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Abstract

To any poset or quasi-poset is attached a lattice polytope, whose Ehrhart polynomial
we study from a Hopf-algebraic point of view. We use for this two interacting bialgebras
on quasi-posets. The Ehrhart polynomial defines a Hopf algebra morphism with values in
Q[X]; we deduce from the interacting bialgebras an algebraic proof of the duality principle,
a generalization and a new proof of a result on B-series due to Wright and Zhao, using a
monoid of characters on quasi-posets, and a generalization of Faulhaber’s formula.

We also give non-commutative versions of these results: polynomials are replaced by
packed words. We obtain in particular a non-commutative duality principle.
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Introduction

Let P be a lattice polytope, that is to say that all its vertices are in {0,1}". The Ehrhart
polynomial ehr®(X) is such that for all k& > 1, ehré(k) is the number of points of Z" N kP,
where kP is the image of P by the homothety of center 0 and ratio k. For example, if S is the
square [0,1]™ and T is the triangle of vertices (0,0), (1,0) and (1,1):

X+ 1)(X +2)

ehrd(X) = (X 4+ 1)?, ehr$ (X) = ( 5 .

These polynomial satisfy the reciprocity principle: for all k > 1, (—=1)#™(P)ehrcl(—Fk) is the
number of points of Z™ N kP’, where P’ is the interior of P. For example:
(X -1)(X -2)

ehrd(—=X) = (X —1)%, ehr§(—X) = 5 )

We refer to [2] for general results on Ehrhart polynomials.

It turns out that these polynomials appear in the theory of B-series (B is for Butcher [4]), as
explained in [3, 6]. We now consider rooted trees:

vt b vl v by iy vt

If t is a rooted tree, we orient its edges from the root to the leaves. If i, j are two vertices of t,
we shall write i - j if there is an edge from i to j in ¢.

To any rooted tree ¢, whose vertices are indexed by 1...n, we associate a lattice polytope
pol(t) in a following way:

pol(t) = {(@1,...,2n) € [0,1)" [V1 <4 j <, (i 5 J) = (2 <) |
For example, if ¢ = !, indexed as 17, then pol(t) =T.
We can consider the Ehrhart polynomial ehr;lo 1(t) (X), which we shall simply denote by
ehrf (X): for all k> 1,
ehrdl (k) :ﬁ{(xl,...,xn) €{0,.. k)" |V1<ij<n(iYj) = (a gmj)}.

Note that ehrf! does not depend on the indexation of the vertices of ¢. By the duality principle:

(1) ehrd (k) :ﬁ{(azl,...,xn) e{l,. . k-1 |V1<ij<n,(i5j) = (z: <:cj)}.



A B-series is a formal series indexed by rooted trees, of the form:

S —a.tagt+ Voais
tataut(t)_a" ai QVT a{ R

where aut(t) is the number of automorphisms of ¢. The following B-series is of special importance
in numerical analysis:

! a2y
=.+-a —— 4+ =1+
L qut(t) 271" 372 T g ’

| =

~

=y

where t! is the tree factorial (see definition 30). This series is the formal solution of an ordinary
differential equation describing the flow equation of a vector field. The set of B-series is given
a group structure by a substitution operation, which is dually represented by the contraction-
extraction coproduct defined in [5]. Its inverse is called the backward error analysis:

t
E1=) N—=.
Z Yaut(t)!

t

Wright and Zhao [18] proved that these coefficients )\; are related to Ehrhart polynomials:

oy dehrf! (X)

A= (=1) dX  |x=-1

We shall in this text study Ehrhart polynomial attached to quasi-posets in a combinatorial
Hopf-algebraic way. A quasi-poset P is a pair (A, <p), where A is a finite set and <p is a
reflexive and transitive relation on A. The isoclasses of quasi-posets are represented by their
Hasse graphs:

Leveeslemeenselen, VoA L 120, 0,

In particular, rooted trees can be seen as quasi-posets. For any quasi-poset P = ({1,...,n}, <p),
the polytope associated to P is:

top(P) = {(z1,...,2,) € [0,1]" |V1 <4,j <n, (i <pj) = (z; < zj)}.

We put ehrp(X) = ehrff)p(P) (X —1); note the translation by —1, which will give us an object

more suitable for our purpose. In other words, for all £ > 1:
ehrp(k) =t{(z1,...,zn) € {1,.. .k} |V1<i,j <n, (i <pj) = (x; < z;5)}.
We also define a polynomial ehr$"(X) such that for all & > 1:
ehr$i" (k) = #{(x1,...,2p) € {1,...,k}" | V1 <4,5 <n, (i <pjand not j <p i) = (z; < z;)}.

See definition 15 and proposition 16 for more details. These polynomials can be inductively
computed, with the help of the minimal elements of P (proposition 20).

We shall consider two products m and |, and two coproducts A and § on the space Hqp
generated by isoclasses of quasi-posets. The coproduct A, defined in [9, 10] by the restriction to
open and closed sets of the topologies associated to quasi-posets, makes (Hqp, m,A) a graded,
connected Hopf algebra and (Hqp, ), A) an infinitesimal bialgebra; the coproduct 6, defined in
[8] by an extraction-contraction operation, makes (Hqp,m,d) a bialgebra. Moreover, § is also a
right coaction of (Hqp, m,d) over (Hqp,m,A), and (Hqp, m, A) becomes a Hopf algebra in the
category of (Hgp,m, d)-comodules, which we summarize telling that (Hqp, m, A) and (Hqp, m, d)



are two bialgebras in cointeraction (definition 1). For example, the bialgebras (K[X], m, A) and
(K[X], m,d) where m is the usual product of K[X] and A, ¢ are the coproducts defined by

AX)=X®1+10X, 5(X) =X ®X,

are two cointeracting bialgebras.

Ehrhart polynomials ehrp(X) and ehrf” (X ) can now be seen as maps from Hqp to K[X], and
both are Hopf algebra morphisms from (qu, m, A) to K[X] with its usual Hopf algebra structure
(theorem 17); we shall prove in corollary 44 that ehr*'" is the unique morphism from Hqp to K[X]
compatible with both bialgebra structures on Hqp and K[X]. Using the cointeraction between
the two bialgebra structures on Hqgp, we show that the monoid Mgy, of characters of (Hqp, m, d)
acts on the set Ey__k(x] of Hopf algebra morphisms from (Hqp,m,A) to K[X] (proposition
27). Moreover, there exists a particular homogeneous morphism ¢y € E3p—K(x] such that for
all quasi-poset P:

P) = Xcl(P) _ up XCZ(P)

where pp is the number of linear extensions of P and cl(P) is the number of equivalence classes
of the equivalence associated to the quasi-order of P (proposition 29). This formula simplifies if
P is a rooted tree: in this case,

¢o(P) = ﬁXlH

We prove that for any ¢ € Ey;__,x[x], there exists a unique f € Mgqp, such that ¢ = ¢ < f
(proposition 27). Consequently, this holds for both morphisms ehr and ehr*": the associated
characters are denoted by o and «®*". This implies that for any quasi-poset P:

Hp/~ c str Hp/~ s'r c
ehrp(X) = Z L iflad apj.X ), ehrii"(X) = Z Ll t‘ X~
T cl(~)! ~ cl(~)!

where the sum is over a certain family of equivalence relations ~, P| ~ is a restriction operation
and P/ ~ is a contraction operation. Applied to corollas, this gives Faulhaber’s formula. We
prove that o' is the inverse of the character \ associated to ¢g, up to signs (proposition 34),
which is a generalization, as well as a Hopf-algebraic proof, of Wright and Zhao’s result. We
also give an algebraic proof of the duality principle, and we define a Hopf algebra automorphism
0 : (Hqp,m,A) — (hgp, m, A) with the help of the cointeraction of the two bialgebra structures
on Hqp, satisfying ehrs" o § = ehr (proposition 37).

We propose non-commutative versions of these results in the last section of the paper. Here,
(isoclasses of) quasi-posets are replaced by quasi-posets indexed by sets {1,...,n}, making a
Hopf algebra Hqp, in cointeraction with (Hqp,m,d), and K[X] is replaced by the Hopf algebra
of packed words WQSym [14]. We define two surjective Hopf algebra morphisms FHR and
EHR®" from Hqp to WQSym (proposition 39), generalizing ehr and ehr®®". The automor-
phism 6 is generalized as a Hopf algebra © : Hqp — Hqp, such that EHR*" 0 © = EHR
(proposition 40), and we formulate a non-commutative duality principle (theorem 48), and we



obtain a commutative diagram of Hopf algebras:

Hqp

o)

’HQPE%Sym

v mj
%Qpﬂqu.ym\\mp
Hop —— K[X]
P

K
eh
¢-1
Hap “ehr K[X]

The two triangles reflects the properties of morphisms © and 6, whereas the two squares are the
duality principles.

Aknowledgment. The research leading these results was partially supported by the French
National Research Agency under the reference ANR-12-BS01-0017.

Notations. We denote by K a commutative field of characteristic zero. All the objects
(vector spaces, algebra, and so on) in this text are taken over K.

1 Bialgebras in cointeraction

1.1 Definition

Definition 1 Let A and B be two bialgebras. We shall say that A and B are in cointeraction
if:
A — A®B

B t A, vi :
e B coacts on A, via a map p { ¢ — pla)=a ®ap.
o A is a bialgebra in the category of B-comodules, that is to say:

- p(la) =14 ®1p.
m3 40 (p®p) oAy =(Aa®Id)op, with:

3 [ A®B®ASB — A©A®B
2471 a1 @b ®az @by — a1 ® ag @ bybs.

Equivalently, in Sweedler’s notations, for all a € A:
(@)1 @ (a®)1 ® (a)o(a®)o = (a1)M @ (a1)® @ ao.

For all a,b € A, p(ab) = p(a)p(d).
Foralla € A, (ea®1d)op(a) =cs(a)lp.

Examples of bialgebras in interaction can be found in [5| (for rooted trees) and in [13] (for
various families of graphs). Another example is given by the algebra K[X], with its usual product
m, and the two coproducts defined by:

AX)=X®1+10X, 5(X)=X®X.



The bialgebras (K[X],m,A) and (K[X], m,J) are in cointeractions, via the coaction p = d. Then
(K[X],m, ) is a bialgebra. Note that for all z,y € K, if P € K[X], identifying K[X]® K[X] and
K[X,Y]:

A(P)(z,y) = P(x +y), §(P)(z,y) = P(xy).
Remark. If A and B are in cointeraction, the coaction of B on A is an algebra morphism.

Proposition 2 Let A and B be two bialgebras in cointeraction. We assume that A is a Hopf
algebra, with antipode S. Then S is a morphism of B-comodules, that is to say:

poS=(S®Id)op

Proof. We work in the space Endg(A, A® B). As A® B is an algebra and A is a coalgebra,
it is an algebra for the convolution product ®:

Vf,g € Endg(A,A® B), f®g=magpo (f®g)oAa.

Its unit is denoted by n:
A — A®B
n a — ela)ly®1p.
We consider three elements in this algebra, respectively p, F; = (S ® Id) o p and Fy = po S.
Firstly:

(F1 ® p)(a) = S((a™)1)(@®)1 @ (aM)o(a?),
= S((a))M)(a1)® @ ag
=¢ca(a1)la®agp
=ca(a)la®1p
=n(a).

Secondly:

(0 ® ) (a) = (aM)15(a?); ® (@W)o(S(a®))g
=ea(a)(14)1 ® (1a)o
=ca(a)la®1p
=n(a).

We obtain that F1 @ p=p®Fy =n,s0 i =F1®@n=F®p®F, =n® I3 = I3. O

1.2 Monoids actions

Proposition 3 Let A and B be two bialgebras in cointeraction, through the coaction p. We
denote by M 4 and Mp the monoids of characters of respectively A and B. Then B acts on A by
monoid endomorphisms, via the map:

.{MAXMB — MA
(9.9) — o v=(0®Y)op

Proof. We denote by * the convolution product of Mp and by % the convolution product of
My. As p: A — A® B is an algebra morphism, < is well-defined. Let ¢ € M4, 91,12 € Mp.

