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We introduce two operads based on the set of planar forests. With its usual product and
two other products defined by different types of graftings, the algebra of planar rooted
trees H becomes an algebra over these operads. The compatibility with the infinitesimal
coproduct of H and these structures is studied. As an application, an inductive way
of computing the dual basis of H for its infinitesimal pairing is given. Moreover, three
Cartier—Quillen-Milnor-Moore theorems are given for the operads of planar forests and

a rigidity theorem for one of them.

Introduction

The Connes-Kreimer Hopf algebra of rooted trees, introduced in [1, 7-9], is a commuta-
tive, noncocommutative Hopf algebra, its coproduct being given by admissible cuts of
trees. A noncommutative version, the Hopf algebra of planar rooted trees, is introduced
in [4, 6]. We furthemore introduced in [5] an infinitesimal version of this object, replacing
admissible cuts by left-admissible cuts: this last object is here denoted by H. Similarly,
with the Hopf case, H is a self-dual object and it owns a nondegenerate, symmetric Hopf
pairing, denoted by (—, —). This pairing is related to a partial order on the set of planar

rooted forests, making it isomorphic to the Tamari poset. As a consequence, H is given
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2 L. Foissy

a dual basis denoted by (f7)rcr, indexed by the set F of planar forest. In particular, the
sub-family (f;);ct indexed by the set of planar rooted trees T is a basis of the space of
primitive elements of H.

The aim of this text is to introduce two structures of operad on the space of planar
forests. We introduce two (nonsymmetric) operads P\ and PP » defined in the following

way:

(1) P\, is generated by m and \e P\ (2), with relations:

mO(\,I) = \O(I/m)/
mo(m,I) =mo (I, m),

Noolm, I) = N\ o(I,\).

(2) P . is generated by m and € P «(2), with relations:

mO(/r,I) :/'O(I,m)/
mo(m,I) =mo (I, m),

/ol 1) = 7 oll, ).

Note that these operads are not the operad of algebras with two compatible associative
products of [2], which is also described in terms of planar rooted trees. We then introduce
two products on H or on its augmentation ideal M, denoted by  and . The product
F / G consists of grafting F on the left leaf of G and the product F \( G consists of
grafting F on the left root of G. Together with its usual product m, M becomes both a
P\.- and a P »-algebra. More precisely, M is the free P\ - and P --algebra generated by
a single element .. As a consequence, P\, and P - inherit a combinatorial representation
using planar forests, with composition iteratively described using the products \  and
.

We then give several applications of these operadic structures. For example, the
antipode of H is described in terms of the operad P\,. We show how to compute elements
fis, with t € T, using the action of P\ , and the elements frs, F € F from the preceding
ones using the action of P .. Combining all these results, it is possible to compute by
induction the basis ( fr)rer.

We finally study the compatibilities of products m, 7, \, the coproduct A and the
coproduct A » dual of . This leads to the definition of two types of P »-bialgebras, and
one type of P\ -bialgebras. Each type then defines a suboperad of P - or P\ corresponding

to primitive elements of M, which are explicitly described:
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(1) The first one is a free operad, generated by the element | —.. e P «(2). As
a consequence, the space of primitive elements of H admits a basis (p;)¢er,
indexed by the set of planar binary trees. The link with the basis ( f;);cr is
given with the help of the Tamari order.

(2) The second one admits a combinatorial representation in terms of planar
rooted trees. It is generated by the corollas ¢, € P ~(n), n > 2, with the fol-

lowing relations: for all k,1 > 2:

cola, I,....,I)=qoll,..., I, c).
~—— ~——
k — 1 times [ — 1 times

(3) The third one admits a combinatorial representation in terms of planar

rooted trees, and is freely generated by ! € P\ (2).

We also give the definition of a double P --bialgebra, combining the two types
of P --bialgebras already introduced. We then prove a rigidity theorem: any double

IP »-bialgebra connected as a coalgebra is isomorphic to a decorated version of M.

This text is organized as follows: the first section gives several recalls on the
infinitesimal Hopf algebra of planar rooted trees and its pairing. The two products
\{ and ' are introduced in Section 2, as well as the combinatorial representation of
the two associated operads. The applications to the computation of (fr)rcr is given in
Section 3. Section 4 is devoted to the study of the suboperads of primitive elements and

the last section deals with the rigidity theorem for double P .-bialgebras.

Notations.

(1) We shall denote by K a commutative field, of any characteristic. Every vector
space, algebra, coalgebra, etc. will be taken over K.

(2) Let (A, A,¢) be a counitary coalgebra. Let 1 € 4, nonzero, such that A(1) =
1 ® 1. We then define the noncounitary coproduct:

A Ker(e) — Kerl(e) @ Kerl(e)
“la — Al@)=Al@)—a®l-1Qa.

We shall use the Sweedler notations A(e) = a'! ® a? and Ala) = a’ ® a’.

1 Planar Rooted Forests and Their Infinitesimal Hopf Algebra

We here recall some results and notations of [5].
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1.1 Planar trees and forests

(1) The set of planar trees is denoted by T, and the set of planar forests is denoted
by F. The weight of a planar forest is the number of its vertices. For all n € N,

we denote by F(n) the set of planar forests of weight n.

Examples. Planar rooted trees of weight < 5:

vty bd v b b d Y

\@',’Q(,{\/','\/},{/,Y,Y,, .
Planar rooted forests of weight < 4:

VUTTUUE SUUUUE DU S VA VR SUNS S
voov oty bodhov

(2) The algebra H is the free associative, unitary algebra generated by T. As a
consequence, a linear basis of H is given by F, and its product is given by the
concatenation of planar forests.

(3) We shall also need two partial orders and a total order on the set Vert(F)
of vertices of F € F, defined in [4, 5]. We put F =t;...t,, and let s,s’ be two
vertices of F.

(a) We shall say that s >yig, " if there exists a path from s’ to s in F, the
edges of F being oriented from the roots to the leaves. Note that >y, is
a partial order, whose Hasse graph is the forest F.
(b) If s and s’ are not comparable for >y;gn, we shall say that s > s if one
of these assertions is satisfied:
(i) sisavertex oft; and s’ is a vertex of tj, with i < j.
(ii) s and s’ are vertices of the same t;, and s >1er; s’ in the forest
obtained from ¢; by deleting its root.
This defines the partial order > for all forests F, by induction on the
weight.
(c) We shall say that s >5,; s"if s >pign S’ Or' S >1ef; . This defines a total order

on the vertices of F.
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1.2 Infinitesimal Hopf algebra of planar forests

(1) Let F € F. An admissible cut is a nonempty cut of certain edges and trees of
F, such that each path in a noncut tree of F meets at most one cut edge. The
set of admissible cuts of F will be denoted by Adm(F). If ¢ is an admissible
cut of F, the forest of the vertices that are over the cuts of cwill be denoted by
P¢(t) (branch of the cut ¢), and the remaining forest will be denoted by R¢(t)
(trunk of the cut). An admissible cut of F will be said to be left-admissible if,
for all vertices x and y of F, x € P°(F) and x <jery y imply that y € P%(F). The
set of left-admissible cuts of F will be denoted by Adm!(F).

(2) H is given a coproduct by the following formula: for all F € F:

AF)= Y PUF)®R(F)I+F®1+1QF.
ceAdm' (F)

Then (H, A) is an infinitesimal bialgebra, that is to say: for all x, y € H,
Axpy) =xQ DAY+ AX1I R Y —xQ V.
Examples.

