
mME...0ng) tobe m@n,-1(1)®...@n,-1(). 1t is straightforward to verify
the statement with this definition of 97,. O

Adapting the proof of theorem 2.3.1 by using v in place of 1p, we prove
the following theorem:

2.4.3. Theorem. Let M € S-mod be an algebra over a reqular operad P.
The graded vector space O(M) is a P-algebra for the product RBor) given
by the composition

rzoon 2 0 pe o) |
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that is, for all p € P(k) and my,...,my € M,
Loan(P@mi @ ...@my) = puy(p®@mi @ ... ® my).
Hence fiony and fior) endow O(M) with two structures of P-algebra. [

If M is a trivial S-module fip(ys) coincides with ,u?og( M-

Since any free P-algebra is a P-algebra, the theorem holds for any free P-
algebra Fp(M). In particular the graded vector space @p,>oP(n) is endowed
with two structures of P-algebra.

2.5. Multiplicative operads. An operad P is multiplicative if there exists
a morphism of operads As — P. Any algebra in S-mod over a multiplicative
operad P is a twisted algebra and thus its underlying graded vector space is
endowed with two associative products. It holds in particular for the graded
vector space @, P(n). For instance Com is a multiplicative operad and we
recover the two associative (and commutative) structures found in example
2.3.2 and remark 2.3.3.

3. HOPF ALGEBRAS OVER A HOPF OPERAD

In this section, we generalize the results of Patras and Reutenauer in [21]
obtained in the associative case to any Hopf operad. We prove that any
Hopf P-algebra in S-mod yields a Hopf P-algebra in grVect and two Hopf
P-algebras in grVect if P is regular.

3.1. Hopf operads—the general case. From now on C is either the cat-
egory grVect or the category S-mod. The definitions and propositions
related to Hopf operads and Hopf algebras over a Hopf operad can be found
n [12]. Here we recall only what is needed for our purpose.

3.1.1. Definition. Let Coalg be the category of coassociative counital coal-
gebras, that is vector spaces V endowed with a coassociative coproduct
A:V -V ®V and a counit € : V — k. A Hopf operad P is an operad
in Coalg, i.e. up and np are morphisms of coassociative counital coalge-
bras. A Hopf operad amounts to the following data: for each n a coproduct
d(n) : P(n) — P(n) ® P(n) and a counit €¢(n) : P(n) — k preserving
the operadic composition and the action of the symmetric group . We use
Sweedler’s notation, that is,

S(u) =D 1y @ k).
(1),(2)
One has maps in S-mod and in grVect
T™mN : Fp(M ®@ N) — Fp(M) ® Fp(N)

and
ngy : F%(X RY) — F%(X) ® F%(Y)
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defined by

TMN(E @M @n1 @ -+ @my @ ng @ (A1, B, ..., A, Bg)) =

> (way®ma . .mp @st(Ar, ..., A)) @ (1) ®na ... 0y ®st(By, ..., By))
(1),(2)
® (UA;, UB;).  (8)

and

TXy(HQTI @Y ® - @z @ yp) =
Z (M(l) ®$1®---®:Ek)®(u(2) RN ...y (9)
(1),(2)
As a consequence if M and N are P-algebras in the category C, then
M ® N is a P-algebra for the following product

+C
T™M,N M OUN

FES(M®N) —=F5(M)® F§(N) —= M ® N .

3.1.2. Definition. Let P be a Hopf operad. A P-algebra M is a Hopf P-
algebra if M is endowed with a coassociative coproduct and a counit

Ay :M— MM em:M — 1

which are morphisms of P-algebras. For P = As, a Hopf As-algebra is
named a twisted bialgebra.

3.1.3. Theorem. The underlying graded vector space of any Hopf P-algebra
M in S-mod is a Hopf P-algebra in grVect. More precisely, the P-algebra
product on O(M) is fio(nry and the coproduct

O(An) TS
- >

Aoy : O(M) OM® M) —=0O(M)® O(M)

is a morphism of P-algebras. This Hopf P-algebra is denoted M and named
the symmetrized Hopf P-algebra associated to M.

In particular, if for m € M(p) one writes

Z m(ST )T) 2 (S.7)

(1),(2)
SuUT=[p]

then

p
Zm ([d],i+[p— 1] E[;)LH‘[P_ZD (10)
(1),2) =0
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Proof. One has to prove that the following diagram is commutative:

Ao

F3 O(M) O(M)
F%Aoml
FL(O(M) ® O(M)) Ao
Tc%(M)@(M)l
FLO(M)® FfO(M) O(M)®O(M)

Po(m)®@bo (i)
Recall that
Ao =51 O(Aw),
fomry = O(pa)bp (M),
Anrpns = @ pne) T Fp A

The functoriality and naturality of 7€ and p imply

ANoanitonr = T O(Aar) O(uar)p (M)
= ir.ar Olpar ® par) O(tar,nr) O(Fp Apy )op (M)
= (O(par) © O(an)) 7 B a1, 1 a1y O (Tas,a) P (M @ M)ES O(Ay).

Therefore, the commutativity of the previous diagram follows from the com-
mutativity of the following diagram

Yp(MRM)

FSO(M ® M) O Fp(M ® M)
F%(wﬁ,ml loTM,M
FL(0(M) & O(M)) O(Fp(M) ® Fp(M))
b | lw2p<M),F7,(M>

FO(M) @ F4 O(M) O F4(M) ® O F4(M)

Yp (M)@yp (M)

Let us compute the composition R = ng(M),Fp(M) O v, mop(M & M)
applied to

X=p(men ®(A1,B1))®...0 (mLn;® (A, Br)) € F% O(M&eM),
where m; € M(l;) and n; € M(r;) and A; U B; is an ordered partition of
[lz +T‘i]-

Yi=¢p(MeM)(X)= > X&(T,...,T)),
(Tlv"'ka)
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where the sum is taken over all ordered partitions of [ly +71 + ... + g + 7%]
such that |T;| = I; + r;. For U; = T;(A;) and V; = T;(B;) one has

((Al,Bl) X ... X (Ak,Bk))(Tl, N ,Tk) = (Ul, Vl, ey Uk, Vk)
As a consequence
Y = Z u®m1®n1®...®mk®nk®(Ul,Vl,...,Uk,Vk),
(U1,V1..,Ug, Vi)
where the sum is taken over all ordered partitions of [l1+71+. ..+ +7)] such

that |U;| = 1;,|Vi| = r; and st(U;) = A, st(V;) = B;. Set m=m1 ® ... Q@my
and 7 =nj ® ... ® ng. By the definition of 7 (see (8)),