(1) 2= (@Y1 @) o (p@Id)op
= (@Y1 @¢P2)o(Id®@ Ap)op
= ¢ < (¢1 * ¢2).



So < is an action. Let ¢1,¢9 € M4, p € Mp. For all a € A:
((p1x 2) 0 p)(a) = (¢1 ® P2 ®Y) 0 (AA ® Id) o p(a)

= (¢1 ® 2 ® 1) ((a0)! ® (a0)? ® a1)
<@®@®ww > ® (@) ® (aM)1(a®)y)
= ¢1((aM)o)((a™M)1)d2((a®)o)1((a!?)1)
(1)

= (¢1 + ¥) (W) (¢2 + 1) (a?)
= ((¢1 ¢ ) * (@2 < 7)) (a).

So < is an action by monoid endomorphisms. O

Example. We take A = (K[X],m,A), B = (K[X],m, ) and p = . We consider the map:

K — K[XJ*
ev N KX] — K
— {P(X) s enn(P) = P(V).

Then ev is a isomorphism from (K, +) to (M4, ) and from (K,.) to (Mp,*). Moreover, for all
Ap ek
€Uy 4 vy = eUy,.
Proposition 4 Let A and B be two bialgebras in cointeraction, through the coaction p.

1. Let H be any bialgebra. We denote by Mp the monoid of characters of B and by Ea_p
the set of bialgebra morphisms from A to H. Then Mp acts on Ea_ g via the map:

%-{ EssgxMp — Easpg
(A — 9= A=(¢p@AN)op

2. Let Hy and Hy be two bialgebras and let 0 : Hi — Ho be a bialgebra morphism. For all
¢ € Eacpy, forall A\ e Mp, in Eacg,:

Oo(pAN)=(00¢)«+ A
3 if A nwe Mp,in Eaa:
(Id <« N o(Id<p)=1d+ (A*p).
In other words, the following map is a monoid endomorphism.:

(MBv *) — (EAHAa O)
A — Id<+ A\

Proof. 1. Forall g € Eye g, A€ Mp, ¢+ A: A— HRK = H. As ¢, X and p are algebra
morphisms, by composition ¢ < A is an algebra morphism. Let a € A.

An(¢ < Ma)) = AH(cf)( 0)A(a1))

a1)¢((ao)(l)) ® ¢((a0)®)
aM)1(a®)1)p((aM)o) @ ¢((a®)0)
((@®)1)p((aM)o) @ ¢((a))o)
aM)o)A((@M)1) ® ¢((a?)o)A((@®)1)
) @ ¢+ A(a)



Let o € Eapg, A\, u € Mp.

(PN p=(@A0p)o(p@Id)op=(pR@A®n)o(Id® Ag)op=¢ < (Ax*pu).
Forall a € A, ¢ + noe(a) = plag)e(ar) = ¢(a). So « is indeed an action of Mp on Ea_p.
2. Let a € H.
(00 ¢) < Ala) = 00 g(ar)Aao) = 0(¢(a1)A(ao)) = (¢ < Aa)) = o (¢ < A)(a).
So (fo@) «— A=00(p N

3. Consequently, if A\, € Mp, in Ea,a: (Id <~ N)o(Id < \) = (Id < A) < p) = Id +
(A ). O

Example. We take A = (K[X],m,A), B = (K[X],m,0) and p = d. In E4q_, 4, for any
rek:
Id < evy\(X) = evy (X)X = A\X,

so for any P € K[X], (Id < evy)(P) = P(\X).

2 Examples from quasi-posets

2.1 Definition

Definition 5 1. Let A be a finite set. A quasi-order on A is a transitive, reflexive relation
< on A. If < is a quasi-order on A, we shall say that (A, <) is a quasi-poset. If P is a
quasi-poset:

(a) Its isoclass is denoted by | P].
(b) ~p is defined by:
Ya,b€ A, a~pbifa<bandb<a.

It is an equivalence on A.

(c) A= A/ ~p is given an order by:
Va,be A, a<bifa<b.

The poset (A, <) is denoted by P.
(d) The cardinality of P is denoted by cl(P).

2. Let n € N.

(a) The set of quasi-posets which underlying set is [n] = {1,...,n} is denoted by QP (n).
(b) The set of posets which underlying set is [n] is denoted by P(n).

(¢) The set of isoclasses of quasi-posets of cardinality n is denoted by gp(n).
(d) The set of isoclasses of quasi-posets of cardinality n is denoted by p(n).

We put:

QP=||QP(n), P=||P(n), ap=|]ap(n), p=]|]pMm),

n>0 n>0 n>0 n>0

Hqp = Vect(QP), Hp = Vect(P), Hap = Vect(qp) Hp = Vect(p).



As posets are quasi-posets, there are canonical injections from Hp into Hqp and from Hp
into Hqp. Moreover, the map P — P induces surjective maps from Hqp to Hp and from
Hap to Hp, both denoted by Z. The map P — |P| induces maps || : Hqp —> Hqp and
|| : Hp — Hp. The following diagram commutes:

Hp

RHP
S

L
L
L

J

Haqp Hap (1)
% J
Hp H
We shall represent any element P of QP by the Hasse graph of P, indicating on the vertices

the elements of the corresponding equivalence class. For example, the elements of QP (n), n < 3,
are:

p

. . 2 g1 . 3 2 3 1 2 1
1 o1 e1e2, 00,00 et 25010203, 0108, 0108, 0210 00ld, 0307, 0503, 01023, 0201,3,03.1,2,

W N

1
2 2,3 1,3 1,2 1 2 3
7£37II 712 ,13 712,3,11,3711,2,-1,2,3.

3 2 3 1
2 3 1 3 1 2 1 2 3
VARRYAIRYAI U R JUS LR L IR SO I

We shall represent any element P € qp by the Hasse graph of P, indicating on the vertices
the cardinality of the corresponding equivalence class, if this cardinality is not equal to 1. For
example, the elements of qp(n), n < 3, are:

1;.;..,:,.2;...,.1,..2; V, A,},IQ,IQ,.;;.

2.2 First coproduct

By Alexandroff’s theorem [1, 17], finite quasi-posets are in bijection with finite topological spaces.
Let us recall the definition of the topology attached to a quasi-poset.

Definition 6 1. Let P = (A, <) be a quasi-poset. An open set of P is a subset O of A
such that:

Vi,je A, (1€0 andi<j=j€O).
The set of open sets of P (the topology associated to P) is denoted by top(P).

2. Let P = (A, <) be a quasi-poset and B C A. We denote by Pp the quasi-poset (B,<|p).

3. Let P = (A, <p) be a quasi-poset. We assume that A is also given a total order <: for
example, A is a subset of N. If the cardinality of A is n, there exists a unique increasing
bijection f from [n], with its usual order, to (A, <). We denote by Std(P) the quasi-poset
in QP(n) defined by:

Vi,j € [n], i <gapy J = f(i) <p f(j)

Proposition 7 1. We define a product m on Hqp in the following way: if P € QP(k),
Q € QP(l), then PQ =m(P,Q) € QP(k+1) and

Vi,j € [k+1], i <poe=(1<ij<kandi<pj)
or(k+1<i,j<k+landi—-k<gj—k).



2. We define a second product | on Hqp in the following way: if P € QP(k), Q € QP(l),
then PQ = m(P,Q) € QP(k+1) and

Vi€ lk+1), i Spoe=(1 <ij <k andi<p j)
or (k+1<id,j<k+landi—k<gj—k)
or(1<i<k<j<k+l).

3. We define a coproduct A on Hqp in the following way:

VP € QP(n), A(P)= Y Std(Ppo)® Std(Po).
Octop(P)

Then (Hqp,m, A) is a non-commutative, non-cocommutative Hopf algebra, and (Hqp, |, A)
s an infinitesimal bialgebra.

Proof. See [9, 10]. O

Examples. If {a,b} = {1,2} and {i,j,k} = {1,2,3}:

A1) =01 ®@14+1®.1,
A =1 @141 15 +..® o,
ACV ) ="V @014+10 V' + 1 @+ 15 @) 401 @ojer,
AGR) =80 @14+10,; 8+, @+ @1 + 40 ® .,
ady=l e1+1el. et +1i ..

Remark. This Hopf algebraic structure is compatible with the morphisms of (1), that is to
say:

1. Hp is a Hopf subalgebra of Hqp.
2. observe that:

o If (P, P») and (Q1, Q2) are pairs of isomorphic quasi-posets, then P;Q; and P>Q9 are
isomorphic.

e If P, and P» are isomorphic quasi-posets of QP(n), and if ¢ : [n] — [n] is an
isomorphism from P; to P», then the topology associated to P is the image by ¢ of
the topology associated to P and for any subset I of Pp, ¢|; is an isomorphism from

(P1)i1 to (P2)¢(n)-

Consequently, the surjective map || : Hqp — Hqp is compatible with the product and
the coproduct: Hqp inherits a Hopf algebra structure. Its product is the disjoint union of
quasi-posets. For any quasi-poset P = (A4, <p):

A(LP]) = Z [Pavol @ [Pol-
O€top(P)

3. Hp is a Hopt subalgebra of Hqp.
4. All the morphisms in (1) are Hopf algebra morphisms.

Definition 8 1. We shall say that a finite quasi-poset P = (A, <p) is connected if its
associated topology is connected.

10



2. For any finite quasi-poset P, we denote by cc(P) the number of connected components of
its associated topology.

It is well-known that P is connected if, and only if, the Hasse graph of P is connected.
Any quasi-poset P can be decomposed as the disjoint union of its connected components; in an
algebraic setting, Hqp is generated as a polynomial algebra by the connected quasi-posets. This
is not true in Hqp: for example, 1?., is not connected and is indecomposable in Hqp.

2.3 Second coproduct
Definition 9 Let P = (A, <p) be a quasi-poset and let ~ be an equivalence on A.
1. We define a second quasi-order <p|.. on A by the relation:
vxay € Av x §P|N Yy Zf (ﬂf SP Yy and Ny)

2. We define a third quasi-order <p,. on A as the transitive closure of the relation defined

by:
Vae,y € A, xRy if (x <py orx ~y).

3. We shall say that ~ is P-compatible and we shall denote ~ <P if the two following conditions
are satisfied:

o The restriction of P to any equivalence class of ~ is connected.

e The equivalences ~p,.. and ~ are equal. In other words:
Vr,y € A, (z <p/ny and y <p/ ) = T ~ y;
note the converse assertion trivially holds.
Remarks.
1. P| ~ is the disjoint union of the restrictions of <p to the equivalence classes of ~.
2. Let ,y € P. Then x <p,. y if there exist x1,},..., 2%, 2}, € A such that:

/ /
r<pri~ry<p...<pap~x,<py.

3. If ~ <P, then:

a) The equivalence classes of ~p,., are the equivalence classes of ~ and are included in
/
a connected component of P. This implies that the connected components of P/ ~
are the connected components of P. Consequently:

AP/ ~) = cl(~), ce(P/ ~) = ce(P), (2)

where cl(~) is the number of equivalence classes of ~.

(b) If x ~p y and x ~ y, then x ~p|~ Y: the equivalence classes of ~p. are the
equivalence classes of ~p; the connected components of P| ~ are the equivalence
classes of ~. Consequently:

cl(P| ~) = cl(P), cc(P| ~) = cl(~). (3)

Definition 10 We define a second coproduct § on Hqp in the following way: for all P € QP,

5(P) = (P/~) @ (P|~).