AL)=.®1+1®.,
AL)=0.®014+1R®..+.Q®.,
A =1Q1+191 +.®.,
Al)=1.®91+1®!.+.®..+1 ®.,
AV)=VeIl+1e V+..0.+.®1,
Ad)=f®1+1®f+:®.+.®z,
Albeed) =0eee @1 410 Qeee +ee®ee+.0e @,
Al.)=1..9814+1®!1..+.®... + 1 ®.. + 1. ®.,
ALI)=.1.®14+1®@.1.+.®!.+..®.. +.1 ®.,
A=l ®1+41®..1 +.@. 1 +..®1 +...® .,
ALYV)=.VR1+419. V4+. 9 V+..01 +...®.,
ath=de1+1e.l+.0l+r. . 01+.10.,
AV =V.e1+19 V+.91.+..0.. + V®.,
ado=tei1tielr. 0t +10..+10.,
Al =11Q@1+1!I1+.0.1+1Q®1+1.®.,
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AV =TV 1+1e V+. 9 V+..0! +...®.,

l. l. l. ..
AYV)= VY ®141® V+.98 V+I®!I+!.8.,
. . .
AV) = Vel+loV+.0l+..0l+.1®.,
AY)= Y o141@ ¥ .@l+..014+ V ®.,

A(%):i ®1+1®% r.eolrierale..

We proved in [5] that H is an infinitesimal Hopf algebra, that is to say, it has an
antipode S. This antipode satisfies S(1) = 1, S(t) € Prim(H) for all ¢t € T, and S(F) = 0 for
all F e F — (TU{1}).

1.3 Pairing on 'H

(1) We define the operator B* : H — H, which associates, to a forest F € F, the

tree obtained by grafting the roots of the trees of F on a common root. For

.. Y, .. NV
example, BY(V .)= V,and B™(. V)= V.
(2) The application y is defined by

{H > H
Y.

tl...tnEF—>5t1',t2...tn.

(3) There exists a unique pairing (—, —) : H x H — K, satisfying:
(i) (1,x) =e(x) forall x € H.
(i) (xy,z) =(y®x, Alz)) forall x,y,z € H.
(iii) (BT(x),y) = (x,y(y)) for all x, y € H.
Moreover,
(iv) (—,—)is symmetric and nondegenerate.
(v) If x and y are homogeneous of different weights, (x, y) = 0.
(vi) (S(x),y) = (x, S(y)) for all x, y € H.
This pairing admits a combinatorial interpretation using the partial orders
>1ery and >pigh and is related to the Tamari order on planar binary trees; see
[5].
(4) We denote by (f#)rer the dual basis of the basis of forests for the pairing
(—,—). In other terms, for all F € F, fr is defined by (fr, G) = dr ¢, for all
forest G € F. The family (f;):cr is a basis of the space Prim(H) of primitive

elements of H.
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2 The Operads of Forests and Graftings

2.1 A few recalls on non-X-operads

(1)

(2)

We shall work here with non-X-operads [12]. Recall that such an object is
a family P = (P(n)),en of vector spaces, together with a composition for all
n,ki,.... k, eN:

P(n) @ Pk1) ® - - - @ Plky) —> Plky + -+ - + k)
PODI® - ® Pn — polpi,..., pn)

The following associativity condition is satisfied: for all pe P(n), p; €
P(ki1), ..., pn € Plkn), D11, -+ ) Pk, € P,

(po(p1/~-~,pn))O(p1,1l~--rp1,k1/”-rpn,lr*-'/pn,kn)
== po(pl O(pl,lr--'/pl,kl)l-”/pno(pn,ll"-rpn,kn))-

Moreover, there exists a unit element I € P(1), satisfying: for all p € P(n),

poll,...,I)=p,
Iop = p.

An operad is a non-X-operad P with a right action of the symmetric group
S, on P(n) for all n, satisfying a certain compatibility with the composition.
Let P be a non-X-operad. A P-algebra is a vector space A, together with an

action of P:

Pn) @ A®" — A
PR®a1®---®a, — plai,...,an),

satisfying the following compatibility: for all p e P(n), p € Pk1), ..., pn €
P(k,), foralla;1,...,ank, € 4,

(po (pll'-'rpn))~(al,lr'-'ral,klr-~'lan,l ~~-ran,kn)

=ppaiy,....a1x) - Pnl@ni, -0 Gnk,))-

Moreover, I.a = a for all a € A.

In particular, if V is a vector space, the free P-algebra generated by V is

Fo(V) = P Pin) @ Vo,

neN
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with the action of P given by

PP ®a11®...0a1%) .. (P @A @ ... aAnk,))
=(polp,...PANR®AII®..QAKL®...Q0x1 V... 0 aAnk,-

Let T} be the set of planar binary trees:

For all n € N, Ty(n) is the vector space generated by the elements of Tj, with

n leaves:

Ty(0) = (0),
Tp(1) = Vect(1),
T,(2) = Vect(Y),

VoV
Tp(3) = Vect Y,Y p

ARV RV,
Tp(4) = Vect Y,Y,Y,Y,\LH/.

The family of vector spaces T} is given a structure of non-X-operad by graft-
ings on the leaves. More precisely, if ¢,t;,...,t, € Ty, t with n leaves, then
tol(ty,...,ty) is the binary tree obtained by grafting ¢, on the first leaf of ¢, ¢,
on the second leaf of t, and so on (note that the leaves of t are ordered from
left to right). The unit is I.

It is known that Tj, is the free non-X-operad generated by Y e Ty(2).
Similarly, given elements m,, ..., mg in P(2), it is possible to describe the free
non-X-operad P generated by these elements in terms of planar binary trees

whose internal vertices are decorated by my, ..., mx.
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2.2 Presentations of the operads of forests

Definition 1.

(1) P is the non-X-operad generated by m and \ e P\ (2), with relations:

mo (\,I) =\  oll, m),

mo(m,I) =mo(I,m),

Nolm, I) = N\ oI, \).

(2) P is the non-X-operad generated by m and e P »(2), with relations:

mO(/,I): /O(Irm)/

mo(m,I) =mo (I, m),

J ol 2,1) = 7 oll, A).

Remark. We shall prove in [3] that these quadratic operads are Koszul.

2.3 Grafting on the root

Let F,G € F—{1}. Weput G =t;...t, and t; = BT(G1). We define
FN\.G=B"FG)t,...t,.

In other terms, F is grafted on the root of the first tree of G, on the left. In particular,
F \,. = B*(F).

Examples.
N ==t [N = Voo = Y
.:\::i:\::h NADo= VN Yy
z.\:=I\P :\:.:Iv'. N1 = V. :.\..:Iv'.
Vit Yhavel v v v Y.
o it Ut v | il
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Obviously, N\, can be inductively defined in the following way: for F,G,H € F —
{1},

FN\ . — B*(F),
F\. (GH) =(F\ GH

F \, B*(G) = B*(FG).

We denote by M the augmentation ideal of H, that is to say, the vector space
generated by the elements of F — {1}. We extend \: M ® M — M by linearity.

Proposition 2. Forall x,y,z € M:

x\ (y2) = (x \{ Yz, (1)
x\(y\ 2 = (xp) \| z (2)

Proof. We can restrict ourselves to x, y,z € F — {1}. Then (1) is immediate. In order to

prove (2), we put z = B*(z1)z,, 21,22 € F. Then

x\ (¥ \\ 2) = x \| (BT(yz1)z2) = BT (xyz1)z2 = (xp) \( (BT (21)z2) = (xp) \{ 2,

which proves (2). |

Corollary 3. M is given a graded P\ -algebra structure by its products m and by \.

Proof. Immediate, by Proposition 2. |

2.4 Grafting on the left leaf

Let F, G € F. Suppose that G # 1. Then F 7 G is the planar forest obtained by grafting F
on the leave of G, which is at most on the left. For G = 1, we put F /1 = F. In particular,
F /.= B*(F).
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Examples.

SO R U B PO S S (VR DU v IOUR B

!
.:/::Y:,ﬁ::EIN/.I=V:.:/nz‘&

L o :
:./::Y:/ﬂ.zi.“/:.zY.z./uth

’¢/1=¥ :/‘/:iﬂ./&fzxf V,m.:Y.

JP N SR B NI A U

In an obvious way, ' can be inductively defined in the following way: for F, G,
H€eF,

F /1 =F,
F /(GH) =(F / GHIifG #1,
F / B*(G) = BY(F / G).

We extend 1 H ® H —> H by linearity.

Proposition 4.

(1) Forallx,zeH, ye M:

x / (yz) = (x /' yz. (3)

(2) Forallx,y,ze H:

x/ly/ 29=&/9/z

So (H, /) is an associative algebra, with unitary element 1.