Z=0mqmuY)= Z
(U1,V1...,Uk, Vi)

(,u(l) @m @ st(U,...,Ug)) ® (,u(g) @nst(Vi,..., Vi) ® (UU;, UV;).
Furthermore ng(MLFp(M)(Z) = 0 except in case (UU;,UV;) = Id. But
(UUZ', UVZ) =Id& (Ai, BZ) = Id, V4.
For, if (UU;,UV;) = Id then T;(4;) < T;(B;) and A; < B; which is equivalent
to (A;, B;) = 1d.
As a consequence if Vi, (4;, B;) = Id, then

RX)= > (umy@m® U,...,U) @ (ne @1 @ (Vi,..., Vi),

where the sum is taken over all shuffles (Uy,...,Uy) and (V,..., V). If
there exists ¢ such that (A4;, B;) # Id, then R(X) = 0.

The composition L = (¢Yp(M) ® ¢P(M))T(99(M)7O(M)F7g(7r](\947M) is easier
to compute. First of all, if there exists ¢ such that (A;, B;) # Id, then
L(X) = 0. Assume that (4;, B;) = 1Id,Vi. Then

W= T(%(M)Q(M)F%(WZ\O/[,M)(X) = Z (N(l) ®m)® (N(z) ®n)
(1),(2)
and (Yp(M) @ Yp(M))(W) = R(X). Thus R(X) = L(X),VX and the
diagram is commutative. O

3.1.4. Connected operads and connected Hopf operads. An operad is con-
nected if P(0) = k and P(1) = k. Let 1y denote the unit of k € P(0). If P
is a connected operad, for any subset S of [n], there exists a map
P(n) — P(Ish
pooo=opls = p(m . Tn)

where

z, =17 ifie S,

xTr; = 10 if 4 Q S.
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For P = As one recovers the definition given in section 1.1 for the symmetric
group.

A connected Hopf operad is a Hopf operad which is connected and such
that €(0) : k = P(0) — k is the identity isomorphism. As a consequence

e(p) = plp-

Recall from [12] that if P is a connected Hopf operad then P is a Hopf
‘P-algebra in S-mod for the coproduct given by

Ap)= Y pyls ® pe)lr ® (S.7)

(1),(2)
SuT=[n]
=l@p+polt Y puls © pelr© (5,7).
SUT=[n]
5,740

Indeed the map A is the unique P-algebra morphism such that A(1;) =
Ip®114+1; ® 1p.

It happens in many examples that P is not connected and P(0) = 0.
Nevertheless it is sometimes possible to define a P-algebra structure on
(P_|_ & P+)_ where

P+(0)= k and 4 P+ @P+)-(0)= 0
Pi(n)= P(n), n>0 (PLr®@Pi)-(n)= (Py®@Py)(n), n>0.

(see for instance [13]). In that case, A is defined as the unique P-algebra
map such that A(1;) = 1p ® 11 + 11 ® 1p. These kind of operads will be
treated as connected operads.

If P is connected, one has two examples of Hopf P-algebras in grVect:
e FJ(V) for V in grVect where the product is given by F{, (V) and
the coproduct is given by FX (V).
e For any S-module M the free P-algebra Fp(M) is a Hopf P-algebra
in S-mod. The symmetrized Hopf P-algebra Fp(M) is a Hopf P-
algebra in grVect by theorem 3.1.3.

3.2. Regular Hopf operads. Let P = SP be a regular operad. Assume
(P,9) is a Hopf operad. The operad P is a regular Hopf operad if 5(75) CP®
P. For instance As is a regular Hopf operad. We prove that for any regular
Hopf operad a Hopf P-algebra in the category S-mod gives rise to two
structures of Hopf P-algebra in the category grVect. This is a generalization
to regular operads of a theorem announced by Stover in [24] and proved by
Patras and Reutenauer in [21] in the context of twisted bialgebras. Note that

the hypothesis regular is needed to obtain two structures of Hopf P-algebras.
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3.2.1. Theorem. Let P be a regular Hopf operad. Let (M, upr, Apr) be a
Hopf P-algebra in S-mod. The product jio(nr) together with the coproduct

A@(M) defined as the composite

O(Anr) TR,

OM) —=2 O(M @ M) —2E O(M) © O(M)

endows O(M) with a structure of Hopf P-algebra which is cocommutative
if (M,Apr) is. This Hopf P-algebra is denoted M and named the cosym-
metrized Hopf P-algebra associated to M.

Note that the coproduct A@( M) is always defined: for m € M(p), if the
coproduct in M writes

Ap(m)= Y m" @mG" e (S.1),

(2
(1),(2)
SuT=[p]

then the induced coproduct in O(M) writes

A S, T S, T
Aopan(m) =Y miD omi". (11)

(1),(2)
SuT=[p]

Proof. The proof is similar to the proof of theorem 3.1.3. The commutativity
of the diagram

Ro (M)

FSO(M) O(M)
FgAO(M)l
FA(0(M) ® O(M)) Boun
Tc%(M)@(M)l
FLO(M)® Ff O(M) O(M) ® O(M)

Bo(m)y®Bo (M)
is a consequence of the commutativity of the diagram

P (M@M)

FJO(M ® M) OFp(M ® M)
F%(L?J,ml loTM,M
F4(O(M) ® O(M)) O(Fp(M) ® Fp(M))
Tc%(Mw(M)l ngP(M))FP(M)

FLO(M) ® F$O(M) O F4(M) @ O F&(M)

Ui (M) @135 (M)
We first evaluate R = Lgp(M) Fp (M) O v mVp(M @ M) at
X =p@(mi@n @ (A1, B1)®...® (m @ng, @ (Ay, By)) € Fp O(M @ M),
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where p € P(k),m; € M(l;),n; € M(r;) and A; L B; is an ordered partition
of li+mi]. Setm=m ®...@mg and n =n1 ® ... ®ni and

(Al,Bl) X ... X (Ak,Bk) = (Ul,Vl,...,Uk,Vk).