~<aP

Then (Hqp,m,9) is a bialgebra.
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Proof. Firstly, let us prove the compatibility of § with m. Let P = (A, <p) and Q = (B, <)
be two elements of QP. Let ~ be an equivalence relation on P. We denote by ~" and ~ the
restriction of ~ to P and (). Then:

1. If ~ <PQ, then as the equivalence classes of ~ are connected, they are included in A or in
B. Consequently, if x € A and y € B, x and y are not equivalent for ~. Moreover, ~' <P
and ~" <Q), and:

PQ|~= (P| ~)(Q|~"), PQ/ ~=(P/~)Q) ~").
2. Conversely, if ~' <P,~" 4@ and for all x € A, y € B,  and y not are not ~-equivalent,
then ~ <PQ.
Hence:

I(PQ)= > (PQ/~) & (PQ| ~)

~<aPQ

= X (B/@Q @ (PI)@Q )

~AP~AQ

— §(P)5(Q).

Let us now prove the coassociativity of 4. Let P € QP.
First step. We put:

A:{(r,r/)|7~<]P’ r’qP/r}j B:{(378/>’3<]P7 SIQP\S}-

We consider the maps:

A — B B — A
F: , , G , ,
(r,r"y — (1), (s,s) — (d,s).

F is well-defined: we put (s,s’) = (r/,7). The equivalence classes of s are the equivalence
classes of r/, so are P-connected. If x ~p/, y, there exist x1,27,..., 2%, 5, and y1, 95, ..., %, Y
such that:

z<pxr'z) <p...<papr'z; <puy, y<pyir'yy <p...<pyr'y, <puz.
Hence:

x <pjr 017’y <ppp o Sppe i’ T <pp Yy Y <pp 17" <pp - <ppe 'y <pp v

Sox ~psy. Asr'aP/r, x ~py: s<P.

Let us assume that zs’y. Then xry, so, as r <y, there exists a path from z to y in the Hasse
graph of P, made of vertices all r-equivalent to z and y. If 2/ and 3 are two elements of this
path, Then 2'ry’, so 2’ </, v and finally 2" <(p/p) ;v v'. As v' < P/r, 2'r'y/, so xsy. So the
elements of this path are all P|s-equivalent: the equivalence classes of s’ are P|s-connected.

Let us assume that 2 ~(p|s)/s y. There exists x1,,..., 2,5, and y1,¥y,...,y, y such
that:
& <ppp 2177 <plpr o Sppr TR, Splr Yy Y Spl VITYL Sppr - Spl YY) <pl T
Then:
x<payra) <p...<paprz), <py, y<pwyiryy <p ... <puyry; <p ,

So x <pjr y and y <p/, . As 7 <4 P, ary, so xs'y: we obtain that s’ P | s.

12



G is well-defined: let (s,s’) € B and let us put G(s,s’) = (r,r"). The equivalence classes
of r are P|s-connected, so are P-connected. Let us assume that x ~ p/r Y- There exists
x1, 2, ..., Tg, s, and yi, Y4, ..., Y, y such that:

x <pxs'r) <p...<pxps'z <py, y<py1s'yy <p...<pwys'y; <p .
As the equivalence classes of s’ are P|s-connected, all this elements are in the same connected
component of P|s, so are s-equivalent:
/ / /

z <pjs 15Ty <pjs ... <pls Tk Ty <pis Y, Y <pls Y15Y1 <pls --- <pls YSY, <p|s T
Hence, © ~(p|s)/s Y, 50 as s’ A P | s, xs'y, so ary: r< P.

The equivalence classes of 7’ are the equivalence classes of s, so are P-connected and therefore
P/r-connected. Let us assume that & ~(p/y /v y. Note that if 2’s'y’, then 2" and y' are in the
same connected component of P|s, so 2'sy. By the definition of < p/s s a transitive closure,
using this observation, we obtain:

z <pxist) <p...<papsz) <py, y<puy1syy <p ... <pysy; <p z.

So x ~p/sy. As <P, wsy, so xr'y: v’ A P/r.
Clearly, F' and G are inverse bijections.

Second step. Let (r,r') € A and let F(r,r")
x/ ~(psry/r Y, 50 xr'y as v’ < P/r. Then:

I
—~
w

s'). Note that if zry, then 2/ ~p/. y, so

<(p/r)/r = tramsitive closure of T <p/ry))

= transitive closure of x<py)or (z<,y))

= transitive closure of

i~2

QQ

~—
~—~ o~

= transitive closure of
=<p/s -
So P/s = (P/r)/r
<(P|s)/s* = transitive closure of ((zs'y) or (z <pjs y))

= transitive closure of ((zry) or (z <pj,» y))

(zry) or (z <py)) and ((sry) or (zr'y)))
= transitive closure of ((x <p,, y) and (sr'y))

((
((
= transitive closure of ((zry) or ((x <p y) and (xr'y)))
= transitive closure of ((
((

=S (/)| -
o (P|s)/s' = (P/r)|r'. For all z,y:
€T <(P\ )/s! Yy — (35 <P|s y) and (.CL‘S y)
<= (z <py) and zsy and (zs'y)
<= (z <py) and zr'y and (zry)
< (z <py) and (zry)
—Z §P|r Y.
o (P|s)|s’ = P|r. Finally:
(6 ® Id) o 6(P) = Z (P/r)/r" @ (P/r)|r' @ P|r

(ryr)eA

= Y Pls@(Pls)/s @ (Pls)|s

(s,s')EB
— (Id®6) 0 §(P).

13



So Hqp is a bialgebra. O

Examples. If {a,b} = {1,2} and {i,j,k} = {1,2,3}:

5(.1 :.1®.1,
6(12 :Ig®'a°b+°a,b®127
s(\V;"

k k

)
)
) ="V @i+ @+ U@ 4 @V,
)
k ; ) ) ;
) =l @uut 5, @+ @0t 4., 01,

Remarks.
1. ¢ is the internal coproduct of [8].

2. (Hqp,m,0) is not a Hopf algebra: for all n > 1, §(..) = . ® «n, and ., has no inverse in
HQP.

3. This coproduct is also compatible with the map ||, so we obtain a bialgebra structure on
Hqp with the coproduct defined by:

S(LP]) =) P/ ~] & |P|~].

~<P

4. Hp and Hp are not stable under ¢, as if P is a poset and ~ <P, P/ ~ is not necessarily a
poset (although P| ~ is). However, there is a way to define a coproduct 6 = (E® Id) o ¢
on Hy:

VP eP(n), §(|P)) = =[P/~ @ |P|~].
~<P

(Hp,m,6) is a quotient of (Hqp, m,d) through the map =.

2.4 Characters of the second coproduct

We denote by Mgy the monoid of characters of (Hqp, m, d). Its product, as well as the convolution
product on the dual Hgp, of Hqp induced by 4, is denoted by .

Proposition 11 Let f € Mqp. It has an inverse in Mqgp if, and only if, for all n > 1,

f(en) #0.

Proof. —. If f has an inverse g, then for all n > 1, as §(vn) = «n ® on, €(sn) = 1 and

fen)g(en) =12 f(en) # 0.

<=. Let us first define elements g, h € H, such that f xg = hx* f =¢c. Let us define g(P)
and h(P) by induction on cl(P). We first put g(1) = h(1) = 1. If ¢l(P) = 1, then P = .,, and we
put g(...) = h(.,) = f(..)"!. Let us suppose that g(Q) and h(Q) are defined for any quasi-poset
Q such that cl(Q) < cl(P). Let ~ aP. By construction, if x ~p y, then x ~p, y; as ~ <P,
x ~ y. So the number of equivalence classes of ~ is smaller than cl(P), with an equality if, and
only if, ~=~p. Note that ~p <P: indeed, P/ ~p= P. Moreover, cl(P/ ~) is the number of
equivalence classes of ~, so we can write:

S(P)=P@P|~p+> P3P,

where the terms P; ® P» are such that cl(P;) < cl(P). As P| ~p is a product of .., f(P) # 0.

We then put: .
9(P) = sy (5P = 2 a(POf(Ry))
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Then g * f(P) = ¢(P) by construction. We now define h(P) by decreasing induction on the
number cc(P) of connected component of P. Note that 1 < ce(P) < cl(P). If cl(P) = ccl(P),
then P is a product of .x, so f(P) # 0 and §(P) = P ® P: we put h(P) = f(lp) Let us
assume that h(Q) is defined for all quasi-posets @ such that cl(Q) = cl(P) and cc(Q) > ce(P).
We denote by ~q the equivalence on P defined by x ~q y if  and y are in the same connected
component of P. Note that ~¢ <P, P/ ~q is a product of ., (so f(P/ ~¢) # 0) and P| ~o= P. If
~ <P, then if x ~ y, then x and y are in the same connected component of P, so & ~qg y. Hence,
the number of equivalence classes of ~, which is also the number of connected components of
P| ~, is greater than cc(P), with equality if, and only if, ~=~y; moreover, cl(P| ~) = cl(P).
We can write:
§(P)=P/~®P+) Pl® P,

where the terms P] ® Pj are such that cl(Py) = cl(P) and cc(Pj) > cc(P). We put:

WP) = sy () = S rPhncr)).

Then f * h(P) = &(P) by construction.
Finally:

h=exh=(gxf)xh=g*xfxh=gx(fxh)=gxe=g.

So f is invertible in (Mg, *), with inverse g = h.

As Hgqp is the polynomial algebra generated by connected quasi-posets, we can define a
character ¢’ on Hqp by ¢'(P) = g(P) for any connected quasi-poset P. If P is a connected
quasi-poset P, then for any ~ <P, P/ ~ is also connected, so:

gxf(P)=(g®[f)od(P)=(g® [f)od(P)=gxf(P)=e(P).

As ¢’ * f and ¢ are both characters and coincide on connected quasi-posets, they are equal: the
inverse of f is the character ¢/, so f is invertible in Myp. O

2.5 Cointeractions

Theorem 12 We consider the map:

HQP — HQP®qu
p={Id@[])ed:q PeQP — Y (P/~)@|P|~]
~<JP

The bialgebras (Hqp, m,A) and (Hqp, m,0) are in cointeraction via p.
Proof. By composition, p is an algebra morphism. Let us take P € QP(n). We put:
A={(r,0)|r<aP,0ctop(P/r)}, B={(0,s,s)]|0 €top(P),s<Py\o0,s <O}
First step. We define a map F': A — B, sending (r,O) to (O, s, s'), by:
e zsy if zry and z,y are in the same connected component of P\ 0-
e 15’y if zry and x,y are in the same connected component of Po.

Let us prove that F' is well-defined. Let us take z,y € [n], with x € O and © <p y. Then
r <ps y. as O is an open set of P/r, y € O: O is an open set of P. By definition, the
equivalence classes of s’ are the intersection of the equivalence classes of r and of the connected
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components of O. As O is a union of equivalence classes of r, they are P p-connected. If
T ~po/s Y then  ~p/. y and x and y are in the same connected component of O. As r<r,

xry, so x8'y: s’ 4 Po. Similarly, s < P\ 0-

Second step. We define a map G : B — A, sending (O, s, s") to (O,r,7), by:
ary if (z,y ¢ O and zsy) or (z,y € O and zs5'y).

Let us prove that G is well-defined. Let x,y € [N], with 2 € O and x <p/, y. There exists
x1, Y, ..., ok, o) such that:

/ /
r<pxirrxy <p...<paprx, <py.

As O is an open set of P, 1 € O; by definition of r, 2f € O. Iterating, we obtain that
T2, Th, ..., Tk, &),y € O. So O is open in P/r.

Let us assume that zry. Then z,€ O or z,y ¢ O. As s< Papo and P, there exists a path
from x to y in the Hasse graph of P formed by elements s- or s'— equivalent to z and vy, so the
equivalence classes of r are P-connected.

Let us assume that x ~p/, y. here exists 21,2/, ..., %, s}, and y1, ¥y, ..., ¥,y such that:

x<paxiray <p...<pzprzy, <py, y<pyiryy <p...<pyry, <pz.