Proof. Note that (3) is immediate for x, y, z € F, with y # 1. This implies the first point.

In order to prove the second point, we consider:

Z={zeH/Vx,yeH, x /"y 2=(x/y / z}.

Let us first prove that 1 € Z: forall x, y € H,

x ly/ " U=x/"y=kx,/9 /1.
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Let z,,2z, € Z. Let us show that z;z, € Z. By linearity, we can separate the proof into two

cases:

(1) 2z = 1. Then it is obvious.
(2) elz1) =0. Let x, y € H. By the first point,

x /'y /(z122) = x /7 (y / 71)z2))
=(x 7 (y /" z1)z2
=(x "y / z1)z,
=(x /9 / (2122).

So Z is a subalgebra of H. Let us show that it is stable by B*. Let z € Z, x, y € H. Then

x/y/B"@)=x /By /2
=Bt(x /' (y / 2)
=B'(x /"y /2
=(x /7y / B (2.

So Z is a subalgebra of H, stable by B*. Hence, Z = H. [ |

Remarks.

(1) Equation (3) is equivalent to: for any x, y, z € H,

x S (yz)—elyx /z=(x / yz— ely)xz.

(2) Let F € F —{1}. There exists a unique family (. Fy,...,.F,) of elements of F
such that

F=(F) /... "(.F).

V.
For example, V1!.=(..) 7(..) 7 (.1.). As a consequence, (H, /) is freely

generated by .F as an associative algebra.
Corollary 5. M is given a graded PP .-algebra structure by its product m and by .

Proof. Immediate, by Proposition 4. |
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2.5 Dimensions of P\ and P

We now compute the dimensions of P\ (n) and P »(n) for all n and deduce that M is the

free P\ - and PP ~-algebra generated by ..

Notation. We denote by r, the number of planar rooted forests and we put R(X) =
o X", Tt is well known [4, 15] that R(X) = 1=2X41=4X The coefficients ry, are the

Catalan numbers; see sequence A000108 of [13].

Proposition 6. For A {\., /'} and all n € N*, in the Pi—algebra M:
Pi(n).(. ,...,+) = Vect(planar forests of weight n).

As a consequence, M is generated as a P, -algebra by ..

Proof. C.Immediate, as M is a graded ]P’_i—algebra.

D. Induction on n. Forn =1, I.(.) = .. For n > 2, two cases are possible.

(1) F = F,F,, weight(F;) = n; < n. By the induction hypothesis, there exists
D1 D2 e]P’_?), such that F; =p.(.,...,.) and F, = po.(.,...,.). Then (mo
(p1,p)).(e,...,.) =m.(F, Fy) = F| F,.

(2) F € T.Letusput F = B*(G). Then there exists p € IP’_7), such that p.(.,...,.) =
G. Then

Nolp,I)le,...,. ) =G\ . =F,
(/’O(p/I))'('r-«~/-)=G/'-=F.

Hence, in both cases, F € IP’_%(n).(. sy o) [ |
Corollary 7. For all A \../}, n e N*, dim(P - (n)) > ry.

Proof. Because we proved the surjectivity of the following application:

. P. (n) — Vect(planar forests of weight n)
Vo o -
P —> Doy, e) -

—

Lemma 8. For all A e {\.,/},n e N, dim(P, (n)) <r,.

?
—

Proof. We prove it for S =/ Let us fix n € N*. Then P «(n) is linearly generated by

planar binary trees whose internal vertices are decorated by m and . The following
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relations hold:

RO AN

In the sequel of the proof, we shall say that such a tree is admissible if it satisfies the

following conditions:

(1) For each internal vertex s decorated by m, the left child of s is a leaf.
(2) For each internal vertex s decorated by 7, the left child of s is a leaf or is

decorated by m.

For example, here are the admissible trees with one, two, or three leaves:

O YNNINT N

The preceding relations imply that IP »(n) is linearly generated by admissible trees
with n leaves. So dim(P »(n)) is smaller than a,, the number of admissible trees with n
leaves. For n > 2, we denote by b, the number of admissible trees with n leaves whose
root is decorated by m, and by ¢, the number of admissible trees with n leaves whose

root is decorated by . We also put b; = 1 and ¢; = 0. Finally, we define:

AX) =) anXx", B(X) =) b.X", ClX) =) cX".
n>1 n>1 n>1
Immediately, A(X) = B(X) 4+ C(X). Every admissible tree with n > 2 leaves whose
root is decorated by m is of the form mo (I,t), where t is an admissible tree with
n — 1 leaves. Hence, B(X) = X A(X) + X. Moreover, every admissible tree with n > 2 leaves
whose root is decorated by  is of the form  o(t;, t;), where t; is an admissible tree
with k leaves whose eventual root is decorated by m and t; an admissible tree withn — k
leaves (1 <k <n —1). Hence, for all n > 2, ¢, = ZZ;II bra,_r, so C(X) = B(X)A(X). As a

conclusion,

A(X) = B(X) + C(X),
B(X) = XA(X) + X,
C(X) = B(X)A(X).

So, AX) = XAX) + X + B(X)AX) = XAX) + X + XA(X)? + XA(X), and

XAX?+2X-1AX)+X=0.
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Asa;, = 1:
1-2X-—-41-4X
AX) = = R(X).
2X
So, for all n > 1, dim(P ~(n)) < a, = ry,. The proof is similar for P\ . [ ]

As immediate consequences:

Theorem 9. For —7> e {\, .}, neN* dim(IP’i(n)) = r,. Moreover, the following applica-

tion is bijective:

P, (n) — Vect(planar forests of weight n) € M
ev. . -
- p —> ple,..., ).

Corollary 10.

(1) (M, m, N\ is the free P\ -algebra generated by ..
(2) (M, m, ) is the free P »-algebra generated by ..

2.6 A combinatorial description of the composition

Let - ¢ {\., /'}. We identify P and the vector space of nonempty planar forests via
Theorem 9. In other terms, we identify F € F(n) and ev,'(F) € P (n).

Notations.
(1) In order to distinguish the compositions in P\, and P », we now denote:

(@) F»(F,,...,F,)the composition of P,
(b) Fg¢' (Fi,...,Fy) the composition of P ».

(2) In order to distinguish the action of the operads P\ and P » on M, we now

denote:

(@) Fw (x,...,x,) the action of P\ on M,
(b) Fo (x,...,X,) the action of P » on M.

Our aim in this paragraph is to describe the compositions of P\ and P » in terms

of forests. We shall prove the following result:
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Theorem 11.

(1) The composition of P\  in the basis of planar forests can be inductively

defined in this way:

-bN(H) = Hl
B+(F)}SN (le- . -/Hn+1) = (F}& (Hll~- . an)) \ Hn+1r
FG (Hy,..., Hyin) = F>(Hi, ..., Hy)G> (Hns1, ... Hyyony).

(2) The composition of P~ in the basis of planar forests can be inductively

defined in this way:

. (H) —m
B+(F),@z (le'~-lHn+l) = (Fﬂ (H],.. H, ))/Hn+lr
.F’G}Z?Y (Hl,...,Hnl+n2) :.F,/(Z?r (Hl,.. 1;1711)(;/(2?r n1+1,...,Hnl+n2).

Examples. Let Fy, F,, F3 € F — {1}

o (F1,F3) = F N (F1, Fp) = Fi1 Fy
L7 (Fy, 2)=F1/'F2 In (F1, Fp) = F1 \\ F»
.. 7 (F1, Fy, F3) = FyFyFs <. (Fy, Fy, F3) = F,F,Fs
.1 & (Fy, F3, F3) = F1(F, /' F3) < IS (Fy, F2, F3) = F1(Fy ™\ F3)
1. (F1, Fy, F3) = (Fy /' Fy)F3 low (Fy, Fy, F3) = (Fy \ Fy)F3
V & (Fy, Fy, F3) = (F1F,) /' F3 V5 (Fi, Fy, F3) = (F1F5) \\ F3
o (R Fo Fo) = (R 2 F) / Fa | DB By, Fo) = (R N\ FD) \ T

Proposition 12. Let Le NG )
(1) . is the unit element of Pi‘
(2) .« =min IP’L(Z). Consequently, in IP’_?>, ..0o(F,G)=FGforall F,G € F —{1}.
(3) Let F,G€F.In ]P_?), I = —7> Consequently, Ié (F,G) = F—?>G for all F,G €
F—{1}.