RX) =" (pay@m@st(Un,...,Ur) @ (ne) @ @st(Vi,..., Vi),
1),(2)
and st(Uy,...,Ux) =Id and st(V4,..., V%) =1d.
The composite L := (1 (M) ®TZJ%(M))T(%(M)7O(M)F7%(L(AD4’M) evaluated at
X gives
LX) =) (na)y ®@m) @ (ua) @n).

(1),(2)
Thus R(X) = L(X),VX and the diagram is commutative.
It is clear that if Ay is cocommutative, so is Aoy O

As a consequence, if P is a regular Hopf operad then any Hopf P-algebra
M in S-mod gives rise to two structures of Hopf P-algebra in grVect. In
particular this result holds for @, P(n) and for the underlying graded vector
space of any free P-algebra.

3.3. Application to multiplicative Hopf operads. In a first step we
establish that the corresponding Hopf structures in case P = As coincide
with the ones discovered by Stover [24] and proved by Patras and Reutenauer
n [21]. In a second step we apply the above results to multiplicative Hopf
operads.

3.3.1. The associative case. Recall that the operad As is a regular Hopf
operad. Hence the underlying graded vector space of a twisted bialgebra is
endowed with two structures of Hopf algebra. Let M be a twisted bialgebra
with product m and coproduct A.

The Hopf algebra M = (O(M),mO(M),AO(M)) is described for a €
M (p),b € M(q) by

mO(M) (CL, b) = m(a7 b) : Qtl,b7

P
Aown(a) = Z ag[f)]’lﬂp_l]) ® ag[;)]’lﬂp_l]),
i=0
which is the symmetrized bialgebra associated to the twisted bialgebra M
as in [21, proposition 15].
The Hopf algebra M = (O(M),m, Ap(ry) is described for a € M(p),b €

M(q) by

mO(M) (CL? b) = m(a> b)7

A S, T S, T

AO(M) (a) = Z agl) ) & (152) ),

SUT=[p]

which is the cosymmetrized bialgebra associated to the twisted bialgebra M
as in [21, definition 8].
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A multiplicative Hopf operad is a Hopf operad P together with an op-
erad morphism As — P which commutes with the Hopf structure. As a
consequence any Hopf P-algebra is a Hopf As-algebra. The result below is
a consequence of the previous sections.

3.3.2. Corollary. Let P be a multiplicative Hopf operad. The underlying
graded vector space of any Hopf P-algebra is endowed with two different
structures of Hopf algebra. O

4. UNITAL INFINITESIMAL P-BIALGEBRAS

In this section we give some comparison between A and ji when the operad
is regular, in view of generalizing the theory of unital infinitesimal bialgebra
developed by Loday and Ronco in [17]. This yields the definition of unital
infinitesimal P-bialgebras. As a consequence we prove that any Hopf algebra
over a multiplicative Hopf operad is isomorphic to a cofree coassociative
algebra. Moreover, if P is regular then this isomorphism respects the P-
algebra structure. We study the associative case in detail.

From now on a connected Hopf operad P is given.

4.1. Unital infinitesimal P-bialgebras. In this section, We prove that
the underlying graded vector space of a Hopf P-algebra is a unital infini-
tesimal P-bialgebra (theorem 4.1.2). We prove also in theorem 4.1.3 that
the same result holds for F(V) when V' is a graded vector space such that
V(0) =0.

A connected coalgebra M in S-mod or grVect is a coalgebra such that
M(0) = k and such that the counit € : k = M(0) — k is the identity
isomorphism. That is for M € S-mod the coproduct writes

Am)=1em+mel+ Y  miDemy" e (S,T),
SUT=([p]
S, T4

and for V € grVect it writes, Yv € V.
Av)=1@v+vel+ Z m(),p @ M(2).q4-

ptq=r

p,q>0
4.1.1. Definition. Assume P = SP is a regular Hopf operad. A unital infin-
itesimal P-bialgebra M is a P-algebra in grVect endowed with a connected
coalgebra structure A : M — M ® M satisfying the infinitesimal relation:

Z p(mi®1, ..., m;_1®1, A(m;), 1@mji1, ..., 10my)
1

K
Ap(ma, ..., my)

J

Ed
—_

— pmi@1,...,m; 1,1 @mjiq,...,1@my), (12)
j=1
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for 1 € P(k). Note that the operad needs to be regular since the infinitesimal
relation is not Si-equivariant.

For instance if P = As, a unital infinitesimal As-bialgebra is the definition
of Loday and Ronco in [17] of a unital infinitesimal bialgebra since the
previous relation amounts to

Aab) = A(a)(1®b) + (a®1)A(D) —a®Db.

Let M be a Hopf P-algebra in S-mod with P regular. Theorems 3.1.3
and 3.2.1 assert that the underlying graded vector space of M is endowed
with two structures of Hopf P-algebras in grVect. One is given by (ji, A)
and the other one by (fi, A). The next theorem explores the relation between
i and A.

4.1.2. Theorem. Let P be a connected reqular Hopf operad and M be a con-
nected Hopf P-algebra in S-mod. The product i := o) and coprod-
uct A = A@(M) endow O(M) with a structure of unital infinitesimal P-
bialgebra.
Proof. Recall that
A =m0 0(A)
i = O(uar) (M),
Following the proof of theorem 3.1.3 one has
Afi = (O uas @ O pan) W o sy O T M (M @ MFE O A,
Let X =p®@mi ®... @ my € F O(M) with m; € M(h;).
Y :=¢p(M @ M)FLOAX) =
s ,T S1,T ST S, T
Z'u® ( 1 1 ®mg(21) 1) ®(S1,T)))®...0(m ((k) k)®m§€(k) k) ®(Sk, Tk)),

where the sum is taken over all ordered partitions S; LI T; of [h;] for all
i. In order to compute O 1y (YY), we write (S1,T1) X ... X (Sk,T) as
(U1, V1, ..., U, Vi) which is an ordered partition of [hy + ...+ hg] and U; =
|Sil, Vi = |T;]- Tt is obvious that st(Uy,...,U;) = Id and that the same
equality holds for the sequence of V;’s. Furthermore if S = UU; and T' = UV},
then S =51 x...x Spand T =T x ... x T,. As a consequence

Orum(Y)=
> (emiy ™. emis ™)@ (ueem{y ™ e, emis™)e(s, 1),
(8,1)

where the sum is taken over all ordered partitions (S,T') of [h1+. ..+ hy| and
where S =51 X...x Sy and T =Ty X ... x Ty with S;,T; C [h;]. The map
771(?7)( M),Fp(ar) 18 10N zero on an ordered partition (S,T) if and only if there

exists r such that S = [r]. For any such r there exists j such that Sy = [hy]
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for k < j and Sy = ) for k > j. Since M is connected ma [) ]®m( [) = 1om.
As a consequence

(Opm ® ONM)FI(%;(M),FP(M) Orum(Y) =

k hj—1
al,a+[hj—a
ZZM(I mi,...,mj—1,M ([(1]) s })717>1)
7j=1 a=1
al,a+h;—a
®M(2)(17>17m_§[(2]) s ])7mj+17"'>mk)

—i—Zu(l)(ml,...,mj,l,...,1)®u(2)(1,...,1,mj+1,...,mk).