If x,y € O, then all these elements are in O, so x ~Po/s' Y and then zs'y, so zry. If z,y ¢ O,
as O is an open set, none of these elements is in O, so x ~Ppo/s Yy SO TSY and finally zry: r<P.

Third step. Let (r,0) € A. We put F(r,0) = (O, s,s') and G(O, s,s") = (7,0). If zry, as O
is an open set of P/r, both z and y are in O or both are not in O. Hence, xsy or zs'y, so z7y.
If xry, then xsy or xs'y, so xry: 7 =r and Go F = Id 4.

Let (O,s,s’) € B. We put G(O,s,s") = (r,0) and F(r,0) = (0,3§,§). If sy, then x and y
are in the same connected component of [n]\ O as s < P,)\o and xry, so x5y. If 23y, then zry,
so xsy: we obtain that § = s. Similarly, § = s/, which proves that F o G = Idp.

We proved that F' and G are inverse bijections. Let (r,0) € A and (O, s,s") = F(O,r).

<(P/1)mpo = transitive closure of (xzry and = <p y) restricted to [n] \ O
= transitive closure of (zry and = <p ., y)

= transitive closure of (zsy and = <p ., V)
=<
=P/ -

So (P/r)\[n}\O = P\[n}\O/S- Similarly, (P/’I“)|O = P‘O/S,.

Let us now consider Fjr. Its connected components are the equivalence classes of r, that is to
say the equivalence classes of s and s'; for any such equivalence class I, (Pr)jr = Pj1- So Pgisthe
disjoint union of (P,\0)}s and (Po)}, and therefore is isomorphic to Std(Pjj,)\0)(s)Std((Po)s ),
but not equal, because of the reindexation induced by the standardization. Hence, |Pr] =

L(Ppno)is) L(Po)s -
Finally:

(A ® Id)op(P Z (G/7)mpo ® (G/1)j0 ® |G, ]
(r,0)eA

= (Ppo)/s® (Po)/s" @ [ (Pppno)islL(Po)s]
(0,s,8")EB

=mj 40 (p@p)oA(P),
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Moreover, (¢ ® Id) o p(P) =dp11®1=¢(P)1 ® 1. O
Remark. Asnoticed in [8], (Hqp,m,A) and (Hqp,m,d) are not in cointeraction through 6.

Taking the quotient through | |:
Corollary 13 The bialgebras (Hqp, m,A) and (Hqp, m,d) are in cointeraction via 6.
Using proposition 4 on Hqp:

Corollary 14 Let (/\ij) be a family of scalars indexed by the set of connected quasi-posets.
We define a character A on Hqp by \\p| = A\\p,|---A\p,) f Pr,..., Py are the restrictions of P
to its connected components. The following map is o Hopf algebra endomorphism:

(Hqp,m,A) — (Hqp,m,A)
éx: PeQP — ZALP‘NJP/N
~<P

It is bijective if, and only if, for alln > 1, A, #0.

Proof. ¢ = Id < A, so is an element of Fyqp3gp-

=>. For all n >0, ¢»(.n) = «nA., . As ¢y is injective, \,  # 0.
<. By proposition 11, the character A is invertible in Mqp: let us denote its inverse by p.
Then, by proposition 4:

dropy=1Id< (A*xp)=1d <+ e=1Id.

Similarly, ¢, o ¢\ = Id. O

3 Ehrhart polynomials

Notations. For all k > 0, we denote by Hy the k-th Hilbert polynomial:

X(X—1)...(X —k+1)
k!

Hi(X) =

3.1 Definition
Definition 15 Let P € QP(n) and let k > 1. We put:

Lp(k) ={f:[n] — [k [ Vi,j € [n],i <pj = [f(i) < ()},

L (k) = {f € Lp(k) | Vi,j € [n], (i <p j and f(i) = f(j)) = i ~p j},
Wp(k) = {w € Lp(k) | w(ln]) = [k},

Wp" (k) = {w € Lp" (k) [ w([n]) = [k]}-

By convention:

0if P+#1,
__ rstr _ _ str _
Lp(0) = Lp"(0) = Wp(0) = Wp"(0) = {{1} iFP=1.
We also put:
Lp=JLpk), L¥=JL¥ k), Wp=||Wpk), Wi =]|]|Wi k).
k>0 k>0 k>0 k>0

Note that the elements of Wp and W are packed words.
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Proposition 16 Let P € QP. There ezist unique polynomials ehrp and ehr$i™ € Q[X],
such that for k > 0:

ehrp(k) =4Lp(k), ehr$i" (k) = 4L (k).

Proof. This is obvious if P = 1, with ehr;(X) = ehr§!"(X) = 1. Let us assume that
P € QP(n), n > 1. Note that if i > n, Wp(i) = 0. For all k > 1:

k k n
tLp(k) = 8We (i) (’f) =S W) Hilk) = S 8Wp (i) Hi(k).
i=1 =1 =1

So:
ehrp(X) =Y §Wp(i)H;(X).
=1

Moreover, if k = 0:

ehrp(0) =Y tWp(i)H;(0) = 4Lp(0).
=1

In the same way:

ehrg"(X) =) _sWE" (i) Hy(X).
i=1
These are indeed elements of Q[X]. O

Remarks.
1. Let P,@Q € QP(n).

e If they are isomorphic, then ehrp(k) = ehrg(k) for all k > 1, so ehrp = ehrg.

e If we Lp, for all z,y € P such that z ~p y, then w(z) < w(y) and w(y) < w(x), so
w(z) = w(y): w goes through the quotient by ~p. We obtain in this way a bijection

from Lp(k) to Lp(k) for all k, so ehrp = ehrp. Similarly, ehrii” = eh'r%”.

str

Hence, we obtain maps, all denoted by ehr and ehr®" such the following diagrams com-

mute:
L = L =
HQP qu er HQP qu Hp
e ,,,str
ehr \LEhT ehr Ehm \L 4 ehrstr
K[X] K[X]

2. Let P € P(n). The classical definition of the Ehrhart polynomial ehs’(t) is the number
of of integral points of tPol(P), where Pol(P) is the polytope associated to P. Hence,
ehr’(X) = ehr(X +1).

Theorem 17 The morphisms ehr,ehr™" : Hqp, Hap, Hp — K[X] are Hopf algebra mor-
phisms.

Proof. It is enough to prove it for ehr, ehrs!" : H, — K[X].
First step. Let P € P(n). Let us prove that for all k,l > 0:

ehrp(k+1) = Z ehrp,, o (k)ehrp, (1), ehr$i"(k +1) = Z ehrfﬁi’["n]\o(k)ehrfﬁig(l).
O€Top(P) O€Top(P)
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Let f € Lp(k+1). Weput O = f7'({k+1,...,k+1}). If x € O and  <p y, then
f(z) < f(y), so y € O: O is an open set of P. By restriction, the following maps are elements
of respectively Lp ., (k) and Lp(1):

N0 — [K] J O —
fl'{ xr — f(z), f2{ x — f(x)—k.
This defines a map:
Lp(k+1) — |_| LP|[n]\O (k) x LP\o(l)

v O€Top(P)

f— (fu, fo)

This map is clearly injective; moreover:

V(LT (k+0) S | L k) x LR ()

O€Top(P)
Let us prove that f is surjective. Let (f1,f2) € Lp, (k) ® Lp,(l), with O € Top(P). We
define a map f: P — [k + ] by:
filz)ifx ¢ O,
floy = { DT
fo(x)+kifx € O.

Let x <pi. As O is an open set of P, three cases are possible:

e z,y ¢ O: then fi(z) < fi(y), so f(z) < f(y).
o z,y € O: then fo(z) < fa(y), so f(z) < f(y).
e £ ¢ 0O, ye€ 0: then f(x) <k < fyj).

So f € Lp(k+1), and v(f) = (f1,f2): v is surjective, and finally bijective. Moreover, if
fie Lfg”]"\o(k) and fy € L%l’;(l), then f = v=Y(f1, f2) € L& (k +1). Finally:

f(Lp(k+1) = |_| LP\[n]\o(k) X LP\o(l)a
O€Top(P)

FLE e+ = ||

L (k) x L (1),
O€Top(P)

Amno
Taking the cardinals, we obtain the announced result.

Second step. Let P € P(m), Q € P(n), and f : [m +n] — [k]. Then f € Lpg(k) if, and
only if, f‘[m] € Lp(k) and Std(f‘[m+n]\[m} € Lg(k). So ehrpg(k) = ehrp(k)ehrg(k), and then
ehrpg(X) = ehrp(X)ehrg(X): ehr is an algebra morphism.

Let P be a finite poset, and k,l > 0. By the first step:

(ehr @ ehr) o A(P)(k, 1) = Y ehrp,,(k)ehrp, (1)
O€Top(P)

=ehrp(k+1)
= Aoehr(P)(k,1).

As this is true for all k,1 > 1, (ehr ® ehr) o A(P) = A o ehr(P). Moreover:
1if P =1,

coehr(P) =ehrp(0) =
(P) r(0) {0 otherwise,

soeoehr =e.

The proof is similar for ehrs'". O
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3.2 Recursive computation of ehr and ehrs”

Lemma 18 We consider the following maps:

L'{ KX] — K[X]
| He(X) — Higa(X).

The map L is injective, and L(K[X]) = K[X]4+. Moreover, for all P € K[X], for all n > 0:
L(P)(n+1) = P(0) + ...+ P(n).

Proof. Let us consider P = Hy(X). For all n > 0:

Hi(0) + ... + Hi(n) = (2) TR <Z>
¥
()
= Hyy1(n+1)
= L(H)(n +1).

N—
+
+

YRy

> 3
~—

By linearity, L(P)(n + 1) = P(0) + ...+ P(n) for all n > 1. O

Definition 19 Let P € QP. We shall say that P is discrete if | P| = .* for a certain k > 0.

Proposition 20 Let P € P(n).

ehrp(X) =L S ehrpo(X) |,
DA£O€Top(P)

ehr$"(X) = L Z ehrf:frn (X)
0 # O € Top(P), discrete

Proof. Let n > 1. As Lg(1) is reduced to a singleton for all finite poset Q:

ehrp(n+1) = Z ehrpl[n]\o(n)ehrplo(l)
O€Top(P)

= Z ehrp () + ehrp(n).
0£0€Top(P)

We put:

In particular:

Q0) = Z ehrp,o(0) = ehry(0) + 0 =1 = ehrp(1).
0£O€Top(P)
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Then:

ehrp(n+1) = Q(n) + ehrp(n)
=Qn)+Q(n—1)+ehrp(n—1)

Qn)+Qn—1)+...4+Q(1) + ehrp(1)
Qn) + ...+ Q(1) + Q(0)
L(Q)( 1).

So ehrp = L(Q).

For ehrsi", observe that ehrs”( ) = 1if @ is discrete, and 0 otherwise, which implies:

ehrif™(n+1) = Z ehrs” o)+ ehr$i"(n).
0 # O € Top(P), discrete
The end of the proof is similar. O
Examples.
ehr. (X) = Hy(X) = X,
ehry (X) = (X) + Ho(x) = XEHD,

X(X+1)(2X +1)
A : ’
ehr, (X) = Hy(X) + 2Hy(X) + Hy(X) = ~ T 16)(X+2);

i

ehr ., (X) = ehr

\ (X) = H1(X) + 3H2(X) + 2H3(X) =

ehrs"(X) = Hi(X) = X,

ehrsIt’”(X) = Hy(X) = X(XQ— 1)7
ehrsi; (X) = ehrsj{ (X) = Ho(X) + 2H3(X) = X(X — 12;(2)( _ 1),
6h?’f“‘(??) = i) = XX 16)(X -2)

3.3 Characterization of quasi-posets by packed words

Lemma 21 Let P = ([n],<p) be a quasi poset and let I, ..., I} be distinct minimal classes
of the poset P; let w' € nglt[’“]w ity The following map belongs to Wi :
1 k

[n] — N*
w:g z€l,,1<p<k — p
¢ hU...Uly — u(x).