Proof.

(1) Indeed, ev_7)(.) . (I). Hence, . = I.

|
|
@
CZ
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(2) By definition, evg(..) =..= evi(m). So ..=min }P’g(Z). Moreover, for all
F,GeF—{1}:
ev_7)(FG)=FG
=m+?> (F, G)
? 2 2
=me (Fe(.,...,.),Go(.,...,.)

_ (mé (F,G))~?>(.,...,.)

= evi(mé (F, G)).

SO FG =m< (F,G) = ..o (F,G).

(3) Indeed, ev_y)(I = —7> =ev (—?>). So!l = 2 in ]P)_?) (2). Moreover,

ev, (F>G) = F5G
— L e (F,G)
= e (Fe (..., Go (...,
= (55 (F,G).(,...,.)

= ev, (5= (F,G)).
? ? 9 ?
S0, F5>G=—--+-(F,G)="!-= (F,G).

Proposition 13.

(1) Let F,G €F, different from 1, of respective weights n; and n,. Let
Hyy,...,Hin and Hyy, ..., Hyn, € F—{1}. Let > € {\, /}. Then, in P :

? ? ?
(FG)‘@) (Hl,lr e IHl,nlle,ll oo rH2,n2) =Feo (Hl,lr oo rHl,nl)G‘e> (H2,1, v IH2,n2)'
(2) Let F € F, of weightn >1.Let Hy,...,Hyy; € F. In IP’_7):

? ? ?
B+(F)-6> (H1, ce ,Hn+1) =(Fe (Hl, .. -,Hn))—>Hn+1~

Proof.

(1) Indeed, in IP’_q):

?
(FG)-@) (Hl,l/ ceer Hl,m ’ HZ,]! ey HZ,nZ)
? ?
= (m@ (F, G))-e) (H]yl, ey Hl,nll HZ,I/ ey HZ,nz)
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? ? ?

=m-s (F-@) (Hl,lr ey Hl.nl)' Go (Hz,l, ey HZ,nz))
? ?

=F-e (Hi,,..., Hin)Go (Hyj, ..., Hop,)).

BY(F)& (Hy, ..., Hys1) = (F5>.) (Hy, ..., Hyy1)
= (1o (F,.) (Hy,..., Hyy)
15 (F (Hy, ..., Hy), .o (Hpi1))

? ?
!e (Fe (Hy,..., H,), Hy 1)

(F (Hy,. .., Hy)—> Hyyy. -

Combining Propositions 12 and 13, we obtain Theorem 11.

3 Applications to the Infinitesimal Hopf Algebra H
3.1 Antipode of H

Here we give a description of the antipode of  in terms of the action w, of the operad P._.

Notations. For all n € N*, we denote l,, = (B")"(1) € F(n). For example,

11:.,12::,13:&14:1 s = 1

Lemma 14. Lett € T. There exists a unique k € N*, and a unique family (¢, ..., t;) € T*!
such that

t=Ilw (o, tn, ..., t).

Proof. Induction on the weight n of t. If n =1, then t = ., so k =1 and the family is
empty. We suppose the result true at all rank < n. We put t = B™(s; ...s;,). Necessarily,
ty =Bt(sy...sp) and I,,_yw (., to,..., tx—1) = S1. We conclude with the induction hypothe-

sis on s;. |
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Example.

V=L 11, V)

Definition 15. For alln € N*, we put p, = Y p_; Y a+-ta=n(—1)Fl,, .. .Iq,.

Vi, a;>0
Examples.
plz'/
Dp=-1+..,
De=—t4l.4.1 ...,
p4=_1 IR SN I N SR S S

Remark that p, is in fact the antipode of [, in H. It is also the antipode of [,, in the

noncommutative Connes—Kreimer Hopf algebra of planar trees [4].

Corollary 16. Lett € T, written under the form t = Iy (t,...,tx), with t; = .. Then

S(t) = pew (ty, ..., tg).

Proof. Corollary of Proposition 15 of [5], observing that left cuts are cuts on edges from

the root of t; to the root of t;,; in ¢, fori=1,...,n — 1. [ |

3.2 Inverse of the application y

Proposition 17. The restriction y : Prim(H) — H is bijective.

Proof. By Proposition 21 of [5]:

) Prim(H) — H

Y|Prim(H) *
fB*(F) (F (S F) —> fF

So this restriction is clearly bijective. |

We shall denote V|§rlim(7-n :'H — Prim(H) the inverse of this restriction. Then, for

all F €F, ylgrlim(m(fp) = fp+F). Our aim is to express V|§rlim(H) in the basis of forests.
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We define inductively a sequence (gn)nen+ 0f elements of P\ :

q  =.eP (1),
q2 =..—1 EP\(Z),
Gn+1 = (e — 1) (gn,.) e P\ (n+ 1) forn > 1.

Forall FeF, ..5(F,.)=F. and ! % (F,.)=B*(F). So, g, can also be defined in the

following way:

ql =. € ]P)\(l)r
Gn+1 = Gn- — BT(q) € P\ (n + 1) forn > 1.

Examples.
Q3=...—I.— .V.—|—},
Ga=eeee—tee—V.+1.- TV 4+ V 4 Y _1,

G5 = enees —I...—'\/..—l—f..—'\I('.—l—IV'.—i—.Y..—%.

= 4+ I\V+.\</'— vV o+ Y IY —.\{.4- [

Lemma 18. Let F € F—{1},and t € T. Then, in H:

AFNt)=F\ t)Q1+1Q(F\ t)+ FQF' ' \(t+Ft'®t' + F®t.

Proof. The nonempty and nontotal left-admissible cuts of the tree F \( t are

— The cut on the edges relating F to t. For this cut ¢, P°(F \( t) = F and R%(F \(t) =t.

— Cuts acting only on edges of F or on edges relating F to t, at the exception of the
preceding case. For such a cut, there exists a unique nonempty, nontotal left-admissible
cut ¢ of F, such that P¢(F \  t) = P°(F) and RS(F \(t) = R°(F) \( t.

— Cuts acting on edges of t. Then necessarily F € P¢(F \ t). For such a cut, there exists
a unique nonempty, nontotal left-admissible cut ¢ of t, such that P¢(F \  t) = FP°(t)
and RE(F \ t) = R°(t).

Summing these cuts, we obtain the announced compatibility. |
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Proposition 19. Let F =t;...t, € F. Then

y|;;1m(H)(F) = Qn+1\°& (- PR AP tn)

Proof. First step. Let us show the following property: for all x € Prim(H), t € T, g2 (x, 1)

is primitive. By Lemma 18, using the linearity in F:

AN =\ )R1+1Qx\t)+xt+xt' @t”",
Axt)=xtQ1+1xt+xt+xt' @t".

Hence,
Algae (x,t)) = Alxt —x\(t)=(xt —x\(t)R1+1Q (xt —x\ 1)

Second step. Let us show that for all x € Prim(H), t1,...,tn € T, qnii1o (X, t1,..., 1) €
Prim(H) by induction on n. This is obvious for n = 0, as g; » (x) = x. Suppose the result

at rank n — 1. Then

qTL-H\.M (X, tll ey tn) = (CIsz (Qn/ I))\.N (Xr tl! ey tn)
= qz\.ﬂ (Qn\‘x (X/ tll NG tn—l)l tn) € Prim(H)

€Prim(H)

by the first step. As the tree . is primitive, we deduce that, for all forest F =¢;...t, € F,
anrl\.& (‘ ’ tll ceey tn) [S Prlm(H)

Third step. Let us show that for all x, y € M, y(g2w (x, y)) = y(x)y. We can limit ourselves
to x,y € F—{1}. Then gxw (x, y) = xy — x \ y. Moreover, by definition of \, x\  y is a
forest whose first tree is not equal to .. Hence, y(g2w (x, y)) = y(xy) — 0 = y(x)y.