On the other hand let us compute the right hand side of the equation (12):

k
Z,u(ml®1,...,mj_1®l,A(mj),l(X)mj_,_l,...,l@mk)
=1

N

-1
— ,u(ml®1,...,mj®1,1®mj+1,...,1®mk):
1

<.
Il

M»

wimy ®1,. mj_1®1,A'(mj),1®mj+1,...,1®mk)+
7=1

k
Z,u m1®1,...,mj_1®1,1®mj—|—mj®1,1®mj+1,...,1®mk)
7j=1

k-1
— ,u(ml®1,...,mj®1,1®mj+1,...,1®mk)
j=1
where
hj—1
([a],a+[h;j—al) (lo],a+[h;—a])
Al(mg) = Zl My @My
Thus the left and right hand sides of the equation (12) are equal and the
theorem is proved. O

4.1.3. Theorem. Let P = SP be a connected reqular Hopf operad. Let V be
a graded vector space with V (0) = 0. The free P-algebra in grVect F2(V) is
a unital infinitesimal P-bialgebra. The product is given by the usual product
on free P-algebras and the coproduct is given for x = pRu1®...Qug € Fg(V)
with 1 € P(k) by
k—1
Al) =10z+201+ > (Bl @v1 .. @) @ (t@)lith-i @ Vit - - D vg).
=1
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Proof. When P is regular F2(V) = &, P(n) ® V®", hence it is enough to
prove the formula (12) for

Ap(v1 @1, ..., v @ O)
with p,v; € P and 7; € V®4. The computation is straightforward. O

4.2. Rigidity for twisted bialgebras. Loday and Ronco proved a the-
orem of rigidity for unital infinitesimal bialgebras. Recall from [17] that
the fundamental example of a unital infinitesimal bialgebra is given by
TIe(V) = F9,(V) where V is a graded vector space concentrated in degree
1 and where the product is given by the concatenation and the coproduct
is given by the deconcatenation. Recall also that for a connected coalgebra
C, with a coproduct A and a counit €, the space of primitive elements is
defined by

Prima(C) = {z € Kere|A(z) =102 + 2 ® 1}.
Here is the statement of the theorem:

4.2.1. Theorem [17]. Any connected unital infinitesimal Hopf bialgebra H is
isomorphic to T7¢(Prim(H)).

Let (A,m,A) be a connected twisted bialgebra and A = (A,m,A) the
symmetrized bialgebra and A= (A,m, A) the cosymmetrized bialgebra as
in paragraph 3.3.1. The triple (A4,m, A) is a unital infinitesimal bialgebra by
theorem 4.1.2 and then, by theorem 4.2.1 is isomorphic to T7¢(Primx (A)).
Hence A is a free associative algebra and A is a cofree coassociative coal-
gebra. Assume furthermore that k is of characteristic 0 and A is cocom-
mutative. Then A is a cocommutative Hopf algebra, and by the theorem of
Cartier-Milnor-Moore, it is the universal enveloping algebra of its primitive
elements. If each A, is finite dimensional, since A is free as an associative
algebra, by lemma 22 in [21] the space of primitive elements is a free Lie
algebra.

These results are summed up in the following theorem:

4.2.2. Theorem. Let (A,m,A) be a connected twisted bialgebra. The associ-
ated symmetrized bialgebra A is a cofree coassociative algebra. The associ-
ated cosymmetrized bialgebra Aisa free associative algebra.

If k is of characteristic 0, if A is cocommutative and if A, is finite di-
mensional for all n, there is an isomorphism of Lie algebras

Primp (A) = Ff,;, (Primp 4)).
This isomorphism is functorial in A. O

Using the results of Loday and Ronco we have improved the results of
Patras and Reutenauer. Furthermore, if P is a connected multiplicative
Hopf operad then it provides connected twisted bialgebras: indeed, any
Hopf P-algebra in S-mod is a twisted bialgebra. For instance P and more
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generally Fp(M) with M an S-module such that M(0) = 0 are connected
twisted bialgebras.

4.2.3. Remark. If (A, m,A) is a connected twisted bialgebra then
(A,m,m,A) is a connected 2-associative bialgebra in the terminology of
Loday and Ronco in [17], that is (4,7, A) is a Hopf algebra and (A4, m, A)
is a unital infinitesimal bialgebra. By the structure theorem in [17], one gets
that Primz (A) is a Boo-algebra and A is the enveloping 2-as bialgebra of its
primitive elements.

Assume P and V satisfy the conditions of theorem 4.1.3. Assume P is
multiplicative and A = F3(V) is finite dimentional in each degree. Then
A2 = (A* ' A A m) where m is the associative product induced by the
multiplicative structure of P is also a 2-associative bialgebra. If A2 is con-
nected then it is the enveloping 2-as bialgebra of its primitive elements.

5. APPLICATION TO COMBINATORIAL HOPF ALGEBRAS

In this section, we would like to apply our previous results to combina-
torial Hopf algebras. The idea is the following: given a graded vector space
H = &,H(n), how does a Hopf algebra structure arise on H? We present
two cases coming from the two examples detailed in section 3.1.4.

Case 1. The space H(n) is endowed with a right S,-action. We denote by
HS the associated S-module. Assume there exists a connected multiplicative
Hopf operad structure on Py = H°. From section 3.1.4, we obtain our first
result: there exists a Pg-algebra product p and a coalgebra coproduct A
such that (HS, u, A) is a Hopf Pp-algebra. The graded vector space H has
a Hopf Pp-algebra structure which is the symmetrized Hopf Py-algebra HS
by theorem 3.1.3.