Proof. Let us assume that ¢ <p j.

e Ifi € I, as I, is aminimal class of P, j € I, or j ¢ [1U...UI. In the first case, w(i) = w(j);
in the second case, w(i) < k < w(j). If moreover w(i) = w(j), then necessarily j € I, so
1~pJ.
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elfi¢g hU...Ulgy,asi<pj,je¢ L U...Ulg soi <Plppyu.or, J and w'(i) < w'(5),

so w'(i) < w'(j). If moreover w(i) = w(j), then w'(i) = w'(j), so i NP yuoy J and
finally ¢ ~p j.
As a conclusion, w € W O

Note that this lemma implies that W5 is non-empty for any non-empty quasi-poset P.

Proposition 22 Let P = ([n], <p) be a quasi-poset and let i,j € [n]. The following asser-
tions are equivalent:

1. i<pj.

2. Yw € Lp, w(t) < w(j).
3. Yw e L, w(i) < w(j).
4. Y € Wp, w(i) < w(j).
5. Yw e W w(i) < w(j).

Proof. Obviously:

It is enough to prove that 5. = 1. We proceed by induction on n. If n = 1, there is nothing
to prove. Let us assume the result at all ranks < n. Let i,j € [n], such that we do not have
i <p j. Let us prove that there exists w € W3, such that w(i) > w(j). There exists a minimal
element k € [n], such that k <p j; let I be the class of k in P. By hypothesis on i, i and k are
not equivalent for ~p,soi ¢ I. If j € I, let us choose an element w’ € WET[’?;]\I; if j ¢ I, then by

the induction hypothesis, there exists w’ € Wf;‘ta]\l, such that w'(i) > w'(j). By lemma 21, the

following map is an element of W3

[n] — N

w:g zel — 1

xgl — W
Ifjel,thenw(j)=1<w();ifj¢lI, wi)=w(E)+1>w(j)+1=w() Inboth cases,
w(t) > w(j). O

3.4 A link with linear extensions

Let P € QP(n). Linear extensions, as defined in [9], belong to W they are the elements
f € Wi such that

Vi,j € [n], f(i) = f(j) <= i~p ]
Tt may happens that not all elements of W™ are linear extensions. For example, if P = *V,*,

Wi (3) = {(123),(132),(122)}, and (122) is not a linear extension of P. The set of linear
extensions of P will be denoted by Ep.

Definition 23 Let w and w' be two packed words of the same length n. We shall say that
w < w if:
Vi, j € [n], (w(i) <w(j)) = (w'(i) < w'(j)).
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This defines a partial order on packed words of the same length n. For example, here are the
Hasse graph of this order for n =2 and n = 3:

(123) (132) (231) (321) (312) __ (213)

NN ISP

(112) — (122) (121) (221) (211) (212)

\\//

(111)
Proposition 24 Let P € QP(n). Then:

Wp = U {w' | v < w}.

wGEp

This union may be not disjoint. Moreover, the mazimal elements of Wp for the order of definition
23 are the elements of Ep.

Proof. C. Let w € Wp. For all 1 < p < max(w), we put I, = w='(p). Let f, be a linear
extension of Py . We define f : [n] — N by:

f(@) =max(f1) + ...+ max(fp—1) + fp(9) if ¢ € I,,.

By construction, if w(i) < w(j), then f(i) < f(j): w < f. Let us prove that f € Ep.

If i <p j, then as w € Wp, w(i) < w(j). If w(i) =w(j) = p, then i <P, J, 50 (@) < fp(d),
and f(i) < f(j). If w(i) <w(f), then f(i) < f(j)-

If f(Z) = f(])v then w(l) = w(]) =P, and fp(z) = fp(]) As fp € EP|Pp7 [ ~Pp, Jy 80 i ~pj.

. Let w € Ep and w' < w. If i <p j, then w(i) < w(j) as w is a linear extension of P. As

"<w, w'(i) < w(j), sow € Wp.

2
w' <

Let w be a maximal element of Wp. There exists a linear extension w’ of P, such that
w < w'. As w is maximal, w = w’ is a linear extension of P. Conversely, if w is a linear
extension of P and w < w' in Wp, then as w is a linear extension of P, max(w) = cl(P).
Moreover, as w < w’, max(w) < max(w'). As w’ € Wp, max(w’) < ¢l(P), which implies that
max(w) = max(w') = ¢l(P), and finally w = w’: w is a maximal element of Wp. O

Example. For P = *V}*:

Ep ={(123),(132)};
Wp ={(123), (122), (112), (111)} U {(132), (122), (121), (111)}
= {(123), (132), (122), (112), (121), (111)}.

Note that the two components of Wp are not disjoint.
Remark. A similar result is proved in [9] for T-partitions of a quasi-poset, generalizing

Stanley’s result [16] for P-partitions of posets; nevertheless, this is different here, as the union is
not disjoint.

4 Characters associated to ehr and ehr®”

Recall that (Mgp, *) is the monoid of characters of (Hqp,m, ).
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4.1 The monoid action on Hopf algebra morphisms

Notation. We denote by 7 the map from K[X] to K, sending any polynomial P(X) to the
coefficient of X in P. In other words:

_dP . (P(X)-P(0)
=0 () L

Lemma 25 Let A be a graded, connected bialgebra and let ¢, : A — K[X] be bialgebra
morphisms. Let G be a set of generators of the algebra A, included in the augmentation ideal of
A. If for all x € G, mo ¢(xz) = wo(x), then ¢ = 1.

Proof. First step. Let us prove that m o ¢(a) = wo(a) for all a € A. As G generates
A, we can assume that a = x1...x, with £ > 0 and z1,...,2p € G. If Kk =0, a = 1 and
mo@(l) =mop(l) =0. If kK = 1, this is the hypothesis of the lemma. If £ > 2, as G C Ker(c4),
a € Ker(e4)? and both ¢(a) and (a) belong to Ker(exx))* = (X?). So mop(a) = mo¢p(a) = 0.

Second step. Let us take a € A, homogeneous of degree n. Let us prove that ¢(a) = ¥ (a) by
induction on n. If n = 0, we can assume that a = 1 by connectivity, so ¢(a) = ¢(a) = 1. Let us
assume the result at all ranks < n. By the induction hypothesis:

A(¢(a) = (a)) = (¢ @ ¢) o Aa) — (h ® 1) 0 Ala) = (Y @) 0 Aa) — (1 @) 0 A(a) = 0.

So ¢(a) — ¢¥(a) € Prim(K[X]) = Vect(X) and:

So ¢ = 1. O

Proposition 26 There ezists a unique Hopf algebra morphism ¢o : (Hqp, m, A) — K[X]
such that:
Vo € Hop, ™o ¢o(x) = ep(x),

where ep is the counit of (Hqp, m,d). This morphism is homogeneous for the graduation of Hqp
by the number cl(P) of equivalence classes of ~p.

Proof. Unicity. It is guaranteed by lemma 25, where G is the set of connected quasi-posets.

FEzistence. We identify K[X] and its graded dual via the Hopf pairing defined by:
VE, 1 >0, (X* XY = 65 k!

We consider the dual basis of the basis of posets of Hp, which we denote by (P*)pcp; this is a
basis of the Hopf algebra Hy,. As .™ is primitive and homogeneous of degree 1 in H},, there exists
a homogeneous Hopf algebra morphism ¢§ : K[X] — HJ, sending X to .*. Let us consider
its transpose v : Hy, — K[X]; it is homogeneous and sends . to X. If P is a quasi-poset of
cardinality > 2, 9o(P) is homogeneous of degree > 2, so 7 o 1)o(P) = 0. To summarize:

1if P=.,

0 otherwise.

Wolﬂo(P)—{

Consequently, if P is connected, oy (P) = ep(P). We then take ¢y = 1pgoZ=. By composition, it
is a Hopt algebra morphism, homogeneous of the graduation of Hqp by ¢/, and for any connected
quasi-poset P, 7o ¢o(P) = mohg(P) = ep(P) = ep(P). O
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Proposition 27 Let E = Ey,__,x|x) be the set of Hopf algebra morphisms from (Hgp,m, A)
to K[X]. The monoid (Mgp,*) acts on E via the map:

(6,f) — o f=(¢9&[f)od

For any ¢ € E, there ewists a unique f € Mgp such that ¢ = ¢o < f. Moreover, for any
connected quasi-poset P:

_{EXMB — E

f(P) =10 (P).
Proof. Unicity. If ¢ = ¢g < f, for any connected quasi-poset P:
$(P) = do(P/ ~)f(P|~).
~<P

Note that P/ ~ is homogeneous of degree the number of equivalence classes of ~, so ¢o(P/ ~) is
homogeneous of degree 1 if, and only if, ~ has only one equivalence class; in this case, P| ~= P.
Hence:

mo¢(P) =ep(.)f(P) = f(P).

As connected quasi-posets generate Hqp, this entirely determines f.

FEzistence. As Hgqp is the polynomial algebra generated by connected quasi-posets, there
exists a character f such that for all connected poset P, f(P) = mo@(P). Then for all connected
poset P, mo ¢(P)=mo (pg + f)(P) = f(P). By lemma 25, ¢ = ¢g < f. O
4.2 Associated characters
By homogeneity, for any quasi-poset P, there exists a scalar Ap such that

do(P) = ApX P,
If P, Q are two quasi-posets:
$0(PQ) = ApX TP = ¢y(P)po(Q) = ApAg X P)ITel(@)

So Apg = ApAg: A defines a character of Hqp. Moreover, as ¢o(P) = ¢o(P) for any P € qp,
Ap = Ap: it is enough to consider posets here.

Lemma 28 For all P € P(n), n > 0:

1ifP=1,
Ao =41 1 :
LP] n Z ALP\[n]\{M}J o Z ALPH”]\{W}J otherwise.
Memax(P) memin(P)

Proof. Let P € P(n), with n > 0.

(Id@m)oAogo(|P])=Ap(Id®m)o A(X")
= )\LPJanil;

= (Id@m)o(do@¢o) o AP = Y Apo)Apppo) X M Im(X19N)
O€Top(P)

_ n—1
- Z )‘LP\OJ)‘LP\[n]\oJX
O€Top(P), |0]|=1

n—1
- Z APnon) X
Memaz(P)
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This implies the first equality. The second is proved by considering (7 ® Id) o Ao ¢o(|P]). O

This lemma allows to inductively compute Ap. This gives:

plolelvlaltlvlal VI Y A [l
11 1 1 1] 1 1 1 1 1 1 1 5 1
DY B = - - - O - — =2 2
21 3 3 161 4 4 8 8 12 112 | 2 24 | 6 12

4
Proposition 29 Let P € P(n). The number of elements of Wp(n) of P is denoted by up:
in other words, pp is the number of bijections f from [n] to [n] such that for all x,y € [n],

r<py= f(z) < f(y),

that 1s to say heap-orderings of P. For any finite poset P, A\p = M—]'D.
n!

Proof. Let us fix a non-empty finite poset P € P(n). For any poset @, the set of heap-
orderings of @ is Wg(|Q]). We consider the map:

Wpn) — || Wepn-1)
Memaz(P)
fo— Sy € We\p-1(n)y(n — 1)

It is not difficult to prove that this is a bijection. So:

_ . pe _ 1 Hp\(a)
Memaz(P) Memaz(P)
An easy induction on |P| then proves that A\p = 'u—li for all P. O
n!

This is simpler for rooted forests:

Definition 30 Let P be a non-empty finite poset.

1. We put:

Pl= ] #H{ieV(P)|i<pij}
icV(P)

By convention, 1! = 1.