Last step. Let us show by induction on n that y(gu 1w («,t1, ..., tn) =t ... th. Asqr e () =
., this is obvious if n = 0. Let us suppose the result true at all rank n — 1. By the third

step:

V(@ni1 e (o, b1, ..o t0) = Y(gae (Grw (o, t1, ... tho1), t0))
= y(qn\‘x (' ’ tlr ey tn—l))tn
=1t...t,.

Consequently, x=qui19 (., t1,...,t,) € Prim(H), and satisfies y(x) =¢;...t,, which
proves Proposition 19. |
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Examples. Let ¢, t;,t3 € T.

Viosmao ) = 11—« Nt
Viosimero (t1t2) = «titz — (« N t1)tz — (81) otz 4 (« N\ t1) \ B2,
Viesimeo t1t2ts) = ctitats — (o N\ t1)tats — (c81) N\ tats + (« N\ t1) \\ tats — (- t1t2) \ ts
Nt E) Nt (1) N t2) Nt — (0N E1) N ) N\ T

3.3 Elements of the dual basis

Lemma 20. Forall x,yeH, Alx /=x /"y ey? +xVex? 7y x®y In other
terms, (H, 7, A) is an infinitesimal Hopf algebra.

Proof. We restrictto x=F € F — {1}, y= G € F — {1}. The nonempty and nontotal left-
admissible cuts of the tree F ' G are

— The cut on the edges relating F to G. For this cut ¢, PS(F / G) = F and R°(F / G) = G.

— Cuts acting only on edges of F or on edges relating F to G, at the exception of the
preceding case. For such a cut, there exists a unique nonempty, nontotal left-admissible
cut ¢ of F, such that PS(F ~ G) = P°(F) and R%F / G) = R°(F) /' G.

— Cuts acting on edges of G. Then necessarily F C P°(F ' G). For such a cut, there exists a
unique nonempty, nontotal left-admissible cut ¢ of t, such that PS(F  G) = F / P¢(G)
and R°(F / G) = R%(G).

Summing these cuts, we obtain, denoting A(F) = F® 1+ 1 F+ F' @ F'and A(G) = G ®
1+41G+G ®G”:

AlF /G =(F /G®1+1Q(F /G)+F®G+F QF' /G+F /GG’
=(F®1) /AG)+A(F) /(1®G) - F®G.

So (H, /, A) is an infinitesimal bialgebra. As it is graded and connected, it has an

antipode. |
Proposition 21. LetF =t;...t,€F.Then fr=f;, /... / fi,.

Proof. First step. We show the following result: for all F € ¥, t €T, fr / fi = fir. We
proceed by induction on the weight n of F. If n = 0, then F = 1 and the result is obvious.

We now suppose that the result is true at all rank < n. Let be G € F, and let us prove that
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(fr /' fi, G) =68:r . Three cases are possible.

(1) G=1.Then(fr / f:.G)=(fr /' fi, 1) =elfr /" i) =0=3tr-
(2) G = G1Gy, G; # 1. Then, by Lemma 20:

(fr /" f1.G) = (Alfr /" f1),G2® G1)
Y (fe® fr /' fiiG2®G)

F1F,=F

Hfr /@1l +fr /1@ f1,G2®G1) — (fF ® ft,G2® G1)
= Z (fmefr /1 fiG2®G1)+(1® fr / fi.G2® Gy)

F,Fy=F,
weight(F;)<n

+(ff / fi®1,G2®G1)+ (fr® fi,G2® Gy)
—(fr® ft,G2® G1)
Z (fr, ® fir,, G2 ® G1)

F\F,=F,
weight(F;)<n

E 8F2,G28tF1,G1

FF,=F,
weight(F;)<n

dtr.G-

(3) G = B*(G,). Note that fr 7 f; is a linear span of forests H; / H,, with Hj,
H, # 1. By definition of 7, the first tree of such a forest is not .. Hence,

y(fr / fi)=0and
(fr® fi,G)=(y(fr® f),G1) =0 =6trc,
as tF ¢ T because F # 1.

Second step. We now prove Proposition 21 by induction on n. It is obvious for n = 1.

Suppose the result true at all rank n — 1. By the first step:

ﬁl...tnz.ﬂz...tn/'ﬁlz(ﬁn/"'/ﬁz)/ﬁ1zﬁn/"'/ﬁz/ﬁu

using the induction hypothesis for the second equality. |

Remarks.

(1) As an immediate corollary, because  is associative, for all forests

Fll"'leeFlfFl...Fk:ka/"'/fFl‘

(2) In terms of operads, Proposition 21 can be rewritten in the following way:

Corollary 22, Let F], ey Fn € F. Then fFlan = lnﬁz (an, ey fFl)
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Remark. Hence, the dual basis (fF)rer can be inductively computed, using Proposition

21 of [5], together with Propositions 19 and 21 of the present text:

h =1,
ﬁl---tn = ﬁn S S ﬁl'

-1
fB‘*’(tl...tn) = V\Prim('}-{)(ﬁl---tn)'

For example,

fi=1 fo=
f ! fI:_I+'
fi.. i f.I——E-}-.\/.
fr. =141 fy=-VY+.1
fi=f—: I f.. _|
f.z=—§+“ f.:.=—%+V
VoL 1 . .1,
f."=— + VY fiz—V—V—l—\T(
fI,:_i‘FI fzzzi—\{—}.-i-v
£y __bYin fizi—I.—::Jr:..
.l d0 .,
f..——v+f f SRR VAN S I
V .VI
fp=Y-V.- SR I VS
Y Y

4 Primitive Suboperads
4.1 Compatibilities between products and coproducts

We define another coproduct A » on H in the following way: for all x, y, z € H,

(A/'(X)r Y®Z) = <X,Z/ Y)

Lemma 23. For all forests F € F, A A(F) = > 5, rer F1 @ Fs.
F,Fy,=F
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Proof. Let F,G,H € F. Then

(A AF), fc ® fu) =(F, fu / fo)
= (F, fou)
=0r,GH

= Y (F1®F, fz® fu)

Fy,F,cF
FiF,=F

As (fr)rer is a basis of H and (—, —) is nondegenerate, this proves the result.

Remark. As a consequence, the elements of T are primitive for this coproduct.

25

We now have defined three products, namely, m, , and Y\, and two coproducts,

namely, A and A -, on M, obtained from A and A » by subtracting their primitive parts.

The following properties sum up the different compatibilities.

Proposition 24. For all x,y € M:

Alxp) = x®@ DAY+ A1 Y +x ¥,
Ax/ P=x®1) /AP+AX /(1Y +xQy,
A xp) = x@VDAAPN+A (D1 RPN+x®Y,
Ax /p=x®1) /7 Ap,
A xN\ P =xe1)\ Ap.

(5)
(6)
(7)
(8)

Proof. The compatibility between / or \( and A - remains to be considered. Let F, G €
F —{1}. We put G =t; ...t,, where the t;s are trees. Then F / G =(F / t;)t,...t,, and

F /'ty is a tree. Hence

n—1
AANF /G =Y (F /ti)ta.. t;®tisy ...t
i=1

n—1
=Y F /(trty...t) @ tit1...1n
i=1

—(F®1) /A AG).

The proof is similar for F N\ G. So all these compatibilities are satisfied.
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Remark. There is no similar compatibility between A and \. In particular, Lemma 19

isnot true if t € F\ T.

This justifies the following definitions:

Definition 25.

(1) AP .-bialgebra of type 1 is a family (4, m, 7, A), such that
(a) (A,m, /) isaP .-algebra.
(b) (A4, A)is a coassociative, noncounitary coalgebra.
(c) Compatibilities (4) and (5) are satisfied.
(2) AP .-bialgebra of type 2 is a family (4, m, 7, A/), such that
(a) (A,m, /) isaP .-algebra.
(b) (4, A/) is a coassociative, noncounitary coalgebra.
(c) Compatibilities (6) and (7) are satisfied.
(3) AP -bialgebra is a family (4, m,\, A »), such that
(a) (A,m,\)is a P\ -algebra.
b) (4, A/) is a coassociative, noncounitary coalgebra.
(c) Compatibilities (6) and (8) are satisfied.