The second result is a direct consequence of theorem 4.2.2: since the op-
erad Py is multiplicative, there is a twisted product m : HS @ HS — HS.
As a consequence (H S m, A) is a twisted bialgebra. The associated sym-
metrized Hopf algebra (H, 7, A) is cofree and the associated cosymmetrized
Hopf algebra H = (H,m, A) is free. In case A is cocommutative, under the
hypothesis of theorem 4.2.2, H is the enveloping algebra of the free Lie alge-
bra generated by Primz (H). Furthermore, by remark 4.2.3 the 2-associative
bialgebra (H,m,m,A) is the 2-associative enveloping bialgebra of its prim-
itive elements: Primz (H) is endowed with a B -structure.

Case 1 applies also when H is a free P-algebra in S-mod generated by
an S-module M, with P a multiplicative Hopf operad and M (0) = 0.

Case 2. Assume Pj; = SH is a connected regular Hopf operad. The graded
vector space H is the free graded Py;-algebra generated by the graded vector
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space I. As a consequence, the graded vector space (H,u,A) is a Hopf Pj,;-
algebra, where p is the Pp-product and where

Ay =Y hls @hglr
SuT=(|h|]

comes from the regular Hopf operad Pj;. Also (H, u, A) with
B |h|
Ah) = hyli @ by lis -
i=0

is a unital infinitesimal Pj;-bialgebra by theorem 4.1.3.

Again, by remark 4.2.3, if H,, is finite dimensional, then (H*,!A,! At m)
in which m is the associative product, is a 2-associative bialgebra, which is
the 2-associative enveloping bialgebra of its primitive elements.

Case 2 applies also when H is a free P-algebra in grVect generated by
a graded vector space V', with P a Hopf regular operad and V(0) = 0.

We illustrate by some examples that many combinatorial Hopf algebras
arise either from case 1 or from case 2.

5.1. The Hopf algebra T(V). Let us apply Case 1 for H = Feon (V)
where V' is considered as an S-module concentrated in degree 1. That is
H =T(V). As a twisted bialgebra, T'(V') is endowed with the concatenation
product and with the following coproduct

A(U1®...®Uk) = Z "D‘S@’@‘T@(S,T)
SUT—[k]

where 0]g = vs; ® ... ® vy, for § = {s1 < ... < s;}. It is cocommutative.
The symmetrized Hopf algebra structure on T'(V') is the shuffle product
together with the deconcatenation, whereas the cosymmetrized Hopf algebra
structure on T'(V) is the dual structure: the product is the concatenation
and the coproduct is the unshuffle coproduct. In characteristic 0 it is the
enveloping algebra of the free Lie algebra generated by V.

5.2. The Malvenuto-Reutenauer Hopf algebra. This Hopf algebra, de-
noted H /g has been extensively studied in [18], in [9] under the name of free
quasisymmetric functions or in [1]. The graded vector space considered is
A = @, k[S,]. Tt is the underlying graded vector space of the operad As and
Case 1 applies. Recall that the operad As gives rise to a cocommutative
twisted bialgebra:

m(o,T) =0 X T,

Alo)= D ols®@oalr®(S,T).
SUT=[n]
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The Hopf algebra H) g is the symmetrized Hopf algebra (A, A). That
is, for 0 € Sy, 7 € Sy

(o) = Y (0x7)-¢
£eShy ¢

Alo) = Z st(o1,...,07) @st(ig1,...,0n).
i=0
which is not commutative nor cocommutative.
The cosymmetrized Hopf algebra A = (A, m,A) is given by

m(o,T) =0 X T,

Ao) = Z ols @ol|r.
SuT=[n]
The latter Hopf algebra is different from the former one or its dual since it
is a cocommutative Hopf algebra.

From Case 1 we get that Hjp is cofree and that A is free as an associative
algebra: it is generated by the connected permutations, the ones which don’t
write o X 7 for & € Sp, T € Sy, n,m > 0. In characteristic 0, A is isomorphic
to the enveloping algebra of the free Lie algebra generated by the connected
permutations (compare with theorems 20 and 21 in [21]). Furthermore, Hy/r
together with m is a 2-associative bialgebra and it is isomorphic to the 2-
associative enveloping bialgebra generated by the connected permutations:
in [9] and in [1] a basis of the space of primitive elements of Hjsg, indexed
by the connected permutations is given.

In paragraph 5.3.4 we prove that Hyspr is free as an associative algebra,
without using the self-duality of Hp/g.

5.3. Hopf algebra structures on the faces of the permutohedron.
Com(n) ifn>0
0 ifn=0
The S-module Comp = AsoCom has for linear basis the faces of the n-

permutohedra. Indeed
AsoCom(n) = Gg>o As(k) ®g, (Com)®*(n)
- Y &
(1177Ik):[n}
where the sum is taken over all set compositions (or ordered set partitions)
(I1,...,I) of [n] such that I; # 0,V1 < j < k. The action of the symmetric
group is given, for o € S, by
(I, I) -0 = (07D, 0 (1)),

Chapoton described some Hopf algebra structures on the graded vector space

O(Comp) in [5] and in [6], whereas Patras and Schocker described a twisted
bialgebra structure on Comp in [22]. Chapoton described a (differential

Recall that Com is a Hopf operad. Let Com(n) = {
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graded) operad structure on Comp in [8] and Loday described a (filtered)
one in [14].

The aim of this section is to apply our operadic point of view Case 1 in
order to relate these structures.

A set composition of [n] is written as a word in the alphabet {, } U{i,1 <
i < n}. For instance (14, 2,35) is the set composition ({1,4},{2},{3,5}) of
[5].

5.3.1. Operad structures on the faces of the permutohedron. Both operads
built by Loday in [14] and Chapoton in [8] are quadratic binary operads.
They are generated by the commutative operation represented by the set
composition (12) and by the operation represented by the set composition
(1,2) in Comp(2). Let wy = (12)+(1,2)+(2,1) and wy = (1,2)+(2,1). The
composition in the operad CTD described by Loday is given by the following
inductive formula

(12)(P, Q) =(PLU Qr,ws((Py, ..., Pk), (Q2,. .., Q1))
(1,2)(P, Q) =(P1, w (P, ..., Fk),Q)),

with P = (Py,..., P) a set composition of [n] and @ = (Q1,...,Q;) a set
composition of [m] considered as a set composition of n+[m|. By convention,
wy(0,0) = 0. The degree of the set composition P is n—k. Set compositions
of degree 0 are in 1-to-1 correspondance with permutations.