2. We shall say that P is a rooted forest if P does not contain any subposet isomorphic to A .
Examples.

1. Here are isoclasses of rooted forests of cardinality < 4:

1;q:,..;N’j,.:“..;W’,k’,\fj BAVARE FUR B U SO

}
[4 6] 4] 8]

Proposition 31 For all finite poset P, Ap >
forest.

2. Here are examples of values of P!:

Pl.|t1|V
3

A VA
Pl 1]2] 4 418

AT

|12 [ 12 | 18 | 24|

1
2k with equality if, and only if, P is a rooted
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Proof. We proceed by induction on n = |P|. It is obvious if n = 0. Let us assume the result
at all ranks < n.

1
e =1 D AP\{m}

memm

1 1
Zﬁ 2 H tH{jeV(P)|j#m,i<pj}

memin(P) i€V (P),i#m

1 1
~ 1P| 2 H HieV(P)[i<pj}

memin(P) i€V (P),i#m

= FE L HIeVP Im<r )

memin(P)

For any j € A, there exists m € min(P) such that m <p j, so:

Y. t{ieV(P)m<pj}>|P|

memin(P)

1
Consequently, Ap > I

Let us assume that this is an equality. Then:
S HjeV(P)|m<pj} =P
méemin(P)

Consequently, for all j € min(P), there exists a unique m € min(P) such that m <p j. More-
over, for all m € min(P), Ap\{m) = m. By the induction hypothesis, P\ {m} is a rooted
forest; this implies that P is also a rooted forest.

Let us assume that P is a rooted forest. For any j € V(P), there exists a unique m € min(P)
such that m <p 7, so:

Y. #H{ieV(P)m<pj}=IP|

memin(P)
Moreover, for all m € min(P), P\ {m} is also a rooted forest. By the induction hypothesis,

AP\{m} = m. Hence, A\p = B >

Let us now apply proposition 27 to ehr and ehrs":

Theorem 32 For all finite connected quasi-poset P, let us put:

sir d sir
ap = ﬁehrP( )|x=0; ap’ = ﬁehrpt (X)|x=0-
These scalars define characters o and o' in Myp. For any quasi-poset P:
HP/~ cl(~ ) str HP/~ oSt cl(~ )
hrp(X) = X h X) = X
e 7aP( ) ;Cl( ) P|~ enrp ( ) ;Cl( ) P|N

where cl(~) is the number of equivalence classes of ~.

Examples. Let us give a few values of a:




Lemma 33 Let P € QP, not discrete. Then ehrp(—1) = 0.

Proof. First step. Let us prove that L(H(—X)) = —Hp41(—X) for all £ > 0. For all

I.n >0
i = -0 (" 7Y

For all k,n > O:
L(Hp(—X))(n+1) = Hg(0) + ...+ Hi(—n)

=(—1>’“i<i+z_1)

1=0

— (_1)’fn+zk_1 (‘;)

J=k

n+k
= (=" <k~ + 1)
= —Hpy1(—(n+1)).

Second step. Let us prove that L((X + 1)) C (X + 1). For all £ > 2, let us put Hx(—X) =
X(X 4+ 1)Li(X); (Lk(X))r>2 is a basis of K|X], which implies that (Hy(—X))r>2 is a basis of
(X(X +1)), and that (X + 1) U (Hg(—X))g>2 is a basis of (X + 1). First:
X(X—1)+X:X(X+1)

2 2
if k > 2, by the first step, L(Hp(—X)) = —Hg11(—X) € (X 4+ 1).

L(X+1)=L(H(X)+ Ho(X)) = Hy(X) + Hi(X) = e (X +1);

Last step. We can replace P by P, and we now assume that P € P(n). There is nothing to
prove if n = 0,1. Let us assume the result at all rank < n. Then, by the second step and the
induction hypothesis:

eherJ(—l) =1L Z ehrLP\[n]\OJ(X)
0£O0€Top(P) |X=—1

=L Z ehTLPHn]\OJ (X)

0 # O € Top(P)
Py o discrete

| X=—1
=1L Z ehrLPUJ(X)
[n]#J Cmin(P) |X=—1
=L| > ehrpp,J(X)
JCmin(P) |X=—1
=7 Z x VI
JCmin(P) IX=—1
= L((1+X)m Py
N———
(X +1)
= 0.
For the fourth equality, note that P is not discrete, so min(P) # P. ]

28



Corollary 34 The character o is invertible in Mqp. We denote its inverse by 5. For any
quasi-poset P:
— (-1 cl(P)+ce(P) _HP )

Proof. As a,, =1 for all n, « is invertible by proposition 11. We can restrict ourselves to
posets. A connected poset @ is discrete if, and only if, ) = .. Let P be a connected poset. If
P =., then:

If not, then:

_ Kp/~ cl(P/~)+1
= Zﬁ(_l) P ap,,

So B a(P) =0=¢cp(P). Hence, § is the inverse in Mgy of a. O

4.3 Duality principle

Proposition 35 Let v € K, non-zero. There exists a unique Hopf algebra morphism ¢, :
Hgp — K[X] such that for any quasi-poset P:

¢u(P)(—v) = ep(P).

This morphism is given by:

6u(P) = (—1)P)ehrp <X> .

1%

Proof. Unicity. Let ¢ be such a morphism. There exists a character v € Mgp such that
¢ = ¢g < 7. for any quasi-poset P:

S(P)(—v) = Y Apjul =) p. = ep(P).
~<P

Let us consider the map A(®) : Hqp — K, which associates to any finite quasi-poset P the scalar
Ap(—v)P). This is obviously a character of Hqp. As )\EV) (—v) # 0 for all n, by lemma 11

n

A ig invertible in Mgp; moreover, M) s~ = ¢, 50 v is the (unique) inverse of A*) in Mgp.

Ezistence. For all non-zero scalar 7, let us consider the following Hopf algebra isomorphisms:

0. - K[X] — K[X] g - Hap —> Hap
T\ P(X) — P(nXx), n P — pid®Pp,

Let ¢ = 60,-10ehro@’ ;. By composition, ¢ is a Hopf algebra morphism and for any quasi-poset
P:
X
(P) = (=1)*Pehrp () .

v

Hence, if P is a quasi-poset:

(=1) P (—1)UP) = 1 = e(P) if P is discrete,

$(P)(=A) = (=1)"Pehrp(-1) = {0 = ep(P) otherwise.
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So such a ¢ exists. O

Remark. Such a morphism does not exist if v = 0. Indeed, for any non-empty poset P, if
¢ : Haqp — K[X] is a Hopf algebra morphism, ¢(.)(0) = egxj 0 #(.) =ea(.) =0 # ep(.).

Corollary 36 1. (Duality principle). For any quasi-poset P:

ehr$i"(X) = (=1)Pehrp(—X).

2. For any quasi-poset P, afi" = (—1) P+ 1ap.

3. o' s invertible in Myp. We denote by 35" its inverse. For any quasi-posel P:

str __ up
bpt = c(P)!

Proof. We can restrict ourselves to posets.

1. It is enough to prove that ehrs'" = ¢_y, that is to say ehr§i"(1) = 0 if P is not discrete
and 1 otherwise. Let P € P(n). There exists a unique map f from [ ] to [1 ] If P is not discrete,
J ¢ L5 (1), so ehrsi™ (1) = 0. If P is discrete, f € L§"(1), so ehrii" (1) =

2. and 3. Immediate consequences of the first point. O

str

Proposition 37 The following map is a Hopf algebra automorphism:

(Haqp,m, A) — (Hqp,m, A)
0: P — Y P/~

~<P
Its inverse is:
. (Haqp,m, A)  — (Hqp,m, A)
0 P — ( l)cl(P) Z( 1)cl(~)P/ ~
~<aP
Moreover:
ehrt 0 § = ehr, ehr o071 = ehrst.

Proof. Let ¢ be the character of Hqp which sends any quasi-poset to 1. Then 0 = Id < ¢;
moreover, ¢ is invertible in Mgy by lemma 11, so 6 is a Hopf algebra automorphism. For any
quasi-poset P:

Hp/~ str
(1) =1=cehrp(l) = Z #aph = Z BP/Nozp|N B % a(P),
~<aP ~<P

so ¢ = %" x ; hence, its inverse is 3 * a'", and for any quasi-poset P:

str — _1\cl(~)+ce(P) HPp/~ str
Bxa™(P) Z};( 1) (P ~ )aPIN

= (—1)*Penrtr(-1)
= (—1)° (P)-‘rcl(P)eh,rstr( 1)
_ (_1)CC(P)+CI( )

Hence:

9_1(P) — Id (5 % OzStr)(P) _ Z(_l)cc(P|~)+cl(P|~)P/ —— Z(_l)cl(~)+cl(P)P/ ~
~aP ~<P
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Moreover:

ehr®" 0 0 = (¢ + o) o (Id < 1)
= ((¢po < ™) o Id) + ¢
= (o < ) 1
= g +— (" % 1)
— 5250 — (astr *Bstr *a)

:gbo(—oz
= ehr.
Examples.
9('):'7 9_1('):°7
0(1) =1 +.2, 071 (1) =1 — .,
Q(V) V+212+.3, H_I(V):v—212+ 3,
O(A)= A +21° + .4, O V)= A —212 4.5,
({) V+IQ+IQ+ ©3, 9_1(V)_V—IQ—I2+3

4.4 A link with Bernoulli numbers

For any k € N, let ¢; be the corolla quasi-poset with k leaves: ¢, = ([k + 1], <, ), with 1 <,

Lk +1:
3
o= .1, c1 = 1%, 02:2\/13, 03:2\1/14
B proposition 31, A¢, = . Moreover:

Lo, ={f:[k+1] —= N[ f(1) < f(2),..., f(k+ 1)},
Lgr =A{f [k +1] — N[ f(1) < f(2),..., f(k + 1)},

so, for all n > 1:

Ehriir(n) =(n— 1)’“ +.. 4+ 1= Sk(n),

where Si(X) is the unique polynomial such that for all n > 1, Sp(n) = 1¥ +... 4+ (n —1)*

str

consequence, i is equal to the k-th Bernoulli number b.

Let ~ <ci. As the equivalence classes of ~ are connected:
e The equivalence class of the minimal element of ¢, contains i leaves, 0 < i < k.

e The other equivalence classes are formed by a unique leaf.

Hence:
L ‘
ol = X () i) o Lo
=0
where ¢}, is the quasi poset on [k + 1] such that:
1~y e Z—i—lﬁd i+2,...k—l—1.
2 k—1 i,k—1 Jk—
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Hence, by theorem 32:

k
k —1
SX) =2 <z’>AC’,kzbsz -
=0
k
— (k))\ b Xk’—’L-‘rl
4 i) it
=0
k
k
= ( ) )\Ck_lbiinl+1
=0 v
k
— k bl k—i+1
— i) k—1+1

We recover in this way Faulhaber’s formula. For all n > 1, ehr, (n) = n* 4+ ...+ 1% and the
duality principle gives, for all n > 1:

(=8 (—n) = 1% 4+ ...+ nF = Si(n) + n”.

5 Noncommutative version

5.1 Reminders on packed words

Let us recall the construction of the Hopf algebra of packed words WQSym [14, 15].

Definition 38 Let w = x1...x, be a word which letters are positive integers.

1. We shall say that w is a packed word if there exists an integer k such that {z1, ... ,z,} = [k].
The set of packed words of length n is denoted by PW (n); the set of all packed words is
denoted by PW.

2. There exists a unique increasing bijection f : {x1,...,x,} — [k] for a well-chosen k. We
denote by Pack(w) the packed word f(x1)... f(x). Note that w is packed if, and only if,
w = Pack(w).