Example. The augmentation ideal M of the infinitesimal Hopf algebra of trees H is
both a P ~-infinitesimal bialgebra of type 1 and 2, and also a P\ -infinitesimal bialgebra.

If Ais a bialgebra of such a type, we denote by Prim(A4) the kernel of the coproduct.
We deduce the definition of the following suboperads:
Definition 26. Let n € N. We put:

For all A, P »-infinitesimal bialgebra of type 1,
IP’RHM(})(n) ={pePin)/ and for a;,...,a, € Prim(4), ,
pai,..., ay) € Prim(A).

For all A, P »-infinitesimal bialgebra of type 2,
PRHM(?(H) ={pePn)/ and for ay,...,a, € Prim .(4), ,

p.lai,...,ay) € Prim ~(A).

For all A, P\ -infinitesimal bialgebra,
PRIM\ (n) = { pe P (n) / and for ay,...,a, € Prim -(4),

p.lai,...,ay) € Prim ~(A).
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We identify P ~(n) and P\ (n) with the homogeneous component of weight n of M.
We put Prim(M) = Ker(A) and Prim »(M) = Ker(A ). We obtain:

Proposition 27.

(1) ForallneN:
PRIM"(n) = {pe P +(n)/ ps (.,...,.) € Prim(M)} = P ~(n) N Prim(M).
(2) ForallneN:
PRIM?% (n) = {pe P -(n)/ ps (.,...,.) € Prim (M)} = P »(n) N Prim (M)
(3) ForallneN:

PRIM\ (n) = {pe P\ (n) / p& (-,...,.) € Prim (M)} = P\ (n) N Prim ~(M).

Proof. As M is a P --infinitesimal bialgebra, by definition,
]P’RHM(})(n) c{peP,n)/psl.,...,.) € PrimM)}.

Moreover, {p€ P (n)/ ps”(.,...,.) € Prim(M)} = P (n) N Prim(M), as, for all p € P »(n),
py(e,...,.)=pe M.

We now show that {p e P »(n) / ps” (.,...,.) € Prim(M)} < ]P’R]IM(})(n). We take p €
P »(n), such that ps'(.,...,.) € Prim(M). Let D ={1,...,n} and let A be the free P .-
algebra generated by D (with a unit). It can be described as the associative algebra H?”
generated by the set of planar rooted trees decorated by D, and can be given a structure
of P ~-infinitesimal bialgebra. As M is freely generated by . as a [P »-algebra, there exists

a unique morphism of P --algebras from M to MP, augmentation ideal of H?:

— et

s::/\/l—>J\/lD

As . € Prim(M) and ., +--- 4., € Prim(A), £ is a P »-infinitesimal bialgebra morphism
from M to MP. So, &(ps (.,...,.)) € Prim(A).

Let F € A be a forest, and s; >p; ... >p; Sk its vertices. For all i € {1,...,k}, we
put d; the decoration of s;. The decoration word associated to F is the word d; ...d,. It
belongs to M(D), the free monoid generated by the elements of D. For all w € M(D), Let
A, be the subspace of A generated by forests whose decoration word is w. This defines

a M(D)-gradation of A, as a P ~-infinitesimal bialgebra of type 1.
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Consider the projection

.....

..... 2 O e e i kT ))
=po (c1seonyen)

:7‘[1

So pe (e1,...,+n) € Prim(A).
Let B be a P »-infinitesimal bialgebra and let a4, ..., a, € Prim(B). As MP? is freely

generated by the .; s, there exists a unique morphism of P .-algebras:

A — B
X .
i —> Q.

As the .; and the a;s are primitive, x is a P-infinitesimal bialgebra morphism. So
E(PO (er,.ren)) = pAEGL), ..., (L) = play, ..., an) € x(prim(MP)) € Prim(A).

Hence, p e IPRHM(/I)(n). The proof is similar for PRHM(? and PRIML. |

1
4.2 Suboperad PRIM’,

Lemma 28. We define inductively the following elements of P -

ql — .y
Gni1 = (o — 1) (Qn,+) = qn. — Bt(qy), forn > 1.

Then, for all n > 1, g, belongs to IP’R]IM(}). Moreover, for all x;, ..., %, € Prim(M):

)/(Qn,.?v (x1,....%)) = )/(Xl)Xz . Xy

Remark. These g,s are the same as the g,s defined in Section 3.2.

Proof. Letusremarkthat f{ =.. — ! € Prim(M). By Proposition27,.. — I € PRHM(})(Z).
As }P’RHM(}) is a suboperad of P -, it follows that all the g,s belong to IP’R]IM(/”(n).

Let x1,...,X%, € Prim(M). Let us show that y(g, s (x1,...,%)) = y(x)x ... %, by
induction on n. If n =1, this is immediate. For n =2, g ¢ (x1X%) =x1%0 — X1 /" X.

Moreover, x; /' X, is a linear span of forests whose first tree is not .. So
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v (g (x1,X%2)) = y(x1x2) — 0 = y(x1)x2.

Suppose now that the result is true at rank n — 1. Then

Qn/‘z (Xlr e an) = QZ/'Z (Qn—l/‘?' (Xlr e anfl)an)l
€Prim(M)
V(qni' (Xl' e ’Xn)) = V(QZ/‘Z (Qn—l,ﬂ (Xll LI an—l)an))

= V(Qn—l,'z (Xlr o /Xn—l))Xn

=yx)x ... x.

So the result holds for all n > 1. [ |
Theorem 29. The non-X-operad IP]R]IM(}) is freely generated by I —...

Proof. Letus first show that the family (g,)»>1 generates IP]R]IM(}). Let P be the suboperad
of PRHM(}) generated by the g,s. Let us prove by induction on k that IP’R]IM(})(k) = P(k).
Ifk=1,P1)= ]P’R]IM(/I,)(l) = K.. Suppose the result at all ranks < k — 1. By the rigidity
theorem for infinitesimal bialgebra of [11], a basis of H is (f;, ... fi,)t,..t,cr, SO @ basis of
Prim(M) is

-1
(VPrim(H)(ftl s ﬁn))tl...tneF :

So, a basis of ]P’RHM(/I,)(’C) is ()/P_rilm(m(ﬁ1 o fe)) t1..tn€F . By Lemma 28,
weight(t;...tp)=k—1

Vorimo o -« for) = Gnin s () forr o fon).

By the induction hypothesis, the f; s belong to P. So

yP:"ilm(’)—[)(ﬁl cee ﬁn) =qn o (o, ﬁl’ s -ﬂn) € P(n).

So PRHM‘}’ =P.

Moreover, if we denote by P’ the suboperad of ]P’RHM(})

generated by g, then,
immediately, P’ C P. Finally, by induction on n, g, € P’(n) for all n > 1 and P C . So

P=P= IP’RHM(}) is generated by g,.
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Let P, be the non-X-operad freely generated by g,. There is a non-X-operad

epimorphism:

. {qu — PRIMYY

Q@ — Q.

The dimension of Py, (n) is the number of planar binary rooted trees with n leaves, that

is to say the Catalan number ¢, = (‘jf;)!z)ll!. On the other side, the dimension of PRHM(})(n)

is the number of planar rooted trees with n vertices, that is to say c¢,. So ¥ is an

isomorphism. n
In other terms, in the language of [10]:

Theorem 30. The triple of operads (Ass, ]P’E, FREE,), where ]P)E is the symmetrization of
P » and FREE,, is the free operad generated by an element in FREE,(2), is a good triple

of operads.

Remark. Note that if A is a P .-bialgebra of type 1, then (A, m,A) is a nonunitary
infinitesimal bialgebra. Hence, if (K & A, m, A) has an antipode S, then —Sis an eulerian

idempotent for A.