The operad CTD is filtered by the degree of set compositions but not
graded. It is not regular and algebras (in the category of vector spaces) over
this operad are named commutative tridendriform algebras by Loday, that
is vector spaces endowed with a product < and a commutative product -
satisfying the relations

(r<y)<z=x<(y<z+z<y+y-2),
(-y) =z=x-(y<2),
(@ y)-z=z-(y-2)

The composition in the operad II described by Chapoton has the same
definition except that w; is replaced by wg. It is graded by the degree of
set compositions. Algebras (in the category of graded vector spaces) over II
are described in [8].

These operads are not connected in the strict sense, since the composi-
tion with () € Comp(0) is not always defined. The equalities involving the
emptyset above, are needed for an inductive definition and are needed in
order to build a coproduct Comp — Comp ® Comp, as was explained in the
paragraph 3.1.4 on connected operads.
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5.3.2. Proposition. The S-module Comp is a CTD-Hopf algebra for the co-
product

k
A(Py, ..., Py ZZSt (Pryeo s P)@st(Prgns - - oy Pr)@(Ur<i<i Py Uik 1<h<u Pn)-
1=0

The S-module Comp is a II-Hopf algebra for the same coproduct.

Proof. Let X denote either the operad CTD or the operad II. Let w denote
either wy € CTD(2) or wy € I1(2). Note that for any set composition P

w(P,0) = w(d, P) = P. (13)

One needs first to define the X-algebra structure on Comp ® Comp. This
trick is due to Loday and Ronco: for z € X(2),

(P ®@ P, Q1 ®Q2) =

@@x(PQ,QQ), it P =@ :qja
x(Pl, Ql) X ’LU(PQ, QQ) &® (Pl U Ql, P U Qg), otherwise.

The coproduct A : Comp — Comp ® Comp is the unique X’-algebra mor-
phism mapping (1) to (1) @ 0 + 0 & (1).

Let (I;,,..., 1}, ) be the set composition of [I; + ...+ l;] defined by
Ilj :l1+...—|—lj_1+[lj],V1 S] < k.

(14)

Let n =13 + ...+ l. We prove the formula for such a set composition by
induction on k. If & = 1, the set composition is just (n). For n = 1 the
formula is proved. If n > 1 then (n) = (12)((1), (n — 1)). By induction one
has

A(n) = (12)(A(1),A(n — 1)) =
12)(N @I+ (1),n-1)R0+0x(n—-1)=n)0+0® (n),
because (12)(P,Q) = 0 if P or @ is empty and because of relation (14) and
(13).
If k> 1, then X = (I;,,...,I;,) = (1,2)((I},), (L1, - - -, I3;,))- By induction
A(X) = (17 2)(A([l1)7 A([lzv ce 7Ilk)) =

k
(172)(Il1 ®®+®®Il17Z(Ilzv'-->Ilj) b2y (Ilj+17--- aIlk)) =

j=1

k
Z Illallga"'7 ) ([l]+17"'7‘[lk))7

because (1,2)(P,0) = P and (1,2)((2),P) = 0 and because of relations (14)
and (13).
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For any set composition P = (P,..., Px) of [n], there exists o € S,, such
that
(Pr,...,Py)=yy,.... ;) - o

One can choose for o the shuffle associated to the set composition P. The
coproduct A is a morphism of S-modules. One gets the conclusion with
formula (1). O

In [12] we proved that the space of primitive elements with respect to A is
a suboperad of the initial operad. The space of primitive elements is clearly
the vector space generated by the set compositions (n), for n > 0. Then
Prima (CTD) is the operad Com (compare with [14]).

5.3.3. Twisted bialgebras associated to the faces of the permutohedron. The
operation wy (resp. wy) is associative and commutative. As a conse-
quence, the operads CTD and II are Hopf multiplicative operads and give rise
to twisted connected commutative (non cocommutative) bialgebras Hy =
(Comp,wys, A) and Hy = (Comp,wg, A).

i) The twisted bialgebra H;. Patras and Schocker [22] defined a
twisted bialgebra structure on Comp denoted 7 = (Comp, %, §) which is the
following. The product = is the concatenation of set compositions and the
coproduct ¢ is defined for a set composition P of [n] by

§(P)= > st(PNS)est(PNT)®(S,T),
SUT=([n]

where (Py,...,P,)NS = (P NS,....,P.NS) and if P,NS = 0 the i-th
term is omitted. For instance (14,2,35) N{1,3,5} = (1,35). It is clear that
* is the dual of A and one can check that ¢ is the dual of wy. It gives an
operadic interpretation of their structure:

The dual of the twisted bialgebra defined by Patras and Schocker is the free
commutative tridendriform algebra on one generator in the category S-mod.

Applying Case 1 one gets that the symmetrized Hopf algebra 7 associ-
ated to 7 is cofree, and that the associated cosymmetrized Hopf algebra 7°
is free generated by reduced set compositions: a set composition which is
non reduced is the concatenation of two non trivial set compositions. For
instance (13,24,6,5) is non reduced since it is the concatenation of (13,24)
and (2,1). Moreover if the field k is of characteristic 0, then 7T is isomorphic
to the enveloping algebra of the free Lie algebra generated by reduced set
compositions. (Compare with proposition 10 and corollary 13 in [22]). Ap-
plying remark 4.2.3 one gets that (7 ,%,%,d) is the 2-associative enveloping
bialgebra on its primitive elements.

A~

The Hopf algebra structure given by Chapoton in [5] is (Comp,wy, A)
which is the dual of the symmetrized Hopf algebra (7 ,%,8). It is also the
Hopf algebra NCQSym of Bergeron et Zabrocky in [4] and we recover that
it is a free algebra.
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ii) The twisted bialgebra H,. This twisted bialgebra gives rise

to two Hopf algebras, which are (Comp,w,, A) and (Comp,wy, A). One
can check that the latter Hopf algebra is the one described by Chapoton in
[6]. Again it is a free associative algebra because (Comp, Wy, A) is a unital
infinitesimal bialgebra. The space of primitive elements Primz (Comp) is
generated by reduced set compositions. One can check by an inductive
argument, that the Hopf algebra described by Chapoton is a free associative
algebra generated by reduced set compositions.