3. Let I CN. Letiy < ... <1y be the indices © such that x; € I. We denote by wy the word

Ly - - ..CUip,

As a vector space, WQSym is generated by the set PW. The product is given by:

Yu € PW(k), Yo € PW(), u.v = > w.

w=z1...25+ EPW (k+1),
Pack(z1...x)=u,
Pack(xpy1..-Tri1)=v

The unit is the empty word 1. The coproduct is given by:
max(w)

Vw € PW, A(w) = Z wia,... .k} ® PaCk(w{k-l-l,...,max(w)})'
k=0
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For example:

(11).(11) = (1111) + (1122) + (2211),

(11).(12) = (1112) + (1123) + (2212) + (2213) + (3312),

(11).(21) = (1121) + (1132) + (2231) + (3321),

(12).(11) = (1211) + (1222) + (1233) + (1322) + (2311),

(12).(12) = (1212) + (1213) + (1223) + (1234) + (1323) + (1324)
+ (1423) + (2312) + (2313) + (2314) + (2413) + (3412),

(12).(21) = (1221) + (1231) + (1232) + (1243) + (1332) + (1342)
+ (1432) + (2321) + (2331) + (2341) + (2431) + (3421),

A(111) = (1) @ 1+ (111) @1,
A(212) = (212) @ 1+ (1) ® (11) + 1 ® (212),

A(312)

(312) ® 1+ (1) @ (21) + (12) ® (1) + 1 ® (312).

5.2 Hopf algebra morphisms in WQSym

Proposition 39 The two following maps are surjective Hopf algebra morphisms:

(Hqp,m,A) — WQSym

EHR:{ P — > w
weWp

(Hqp,m,A) — WQSym

EHRS“”:{ P — Y w
wEW ST

Proof. Let P € QP(k), Q € QP(l), and w be a packed word of length k + [. Then:
o w e Wpq if, and only if, Pack(w, ... w) € Wp and Pack(wiy1 ... wity) € Wo.
e wE Wf,g if, and only if, Pack(wy ...wy) € W and Pack(wgi ... wg1) € Wé”.

This implies that :

EHR(PQ) = EHR(P)EHR(Q), EHR"(PQ) = EHR"(P)EHR"(Q).

Let P € QP(n). We consider the two sets:
A={(w,k)|weWp,0<k<max(w)},
B ={(0,w1,w2) | O € Top(P), w1 € Weack(P,p\0)> W2 € Wrack(P )}
We define a bijection between A and B by F(w, k) = (O, w1, ws), where:
e O=w't{k+1,...,max(w)}).
o wy = Pack(wy . 1y)-

o wy = Pack(Wijpi1,. max(w)})-
Then:

-----

(w,k)eA
(O,w1,w2)€B
— (EHR @ EHR) o A(P).

w1 @ wa

33



So EHR is a Hopf algebra morphism. In the same way, EHR*'" is a Hopf algebra morphism.

Let w be a packed word of length n. We define a quasi-poset structure on [n] by i <p j if,
and only if, w; < wj. Then W™ = {w}, so EHR*"(P) = w: EHR" is surjective. If w’ € Wp,
then max(w’) < max(w) with equality if, and only if, w = w’. Hence:

EHR(P) = w + words w" with max(w’) < max(w).

By a triangular argument, FH R is surjective. O
Examples.
EHR(.,) = (1), EHR"(.,) = (1),
EHR(1%) = (12) + (11), EHR(13) = (12),
EHR(1%) = (21) + (11), EHR(13) = (21),
EHR(.1.2) = (12) + (21) + (11), EHR (.1.5) = (12) + (21) + (11),
EHR(.1,2) = (11), EHR™(.1,5) = (11).

Proposition 40 The following map is a Hopf algebra automorphism:

(HQP,m,A) — (%Qp,m,A)
O: P — Y P/~.
~daP

Its inverse is:

(HQP,m, A — (HQP,m, A)
(_)—1 . P Z(_l)cl(P)+cl(~)P/ ~
~<aP

Moreover, EHR*"" 0 ® = EHR and EHR o ©~! = EHR®'".

Proof. The monoid Mqp acts on the set Eyqp—#qp, and © = Id < ¢, where ¢ is the charac-
ter defined in the proof of proposition 37. So © is an automorphism, and its inverse is Id + t*~1.

Let us prove that:
_ t
Wo =Y W
~aP
Let w € Wg; we define an equivalence ~y, by x ~,, y if w(z) = w(y) and = and y are in the same
connected component of w™!(w(z)). By definition, the equivalence classes of ~,, are connected.
If £ ~p/., y, there exists 1,2 ..., 2k, T, Y1, 41 - - -, Y1, y; such that:

/ /
T<px]~y T <p... <p Tk~ T <pY,

Y<pyl ~w ¥ <p .- <p Yy ~wy <p 1.

As w € Wp, w(z) < w(zy) = w(z)) < ... < w(zg) = w(ry) < w(y); by symmetry, w(z) =
w(z) = ... = w(z)) = w(y) = i. Moreover, as the equivalence classes of ~,, are connected,
and y are in the same connected component of w™1(4), 80 & ~y, y: ~yp <P.

If x <pyorxn~y y, then w(z) < w(q). By transitive closure, if z <p,. y, then w(z) <
w(y), so w € Wpy.,. Moreover, if w(i) # w(j), we do not have x ~,, y, so w € Wf;t/rww.

Let us assume that ~ <P and let w € W]it/”w. If 2 <py, then ¥ <p,. y, so w(z) < w(y):

WI‘?/TN C Wp.
Let us assume that w € W;?TN, with ~ <P. If z ~ y, then w(z) = w(y) = ¢ and = and

y are in the same connected component of P| ~, so are in the the same connected component
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of w™l(i): @ ~y y. If z ~y ¥y, then w(z) = w(y) = i and there exists z1, 2} co, T, T, With
w(ry) =w(x)) = ... = w(ry) = w(r)) = i such that:

r<px1>pai<p...>pa) <puy.

Asw € Wff/" , NP/ 1, T P/ Ty L)y ~p/a Yo SO T ~py y; as ~ <P, x ~ y. Finally,

~=r-

We obtain that:

EHR(P)= > w=)Y_ Y w=)» EHR"(P/~)=EHR"(O(P)).

weWp ~<P weWSt/TN ~<P

So Ehr'" 0o © = EHR. U

Examples. If {i,j} = {1,2} and {a,b,c} = {1,2,3}:

O(1) =1, 07 (1) =1,
O(1) =1 + .., Ol (H)=1 —.,,
OV ) ="V +1e, + 1t eae, O (V) ="V — 18, — 15 F eae,
OGN, )=, No F1pe 100+, OGN )=y N — 1 — 120 4,
odby=t £ v e, 1, o tdi)y =1 — e 1s, 4.

Proposition 41 Let us consider the following map:

[ WQSym — K[X]
' wePW — Hmax(w)(X)-

This is a surjective Hopf algebra morphism, making the following diagram commuting:

'HQP
y i@ EHR
Hap () Hap 77 WQSym
g |ehr -
/ H
Hap oot K[X]
Proof. Let P € QP. Then:
ehr(|P)) = tWp(k = Y Hupaxw)(X)= > H(w)=HoEHR(P).
weWp weWp

So ehro || = Ho EHR. Similarly, ehr’"" o || = H o EHR®'".

Let us prove that H is a Hopf algebra morphism. Let wi,ws € WQSym. There exists
x1,22 € Hqp, such that wy = EHR(z1) and wy = FHR(z2). Then:
H(wywe) = H(EHR(z1)EHR(z2))
= H o FEHR(z122)
= ehr(|x122])
= ehr(|z1])ehr(|z2])
=Ho EHR(x1)H o EHR(x2)
= H(wy)H (w2).
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Let w € WQSym. There exists € Hqp such that w = EHR(x).

Ao H(w)=AoHoFEHR(x)
— (H® H) o (EHR® EHR) o A(z)
=(H® H)o Ao EHR(x)
=(H® H) o A(w).

So H is a Hopf algebra morphism. O

5.3 Compatibility with the other product and coproduct
Theorem 42 We define a second coproduct 6 on WQSym:

Yw € PW, §(w) = Z (0 ow)® (Tow),
(o,7)EAW

where Ay, is the set of pairs of packed words (o,7) of length max(w) such that:
® 0 15 non-decreasing.
o If1<i<j<max(w) and o(i) =o(j), then 7(i) < 7(j).

Then (WQSym, m,§) is a bialgebra and EHRS'" is a bialgebra morphism from (Hqp,m,d) to
(WQSym, m,0).

Proof. Let us prove that o EHR'" = (EHR*'"" @ EHR®"") 0 6. Let P € QP. We consider
the two following sets:

A= {(N,wl,wg) |N <1P,U)1 € W;th,U)Q S Wf—fii},
B = {(w,o,7) |we W (0,7) € Ay}

Let (~, w1, wz) € A. We put I, = w'(p) for all 1 < p < max(w;), and wép) the standard-
ization of the restriction of wy to I,. We define w by:
(p) (2)

w(i) =wy (1) + maxw;” + ...+ maxwﬁi)l if i € I,.

Let us prove that w € W If z <p y, then z <p/~ Y, 80 p=wi(z) < w2y) = q.
o If p < g, then w(z) < w(y).

o If p = ¢, then wi(z) = wa(y) and, as x <p y, = and y are in the same connected component
of w™l(p). So  ~y, y, that is to say z ~ y as wy € Wl‘?-,t/’;, and z <p|. y, which implies
that wa(x) < we(y) and finally w(z) < w(y).

Let us assume that moreover w(x) = w(y). Then p = ¢ and necessarily, wa(x) = wa(y). As
wy € Wlit'TN, Z ~pj~ Y, S0 T ~p Y.

If w(z) = w(y), then by definition of w, wi(z) = wi(y). So there exists a unique o :
[max(w)] — [max(wi)], such that w; = o0 ow. If w(x) < w(y), then, by construction of w,
wi(z) < wi(y): o is non-decreasing.

There exists a unique 7 : [max(w)] — [max(wz)], such that wy = 70 0. As Pack(w,) =
Pack((wz)|,) for all p, 7 is increasing on I),.

To any (~,wi,ws) € A, we associate (w,o0,7) = F(~,w1,ws) € B, such that wy = oo T,
wg = T o0, and ~=n~yo;. This defines a map F: A — B.
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Let (w,o,7) € B. We put G(w,0,7) = (~,0,7) = (~gow,0 0w, Tow). If x <p y, then
w(z) < w(y), so wi(x) = cow(zx) < ogow(y) = wi(y). If moreover wi(x) = wi(y), then as

z <py, r and y are in the same connected component of w; (w1 (z)), 80 & ~up, y: w1 € W;?TN.

If x <p|. y, then z ~, y and  <p y, so wi(z) = wi(y) and wz) < w(y). By hypothesis
on 7, Tow(r) < 7ow(y), so we(x) < we(y). If moreover we(x) = wa(y), by hypothesis on 7,

w(a:) = w(y) Asw € Wgr, T ~p7yY,S0xT ~pl~ Yi W2 c W;fiv;

We defined in this way a map G : B — A. If (~, w1, ws) € A:
G o F(~,wi,w2) = G(w,0,7) = (~gow, 0 0 W, T ow) = (~ogy,, w1, ws) = (~, wi,ws).
So GoF =1dy. If (w,0,7) € B:
FoG(w,0,7) = F(~gow,0 cw, Tow) = (w,0,T).
So Go F =1Idp: F and G are inverse bijections.

We obtain:

(EHR'™ @ EHR)o6(P)= >  wi®wy

(~wi,w2)€A

= E cow®RTow

(w,o,7)EB

= ) H(w)

weWstr

=60 EHR®"(P).
So EHR®' is compatible with 6.

As EH R®'" is compatible with the product m and the coproduct &, Ker(EH R*'") is a biideal
of (Hqp,m,d), and (WQSym,m, ) is identified with the quotient Hqp/Ker(EHR®"), so is a
bialgebra. O

Examples.
0(11) = (11) ® (11),
((11) + (12)
((11) + (12)

This coproduct § on WQSym is the internal coproduct of [15], dual to the product of the
Solomon-Tits algebra.