4.3 Another basis of Prim(H)

Recall that T} is freely generated (as a non-X-operad) by Y. In particular, if t;,t, € Ty,

we denote:
t1 Vi, = Y o (t1, ta).

Every element t € T, — {1} can be uniquely written as t = t! v t".

There exists a morphism of operads:

Tb—)]P/v
Y — .. 1.

By Theorem 29, © is injective and its image is IP’RHM(}). So, we obtain a basis of ]P’R]IM(},’
indexed by T, given by p; = ©(t). It is also a basis of Prim(M), which can be inductively
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computed by
p‘ —
Dyvt, = (°' - I)}] (ptuptz) = Dy Dt, — Dty /y Dt
Examples.

D =.

p =..-1

Y
p, = -1 —'\('+I

Y
p, ==l 1.4}

Y
B =eeee—lo= V.4l -V 4+ V41—
%

Y
Py =....—.I.—I..+f.—'\V+Iv'+'vl—§
v

Y
Py =eeee—le— V4T 40+ V=
v

Y
b V:....—..:—.:.—..z+.f+:z+$.—i
Vv

Y
b e te 4t Voihoa ¥
-

4.4 From the basis ( f;).r to the basis ( psr,

We define inductively the application « : T, — T in the following way:

Tb — T
K | —>

s

t1 Vi — K(tz) \ K(tl).
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Examples.
Y — 1 \<( — Y YV — } \JT)/—> IV
\Y \ Y
\% R ! \% Vv 1
Y — ¥ Y — V¥ Y — Y Y —

It is easy to show that « is bijective, with inverse given by

T — Ty
R — 1,

BF(s1...8m) — « YBH(sy...5m) VK ls).
Let us recall the partial order <, defined in [5], on the set F of planar forests,

making it isomorphic to the Tamari poset.

Definition 31. Let F € F.

(1) An admissible transformation on F is a local transformation of F of one of

the following types (the part of F that is not in the frame remains unchanged):

First kind:

Second kind:

(2) Let F and G € F. We shall say that F < G if there exists a finite sequence
Fy, ..., Fy of elements of F such that:
(@) Forallie{O,...,k—1}, Fi; is obtained from F; by an admissible trans-
formation.
(b) Fo=F.
() Fr=G.

The aim of this section is to prove the following result:
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Theorem 32. Lett € Tp. Then p; = > ser fs-

s<kl(t)

Proof. By induction on the number n of leaves of t.If n =1,thent =1 and p =. = f..

Suppose the result at all ranks < n — 1. As p, is primitive, we can put

b = Zasf;~

seT

Write t = t; V t,. By the induction hypothesis,

by, = Z .fS‘] and b, = Z f;z‘

s €T s2€T
s1=«(t1) Sp<K(t2)

Ast=t,Vity, pr=(.— g (p,, D) =D, D, — P, /" Di,.So, forall s € T, as s is primitive
for A/,

as = (P, S)
= (PP, = Pt /" Pt S)
= (P, ® P, Als) — A 4(s))
= (py, ® pr,, Als))

= 3 Y (f® A,

5 €T $eT
s1=<k(t1) s2<k(t2)

So as is the number of left-admissible cuts ¢ of s, such that P¢(s) < «(t;) and R°(s) < «(t1).

Suppose that a; # 0. Then, there exists a left-admissible cut ¢ of s, such that
PC(s) < k(tz) and RC(s) < k(t;). As s is a tree, s < k(ts) \, «(t;) = «(t). Moreover, by consid-
ering the degree of P€(s), this cut c is unique, so a; = 1. Reciprocally, if s < «(t), if c is
the unique left-admissible cut such that weight(P¢(s)) = weight(t,), then P¢(s) < k(t;) and
R¢(s) < k(t1). So as # 0. Hence, (s < «(t)) = (a5 # 0) = (as = 1) = (s < «(t)). This proves
Theorem 32. |

Let p be the Mbius function of the poset F [14, 15]. By the Mbius inversion

formula:

Corollary 33. Letse T.Then fs =}, g ,()<s 1K(t), S)pr.
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Examples.
p =1
= f
pY !
P, =1
Y
b, =f\/°+f}
Y
p\/:f
Vo
Y
pv:f..+f
Yooy
p sz +f
SR
py =f+f,, +]
4 ooy
R =fo.+f +F,+F,,+]
VY V IV .VI i

(2)
4.5 Suboperad PRIM,

For all n € N, we put ¢,;1 = BT(."). In other terms, ¢,,; is the corolla tree with n +1

vertices, or equivalently with n leaves.
Examples. ¢ =., =1, 6=V, a=V, =",

Lemma 34. The set T is a basis of the operad ]P’RHM(?. As an operad, ]P’RHM(? is generated

by the ¢;s, n > 2. Moreover, for all k,l > 2,

G, o, )=qd (o, .., ., C)
——— ———
k — 1 times 1 —1 times

Proof. The operad ]P’R]IM(? is identified with Prim (M) by Proposition 27. So Prim (M)
is equal to Vect(T). Let IP be the suboperad of IP’R]IM(/Z,) generated by the corollas. Let t € T,
of weight n. Let us prove that t € P by inductiononn.If n =1,thent =. e P. If n > 2,
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we can suppose that t = B (t; ...t), with t;,...,tx € P. Then, by Theorem 11:
Ck-‘rl}f(tlr“'ltkl')=(°k}f(tlr‘~'/tk))/'Z(tl-"tk)/’=B+(t1‘~'tk)=t-

So t € P. Hence, P = PRIM%.

Let k,l > 2. Then, by Theorem 11:

ad(Ce,.., )= (g, ) 7
=(g.*% 7.
— B+(C[.k72)
— B+(B+(.l71).k72),

On the other hand,

G e a) =0 ) S
=Y ¢
= (.17 7 BH(FY
=BT (.71 1 .).5?)
= BT(BT(.[71).*2),

So, ¢ (C,e,..., )=q (¢,...,¢,Ch) [ |

Definition 35. The operad T is the non-X-operad generated by the elements ¢, € T(n),

for n > 2, and the following relations: for all k,1 > 2,

colg, I,....,I)=qoll,..., T,c).
— — — —’
k — 1 times [ —1 times
In other terms, a T-algebra A has a family of n-multilinear products [.,...,.]: A®" — A

for all n > 2, with the associativity condition
[[alr CIEIR ral]:alJrll e lal+k] == [all s are1, [alr .. ra'l+k]]-

In particular, [.,.] is associative.

Theorem 36. The operads T and ]P’RHM‘? are isomorphic.
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Proof. By Lemma 34, there is an epimorphism of operads:

T — IPRJIM‘;’

Cn — Cy.

In order to prove this is an isomorphism, it is enough to prove that dim(T(n)) <
dim(PRIM?Z(n)) for all n > 2. By Lemma 34, dim(PRIM®?(n)) is the nth Catalan num-
ber. Because of the defining relations, T(n) is generated as a vector space by elements of
the form g o (I, by, ..., b)), with b; € T(n;), such thatn; +---+ n; = n — 1. Hence, we define

inductively the following subsets of the free non-X-operad generated by the ¢,s, n > 2:

{I}ifn=1,
X(n) =
{ U, Usntsizn @ oI, X(iz), ..., X@)) if n > 2.

Then the images of the elements of X(n) linearly generate T(n), so dim(T(n)) < card(X(n))
for all n. We now put a, = card(X(n)) and prove that a,, is the nth Catalan number. We

denote by A(h) their generating formal series. Then

{al =1,
— n . . 3
An =D 1 Zi2+~~+il=n71 ai ...a;ifn > 2.

In terms of generating series,

A(x)
A(h) —a h = hl——A(X)'
So A(h)> — A(h) + h=0.As Ah) =1,
Alh) = ﬁ,
2
So a, is the nth Catalan number for all n > 1. [ |

In other terms:
Theorem 37. The triple of operads (Ass,IP’E, T%) is a good triple of operads.
Remark. Note that if A is a P .-bialgebra of type 2, then (4, m, A ) is a nonunitary

infinitesimal bialgebra. Hence, if (K @ A, m, A ») has an antipode S, then —S is an

eulerian idempotent for A.
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4.6 Suboperad PRIMS.