5.3.4. From set compositions to permutations. Let Comp, be the sub S-
module of Comp of set compositions of degree 0. The vector space Compg(n)
is isomorphic to k[S,] but the right S,,-action is given by o -7 = 77 1o. The
S-module Comp, is a sub-operad of II. It is the operad Zin, as noticed
by Chapoton in [8]. In the category of vector spaces, an algebra over Zin
is a Zinbiel algebra, that is, a vector space Z together with a product <
satisfying the relation

(r<y)<z=zx<Wy<z+z2<y), Vo,y,z € Z.
As a consequence there are surjective morphisms of Hopf operads
CTD — Zin, II— Zin.

The operad Zin is consequently a multiplicative operad and Comp, is a
commutative twisted bialgebra. The product and coproduct are given, for
o € Compg(p) and 7 € Compg(q) by

mz(o,7) = Z (0 x T)x
x€Shy 4
P
Az(0) =)ol @ olisp-i - (Vi<j<i{o ()}, Uini<a<p{o(k)})
i=0
The morphisms above induce surjective morphisms of twisted bialgebras
H; — Compy, H, — Compy .

The cosymmetrized Hopf algebra associated to Compy is clearly Hjsr, and
since it is a cosymmetrized algebra associated to a twisted bialgebra it is free
on Primy _ (Compy). But Az(o) = > pxr—o P ® T. As a consequence, Hyg
is free generated by the connected permutations and cofree (see section 5.2).
We recover the results obtained in e.g. [23], [9] and [1].

Considering the graded linear duals, one has an embedding of cocommu-
tative twisted bialgebras

(Compo)* = (Hy)" =T.

The symmetrized Hopf algebra associated to (Compg)* is the dual of the
Malvenuto-Reutenauer Hopf algebra H},, (which is isomorphic to Hrg).
By functoriality in theorem 4.2.2, we obtain in characteristic 0 an embedding
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of enveloping algebras at the level of associated cosymmetrized algebras
(compare with Theorem 17 in [22]).

5.4. Hopf algebra structures on the faces of the associahedron. In
his thesis, Chapoton considered various Hopf algebra structures on the faces
of the associahedra, or Stasheff polytopes, filtered in [5], graded in [6]. He
considered also filtered and graded operad structures on these objects in
[7]. The filtered operadic structure coincides with the one defined by Loday
and Ronco in [16], under the name of tridendriform operad. In this section,
we apply Case 2 to obtain Hopf algebra structures on the faces of the
associahedra.

5.4.1. Planar trees. The set of planar trees with n+1 leaves is denoted by T,.
The set 15, = UZ;éTn,k is graded by k where n — k is the number of internal
vertices. For instance T, is the set of planar binary trees. The Stasheff
polytope of dimension n — 1 has its faces of dimension 0 < k£ < n—1 indexed
by T, 5. The aim of this section is to provide the vector space @ k[T;,] with
Hopf structures.

Given some planar trees ti,...,t; the planar tree V(t1,...,tx) is the one
obtained by joining the roots of the trees t1, ..., t; to an extra root, from left
to right. If ¢; has degree [; then V/(t1,...,t;) has degree Iy +...+ I + k— 1.

One can label the n sectors delimited by a tree t in 7T, from left to right
as in the following example:

5.4.2. The operad of tridendriform algebras [16], [7]. The operad 7 riDend
is a regular operad whose underlying S-module is 7riDend(n) = Sk[T,,]. It
is a quadratic binary operad generated by 3 operations

%::\>/,
>—::\</,
=N\

)



hal-00086437, version 2 - 15 Jul 2009

FROM LEFT MODULES TO ALGEBRAS 33

satisfying the relations

(z<y)<z=a<(yxz)= 7 + ¥ + WV,
(xry)<z=x=(y<z2)= K/v,

(xxy)=-z=a = (y = 2) = W%—W—i—W,
(x>=y)-z=ax>(y-2)= XV
(
(

x=z)-z=x-(y>=z) =

N4
xoy)<z=x-(y<z)= \V,
{epe=aw =V,

where
TrY=x-y+r<y+xr>y (15)

is associative.
One can also give an inductive formula for the composition in 7 riDend
by the following

=0 @ =x
\>/(\/(:171,...,:1:k),y) =V (T1,..o, Tho1, Tk ¥ Y),
\‘/(V(l’l,.--,wk)a\/(yla.-wyz)) =V (150 Tty Tk % Y1, Y25 - - -5 Y1),
W(az,\/(yl,...,yl)) =V (T *y1,Y2,- -, Y1)

In [7], Chapoton describes the composition z o; y for trees x and y:

zo;y = Z xogflyfr) Y,
(fluf”‘)

where y is inserted in the sector i of x following the maps (f, f-): the left
(right) edge of the sector i of z is a set of edges and vertices ordered from
bottom to top and denoted by !, (z). The left (right) most edge of y has
several vertices: the ordered set of these vertices is denoted by y; (y,). The
map f; (f;) is an increasing map from y; (y,) to x} (z%). For instance

=\ 4\ 4\,
' N N
fi f2 f3

where
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xp =y =0,
rt={a<b<cl, y = {a},
h= (Idva = (1), Ja= (Idva = C) and f3 = (Idva = b)
Moreover one can define a Hopf structure on this operad following the
same pattern than proposition 5.3.2: for € 7riDend(2),

Q x(t2, s2), iftg =81 =,
z(t1 ® l2,51 ® 53) = | ® alta, 52) _ |

x(t1,81) @t x 89,  otherwise.
By induction on the degree of a tree t one can prove that

5.4.3. Proposition. The S-module (kK[T,,] @ k[Syn])n is a tridendriform Hopf
algebra for the coproduct

ANVt t) = [ @Vt i)+
S S = 3 -z

Z v(tl(ll)""’tkéﬂ))®tf(l2) *tk(2) (S1% ... xS, Thx ... xTy)
SiuTi:[li]
where |t;| =1,

S; T;
A=Y 7, @t @ (S, T)
SiLlTi:[li}

and for any U; C [l],
Urx ... xUp ={li+... +li+i,1 <i < k—l}UlSiSkUi—Hl—F. ot +i—-1.0
5.4.4. Hopf structures. Let us apply Case 2 to the connected Hopf operad
TriDend which is multiplicative with the product * introduced in equation
(15).