(21)) + (11) ® (12),

® +
® +(21)) + (11) ® (21).

Remarks.

1. The counit of (WQSym,m,d) is given by:

{1ifw:(1...1),

eg(w) =
B(w) 0 otherwise.

2. There is no coproduct & on WQSym such that (EHR® EHR) 0§ = ¢’ o EHR. Indeed,
if ¢ is any coproduct on WQSym, for z = 1 + 1} —.1.0 — o1 2

§' o EHR(z) = §'(0) = 0,
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but:

(EHR ® EHR) o §(z)
=(FHR®FEHR)((11 + 12 —v102) ®e1e2 + 2120 (17 + 13 —i102 —012))
= (11) ® (11).

Proposition 43 H : (WQSym, m,d) — (K[X],m,d) is a bialgebra morphism.
Proof. Let w be a packed word. We denote k = max(w). Let a,b € N.

(H ® H) © (5(’(0)(@, b) = Z Hmax(oow) (a)Hmax(Tow) (b)

(o,7)EAL
_ Z (a)( b > ( b >
o -1 “e . 1
o : [k] = [l], non-decreasing l |U (1)| |U (l)|
- > (M0~
1<i<k, ) \i il
i1+...+i =k
_[(ab
\k
= Hy(ab)

As this is true for any a,b € N, (H® H) o 6(w) =00 H. O

Corollary 44 ehr®'" is the unique map from Hqp to K[X]| such that both ehrs" : (Hqp, m, A) —
(K[X],m,A) and ehrs'" : (Hgp,m,d) — (K[X],m,d) are bialgebra morphisms.

Proof. We have a commutative diagram of surjective morphisms:

Hqp @TVVQSym

2| g

ehr
Hap K[X]

str

= str

As the arrows EHR®"", = and H are compatible with J, necessarily the arrow ehrs" also is.

Let us consider an algebra morphism ¢ : Hgqp — K[X], compatible with both bialgebra
structures. There exists f € Mgp, such that ¢ = ¢g < f. Putting g = 85" * f, we obtain that
[ =ehr" « g. For any © € Hqp, denoting by &’ the counit of (K[X],m,d) and using Sweedler’s
notation for é:

ep(x) =& o p(x) = &' (p(aM)g(21)) = ¢ 0 p(aM)g(2?)) = ep(aM)g(x?) = g(x).
So g =ep, and ¢ = ehrt" < eg = ehrs'’. O
Definition 45 Let w = w; ... wy and w' = w) ... w; be two packed words. We put:

wlw =w ... wi(w] + max(w)) ... (w], + max(w)),
w®w =w; ... wp(w] +max(w) —1)...(w; + max(w) — 1),

wiw' =w v +wew.

These three products are extended to WQSym by bilinearity.
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Proposition 46 For all z,y € Hqp:
EHR (x| y) = EHR*"(x) | EHR" (y), EHR(x | y) = EHR(z)4 EHR(y).

Proof. Let P € QP(k) and Q € QP(l). If w = w; ... w4 is a packed word of length k +I:

w e ngQ S wWp...WE € L‘Iggtr,warl...warl S Lth’”,wl,...,wk < Wk41y -+ - W]
— w =wp | wg, with wp € WS”,wQ c Wi,
So WI‘ETQ =Wglr | Wé”, and:
EHR"(P | Q) = > wp | wg = EHR*"(P) | EHR*"(Q).
wPEWf:,”,wQEWgT
If w=w;...wgy is a packed word of length k + I:
weWpg= wi...wx € Lp,Wgy1... Wg1 € Lo, w1,..., Wk < Why1, ... Wiy

= w= (wp i wQ, with wp € WP,UJQ € Wp)
or w = (wp ® wg, with wp € Wp,wg € Wp).

These two conditions are incompatible: in the first case,
max(wi ... wg) = min(Wg4q - .. Wgty) — 1,
whereas in the second case,
max(wy ... wg) = min(Wg4q - . . Wety)-

So WpJ/Q = (Wp 4 WQ) U (Wp ® WQ), and:

EHR(P | Q) = > wp | wg +wp ® wg
wPGWp,wQEWQ

= EHR(P) | EHR(Q) + EHR(P) ® EHR(Q),

so EHR(P | Q) = EHR(P)$ EHR(Q). 0

Remark. As a consequence, (WQSym, |, A) and (WQSym, 4, A) are infinitesimal bialge-
bras [11], As (Hqp, ), A) is |9, 10].
5.4 The non-commutative duality principle
Lemma 47 The following map is an involution and a Hopf algebra automorphism.:
WQSym — WQSym
®_q: w — (—1)max(w) Z o ow.

o : [max(w)] — [l], non-decreasing

str

Proof. Using the surjective morphisms EH R and ehrs") taking the quotients of the
cointeracting bialgebras (Hqp,m,A) and (Hqp,m,d), we obtain that (WQSym,m,A) and
(K[X],m,d) are cointeracting bialgebras, with the coaction defined by:

p=(Id® H)od: WQSym — WQSym ® K[X]
For any packed word w:

p(w) = Z ocow® Hmax(Pack(wuaow)_l(l))) (X) s Hmax(Pack(w‘(aom_l(l)))(X)'

o : [k] = [l], non-decreasing
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Using proposition 4, for any A € K, considering the character:
J KX] — K
oa P — P\,
we obtain an endomorphism @) of (WQSym, m,A) defined by @) = Id <+ evy. if A # 0, ®, is
invertible, of inverse ®,-1. For any packed word w, denoting by k its maximum:
(I))\(w) = Z Hmax(Pack(wl(gowrul)))()‘) s HmaX(Pack(wl(aowr”l)))()‘)U ow.
o : [k] = [l], non-decreasing

In particular, for A = —1, for any p € N:

@_l(w) = Z (_l)max(Pack(w‘(Uow)fyl)))+-..+maX(Pack(w‘(dow),l(l)))g 0w

o : [k] = [l], non-decreasing

= (_1)k Z oow.

o : [k] = [l], non-decreasing

Indeed, if z € (o ow)™!(p) and y € (0 ow) " (q), with p < ¢, then o0 o w(x) < oo x(y); as o is

non-decreasing, z < y. So there exists n; < ng < ... < n; = k such that for all p, the values
taken by w on (0 ow)~!(p) are np—1 +1,...,n,. Hence, the values taken by Pack(w(gow)~1(p))
are 1,...,mpy —ny_1, S0:

max(Pack(w)(gow)-1(1))) +- - - +max(Pack(Wigow)-11y)) = n1+nz—n1+...+n—n_1 =n = k.
In particular, ®_; is an involution and a Hopf algebra automorphism of (WQSym,m,A). O

Theorem 48 For any quasi-poset P € QP:

EHR(P) = (-1)*®")&_, 0o ERH*"(P),  EHR*"(P)=(-1)""®_, 0 ERH(P).
Proof. We shall use the following involution and Hopf algebra automorphism:
. Hae — Haqpr
{ peQP — (=1)UP)p,
Recall that the character ¢ of Hqp sends any P € QP to 1. By the duality principle:
Lo U(P) = (—1)UP) = (=1)Plehr(P)(1) = ehr®* (—1) = ev_1 o ehr*¥" (P).

So toW = ev_q o ehrstr.

Let P € QP. Recalling that if ~ <P, cl(P| ~) = cl(P):
50 W(P) = (—1)4P) " P/~ @P| ~= 3 P/~ @(—)APN Pl = (1d @ W) 0 6(P).
~<aP ~<P
So oW = (Id® ¥)od. Hence, for any x € Hqp:
EHRoV(z) = EHR® o (Id < 1) o ¥(x)

= EHR* (¥(z)o)t 0 ¥(x);
= EHR*" (xg)10 ¥(x1)
= EHR" (z0)ev_1 o ehrs" (x)
= EHR*" (zM)ev_y o EHR ()
= FHR <+ ev_i(x)
= (Id + ev_1) o EHR*" (1)
=®_; 0 EHR*"(z),
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where we denote §(z) = () @ 2® and p(z) = 2o ® 1. As ®_; and ¥ are involutions,
EHR" oW =®_;0FHR. g

In Eg|x]-K[x], putting ¢) = Id < evy, for any P € K[X], ¢»(P) = P(AX). Moreover, as H
is compatible with the coactions:

Ho®),=Ho(Ild<+ evy) = H < evy = (Id <+ evy)o H = ¢yoH,
SO:
ehroV=HoEHRoWU =Ho®_ o EHR*" =¢_10Ho EHR" = ¢_, 0 ehrs'".

Tn other words, for any P € QP, (—1)*Pehrp(X) = ehrfi"(—X): we recover the duality prin-
ciple.

We obtain the commutative diagram of Hopf algebra morphisms:

Hqr

o)

Hop 2 WQSym (]
\

\Ifi\ ‘I’1£
Hap 224 WQSym (] T Hep
ehr
|
H \
qu 7?; [f(]

K

eh
P $—1
T

qu

ehr [X]

Corollary 49 For all z,y € WQSym:
P_q(zly)=21(x)P-1(y) P_y(zfy) = P_1(z) L D1 (y).
Proof. If P,Q € QP, then cl(P | Q) = cl(P) + ¢l(Q), so:
U(P Q)= (—1)PHp | Q=w(P) | ¥(Q).

Let z,y € WQSym. There exist 2,y € Hqp, such that EHR" (2') = x and EHR*"(y') = y.
Hence, using the non-commutative duality principle:

O_i(z)y) =P (EHR" (2) | EHR*"(y'))
=& 0o EHR™ (2 | o)
=®_ o EHR*" o W(W(2) | U(y))
= EHR(¥(2') L ¥(y'))
=FEHRoV(z')4EHR o ¥(y)
=®_ (P10 EHRo U (2')4®_1(P_10 FHRo ¥(y))
= ®_((BHR" ()4 ®_1(EHR™ ()
=0_1(2)fP-1(y)-

As ®_4 is an involution, we obtain the second point. ]
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5.5 Restriction to posets

In [9], the image of the restriction to Hp of the map from Hqp to WQSym defined by T-
partitions is a Hopf subalgebra isomorphic to the Hopf algebra of permutations FQSym [12, 7].
This is not the case here:

Proposition 50 EHR(Hp) = EHR*" (Hp) = WQSym.
Proof. Let w be a packed word of length n. We define a poset P on [n] by:
Vij € nl, i <p j i (i = §) or(w(i) < w(})).
Note that if ¢ <p j, then w(i) < w(j). Ilf i <p j and j <p k, then:
e if i =j or j =k, obviously i <p k.
e Otherwise, w(i) < w(j) and w(j) < w(k), so w(i) < w(k) and i <p k.

Let us assume that ¢ <p j and j <p i. Then w(i) < w(j) and w(j) < w(i), so w(i) = w(j). As
i1 <pj,i=j. So P is indeed a poset.

Let w’ be a packed word of length n. Let us prove that w’ € W if, and only if, w < w/,
where < is the order on packed words of definition 23.

—. Let us assume that w’ € W, If w(i) < w(j), then i <p j, so w'(i) < w'(j). Moreover,
if w'(i) = w'(j), then i <p j, so i = j as P is a poset, and finally w(i) = w(j): contradiction.
So w'(i) < w'(j), we shows that w < w'.

<. Let us assume that w’ < w. If i <p j, then i = j or w(i) < w(j), so w'(i) = w'(j) or

w' (i) < w'(j). If, moreover, w'(i) = w'(j), then i = j; so w’ € W§.

We obtain an element P € Hp such that:

str
U}
EHR Z

w<w’

As this holds for any w, by a triangularity argument, EH R (Hp) = WQSym. By the non-
commutative duality principle:

FHR(Hp)=®_1 0o EHR*" o U(Hp) = ®_; 0 EHR*" (Hp) = &_1(WQSym) = WQSym,

as ®_; is an automorphism of WQSym. O
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