Lemma 38. Theset T is a basis of the operad PRIM. . As an operad, PRIM_ is generated
by !.

Proof. Let P be the suboperad of PRIM generated by !. Lett € T, of weight n. Let us
prove that ¢t € P by induction on n. If n =1 or 2, this is obvious. If n > 2, suppose that
t = B™(t; ...tg). By the induction hypothesis, t; and B*(t, ... tx) belong to P. Then

t =1t \{B(ty...t) = I (t1, B (ta...t)).

SoteP. |

Theorem 39. The non-X-operad PRIM. is freely generated by 1.

Proof. Similar as the proof of Theorem 29. |
In other terms:

Theorem 40. The triple of operads (Ass, PZ,[F,), where F, is the free operad generated

by an element in F,(2), is a good triple of operads.

Remark. Note that if A is a P\ -bialgebra, then (4, m, A) is a nonunitary infinitesimal
bialgebra. Hence, if (K & A, m, A) has an antipode S, then —S is an eulerian idempotent
for A.

5 A Rigidity Theorem for P .-Algebras

5.1 Double P -infinitesimal bialgebras

Definition 41. A double P »-infinitesimal bialgebra is a family (A, m, /, A, A ), where
m, /A A— A A,A,: A— A® A, with the following compatibilities:

(1) (A ,m, /) is a (nonunitary) P »-algebra.
(2) Forallxe A

(A®Id)oAlx) =(Id®A)oAl),
(A/@Id)OA/(X)=(Id®A/)OA/(X),
A@Id) oA x) =(Id®A ) oAl.
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In other terms, (4, AP, AC/OP) is a P »-coalgebra.
(3) (A,m, 7, A)isalP ,-bialgebra of type 1.
4) (A,m, A ) isaP .-bialgebra of type 2.

Remark. If (4,m, 7, A, A/) is a graded double P ~-infinitesimal bialgebra, with finite-
dimensional homogeneous components, then its graded dual (A*, A*°P, A”}Op , Mm*CoP, A1%.Cop)

also is.
Theorem 42. (M, m, /', A, A ,) is a double P-infinitesimal bialgebra.

Proof. We already know that (M, m, /) is a P .-algebra. Moreover, (M, AP, AC/OP) is iso-
morphic to (M*, m*, ~*) via the pairing (—, —), so itis a P »-coalgebra. It is already known
that (M, m, A) and (M, 7, A) are infinitesimal bialgebras. As (M, 7, A) is isomorphic to
(MPOP, mOP, A;"p) via the pairing (—, —), it is also an infinitesimal bialgebra. So all the

needed compatibilities are satisfied. |

Remarks.

(1) Via the pairing (—, —), M is isomorphic to its graded dual as a double P .-
infinitesimal bialgebra. As a consequence, as M is the free P --algebra gen-
erated by ., then M“P is also the cofree P »-coalgebra cogenerated by ..

(2) All these results can be easily extended to infinitesimal Hopf algebras of

decorated planar rooted trees; in other terms, to every free P .-algebras.
Lemma 43. In the double-infinitesimal P --algebra M, Ker(A) N Ker(A ») = Vect(.).

Proof. D. Obvious.
C. Let x € Ker(A) N Ker(A »). Then A »(x) =0, so x is a linear span of trees. We

can write:

X = Zatt.

teT

Consider the terms in M ® . of A(x). We get ZteT_[.] a;:B~(t) ® . =0, where B~ (t) is the
forest obtained by deleting the root of t. So, if t # ., then a; = 0. So x € vect(.). |

Remark. Thislemma canbe extended to any free P .-algebra: if V is a vector space, then
the free P »-algebra Fp (V) generated by V is given a structure of double P --infinitesimal
bialgebra by A(v) = A »(v) = 0forall v € V. In this case, Ker(A) N Ker(A ») = V for Fp (V).
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5.2 Connected double P .-infinitesimal bialgebras

Notations. Let A be a double P »-infinitesimal bialgebra. The iterated coproducts will

be denoted in the following way: for all n € N,

An . {A N A®(n+1)

a—aV®...0antD,

>
NS

{A —5 A®Mn+1)

(1) (n+1)
a—>a/®...®a/ .

Definition 44. Let A be a double P .-infinitesimal bialgebra. It will be called con-
nected if, for any a € A, every iterated coproduct A — A®"U vanishes on a for a great

enough n.

Theorem 45. Let A be a connected double P --infinitesimal bialgebra. Then A is iso-
morphic to the free P .-algebra generated by Prim(4) = Ker(A) N Ker(A ») as a double

P »-infinitesimal bialgebra.

Proof. First step. We shall use the results on infinitesimal Hopf algebras of [5]. We show
that A=Prim(A) + A A+ A " A. As (4, 7, A) is a connected nonunitary infinitesimal

bialgebra, it (or more precisely its unitarization) has an antipode S -, defined by

A— A
Sp: 00 i1 (1) (i+1)
a — Y ~o=1*tat A0 ettt
As (4, A) is connected, this makes sense. Moreover, —S » is the projector on Ker(A) in the
direct sum A= Ker(A)® A /' A.
In the same order of ideas, as (4, m, A/) is a connected infinitesimal bialgebra,

we can define its antipode S by

S/,'{A—>A

a — Y2, (-1*al . e,

and —S” is the projector on Ker(A ») in the direct sum A = Ker(A ) @ A.A.

Leta € A, be Ker(A »). Then A s(a / b)=(a® 1)A »(b) =0.So A / Ker(A ) is a
subset of Ker(A »). Moreover, if A -(a) =0, then (Id ® A ») o Ala) = (A® Id) o A »(a) = 0.
So Ala) € A® Ker(A ). As a consequence, if n > 1,

Aa) = (A" ®Id)o Ala) € A°™ ® Ker(A »).
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Hence, foralln € N, A*(Ker(A »)) € A" ® Ker(A »). Finally, we deduce that S »(Ker(A »)) €
Leta € A. Then S”(a) € Ker(A ) and S - o0 S”(a) € Ker(A) N Ker(A ») = Prim(4) by

the preceding point. Moreover,

S (a) = —a + A.A,
S,08"(a)=-S"(a)+ A A
S,08(a=a+AA+A S A

This proves the first step.

Second step. As A is connected, it classically inherits a filtration of P --algebra given
by the kernels of the iterated coproducts. We denote by deg, the associated degree. In
particular, forall x € A, degp(x) < 1if, and only if, x € Prim(A). Let B be the P .-subalgebra
of A generated by Prim(4). Let a € A, let us show that a € B by induction on n = deg,l(a).
If n < 1, then a € Prim(A) C B. Suppose that the result is true at all ranks < n — 1. Then,

by the first step, we can write
a=b+ Zaibi + Zdej,
i Jj

with b € Prim(4), a;, b;, c¢j, d; € A. Because of the filtration, we can suppose that degp(a;),

degplb;), degplcj), degpld;) < n. By the induction hypothesis, they belong to B, so a € B.
Last step. So, there is an epimorphism of P .-algebras:

' Fp ,(Prim(4)) — A

a € Prim(4A) — a,

where Fp,(Prim(4)) is the free P .-algebra generated by Prim(A). As the elements of
Prim(A) are primitive both in A and Fp,(Prim(A)), this is a morphism of double P .-
infinitesimal bialgebras. Suppose that it is not monic. Take then x € Ker(¢), nonzero,
of minimal degree. Then it is primitive, so belongs to Prim(4) (Lemma 43). Hence,

¢l(a) = a = 0: this is a contradiction. So ¢ is a bijection. |

In other terms:
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Corollary 46. The triple of operads ((P*), P>, VECT) is a good triple. Here, VECT de-

notes the operad of vector spaces:

KI ifk=1,
0 ifk#1,

VECT(k) =
where I is the unit of VECT.

We have also showed that S o S” is the projection on Prim(4) in the direct sum
A=Prim(A) @& (A.A+ A / A).So S»0S” is the eulerian idempotent.
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