The graded vector space Tree = @, k[T},] is the free graded tridendri-
form algebra over one generator, hence it is a Hopf tridendriform algebra in
grVect. Let p be the tridendriform product and A be the coproduct. By

theorem 4.1.3, (Tree, u, A) is a unital tridendriform bialgebra. The descrip-
tion of A gives the description of A: if A(ty) = Dty ) @ tip), then

ANVt te) = 1@ V(o k) + > V(s tee1s tia) ® Ly

As a consequence a basis of Primz (7 ree) is given by the planar trees of type
V(t1, s tk—1,])-

The Hopf algebra (Tree,*,A) is the free associative algebra spanned by
the set of trees of the form V(t1,...,tk—1,|).

Recall that the product x is defined by induction: for z = V(x1,...,zk)
and y = V(y1,...,4)

xxy=V(r1,. .., T 1, Tk xy) + V(T *y1,y2, ..., Y1)+
V(@1 T 1, Tl X Y1, Y25 - -5 Y1)
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and
At)=|@t+ > V(tiays - tya) @ tiz) *- - * tyea).

The Hopf structure defined by Chapoton in [5] is essentially the same: the
product is the same and the coproduct is 7A, where 7 is the symmetry
isomorphism. Hence it is a free associative algebra spanned by the set of
trees of the form V(|,ta,...,t).

The graded linear dual of 7Tree is a 2-associative bialgebra: it is free as
an associative algebra for the product A, cofree as a coalgebra for x and
it is the enveloping 2-as bialgebra of its primitive elements (with respect to
tx). The product of two trees ‘A(t, s) is the tree obtained by gluing the tree
s on the right most leave of ¢. it is usually denoted t\s. For instance

ANV

5.4.5. Some operad morphisms. There are morphisms of Hopf operads

TriDend ——= CTD (16)
TTriDend \L lT"CTD
Dend Zin

The vertical maps are projection onto cells of degree 0. The map merp has
been explained in paragraph 5.3.4. The map m7yipend iS the projection onto
the dendriform operad, which is a regular operad generated by planar binary
trees (see e.g. [15]). The morphism v sends < to the set composition (1,2),
> to the set composition (2,1) and - to the set composition (12). Indeed we
can describe ¢ at the level of trees. There is a map ¢ from set compositions
to trees, described by induction as follows. Let P = (P,..., P;) be a set
composition of [n]. If P, = {l; < ... < [;} then it splits [n] into j + 1
intervals I possibly empty: for 0 < s < j, Iy =|ls,ls41] with l[j = 0 and
lj4+1 =n+ 1. The map ¢ is defined by

¢(P): V(¢(Pﬂfo),,¢(Pm[]))

For instance if P = (34,1,56,2) then Iy = {1,2},I; = () and I, = {5,6}
and

$(34,1,56,2) = V(¢(1,2), 6(0), $(12)) =

Note that the function 6 from the permutohedra to the associahedra defined
by Tonks in [25] (see also [5] and [22]) satisfies

O(Py,...,Py) = ¢(Pr, Pr—1,..., P, Pp).
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The morphism ) is the transpose of ¢. It is an operad morphism, whereas
the transpose of 6 is not an operad morphism.

The morphism g is the transpose of ¢y which is an operad morphism.
Loday and Ronco defined in [15] a function from k[Y;,] (the vector space
generated by planar binary trees with n vertices) to k[S,] in order to embed
k[Y,] as a Hopf subalgebra of the (graded linear dual of the) Malvenuto-
Reutenauer Hopf algebra. It is also a transpose of a set morphism .S,, — Y,,.
If a: S, — 5, is the involution defined by

alor,...,00) = (On,...,00) "1,

then the set morphism defined by Loday and Ronco is ¢ga.

5.4.6. Consequences on Hopf algebra morphisms.

The operad 7riDend is a regular operad. A tridendriform 2-bialgebra is
a 4-uple (H,p,A,0) where (H,p,A) is a Hopf tridendriform bialgebra in
grVect and (H, pu,9) is a unital infinitesimal tridendriform bialgebra. The
diagram (16) is a diagram of tridendriform 2-bialgebras:

e The operad 7riDend induces the tridendriform 2-bialgebra (7 ree :=
®n K[T},], pr, A1, Ar) explained in paragraph 5.4.4.

e Using the surjective operad morphism Il7ipend : 7 riDend — Dend
one gets the tridendriform 2-bialgebra structure on the vector space
spanned by planar binary trees denoted by

(PBT = @n k[Yn]Hu/Y7AY7AY)7

where Y, is the set of planar binary trees with n+ 1 leaves as in [15].
e The underlying S-modules of the operads CTD and Zin are triden-
driform algebras in S-mod then by theorems 3.1.3 and 4.1.2 one gets
tridendriform 2-bialgebras on the underlying graded vector spaces.
These structures are denoted respectively (Comp, uc, Ac, Ac) and
(©n k[Sn], s, As, Ag).
As a consequence we obtain a diagram of Hopf algebras (and unital infini-
tesimal bialgebras as well):

(®n k[TTL]v *T, AT) (Comp, *C, AC) = NCQSym

7""TriDcnd\L \LWCTD

(©nK[Yo], %y, Ay) Y (@0 k]S, x5, Ag) = Harp

where the horizontal arrows are injective morphisms of Hopf algebras and
vertical arrows are surjective morphisms of Hopf algebras. Note that the
Hopf algebra structure on the planar binary tree (&, k[Y},], *y,7Ay) where
T is the symmetry isomorphism is the one described by Loday and Ronco
in [15]. Note also that the graded linear dual of this diagram is a diagram
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of 2-associative bialgebras. It extends the results obtained by Palacios and
Ronco in [20].

5.4.7. Conclusion. For the last decade, many results of freeness and cofree-
ness of combinatorial Hopf algebras have appeared in the litterature (see
the references cited throughout the paper and recently [2], [10], [19]). The
present paper illustrates that these freeness results are a consequence of an
operadic structure on the Hopf algebra H itself or its symmetrization SH.
Namely, either the Hopf algebra H is an S-module and one can find an op-
erad structure on H in order to apply Case 1; or the Hopf algebra is not
an S-module and one can find an operad structure on SH in order to apply
Case 2.
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