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ABSTRACT. A combinatorial Hopf algebra is a graded connected Hopf algebra over
a field k equipped with a character (multiplicative linear functional) ¢: H — k.
We show that the terminal object in the category of combinatorial Hopf algebras
is the algebra QSym of quasi-symmetric functions; this explains the ubiquity of
quasi-symmetric functions as generating functions in combinatorics. We illustrate
this with several examples. We prove that every character decomposes uniquely as
a product of an even character and an odd character. Correspondingly, every com-
binatorial Hopf algebra (#, () possesses two canonical Hopf subalgebras on which
the character ¢ is even (respectively, odd). The odd subalgebra is defined by cer-
tain canonical relations which we call the generalized Dehn-Sommerville relations.
We show that, for H = QSym, the generalized Dehn-Sommerville relations are the
Bayer-Billera relations and the odd subalgebra is the peak Hopf algebra of Stem-
bridge. We prove that QSym is the product (in the categorical sense) of its even
and odd Hopf subalgebras. We also calculate the odd subalgebras of various related
combinatorial Hopf algebras: the Malvenuto-Reutenauer Hopf algebra of permuta-
tions, the Loday-Ronco Hopf algebra of planar binary trees, the Hopf algebras of
symmetric functions and of non-commutative symmetric functions.
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INTRODUCTION

A combinatorial Hopf algebra is a pair (#H, () where H = @, -, H,, is a graded con-
nected Hopf algebra over a field k and ¢: H — k is a character (multiplicative linear
functional), called its zeta function. A morphism « : (H', (") — (H, () of combinato-
rial Hopf algebras is a morphism of graded Hopf algebras such that (' = ( o a. The
terminal object in the category of combinatorial Hopf algebras is the algebra QSym
of quasi-symmetric functions, equipped with a canonical character (o: QSym — k
(Theorem 4.1). This theory provides a natural framework for combinatorial invariants
encoded via quasi-symmetric generating functions.

The algebra QSym of quasi-symmetric functions was introduced by Gessel [16] as a
source of generating functions for poset partitions (Stanley’s P-partitions [31]). The
algebra Sym of symmetric functions is a subalgebra of QSym. The graded dual of
QSym is the Hopf algebra NSym of non-commutative symmetric functions [25, 15].

Joni and Rota [20] made the fundamental observation that many discrete structures
give rise to natural Hopf algebras whose comultiplications encode the disassembly of
those structures. This was further developed by Schmitt [28, 29]. A first link between
these Hopf algebras and quasi-symmetric functions was found by Ehrenborg [14],
who encoded the flag vector of a graded poset as a morphism from a Hopf algebra
of graded posets to QSym. A similar construction was given in [10], where it was
shown that a quasi-symmetric function associated to an edge-labeled poset also gives
a morphism of Hopf algebras. Such quasi-symmetric functions encode the structure of
the cohomology of a flag manifold as a module over the ring of symmetric functions |9,
11]. These results were later unified via the notion of Pieri operations on posets [7,
8]. In Examples 4.4-4.6 we show how all these constructions can be obtained from
Theorem 4.1 in a very natural manner.

A closely related result to Theorem 4.1 was obtained in [1]. There, the terminal
object in the category of infinitesimal Hopf algebras (equipped with a multiplicative
functional) was described. Here, we adapt and expand the constructions of [1], includ-
ing the notions of Eulerian subalgebra (here called odd subalgebra) and generalized
Dehn-Sommerville relations.

We review the contents of the paper.

We start by discussing the group of characters of a graded connected Hopf algebra
in Section 1. Our first main result (Theorem 1.5) states that any character decom-
poses uniquely as a product of an even character and an odd character. Even and odd
characters are defined in terms of the involution h := (—1)"lh of a graded connected
Hopf algebra (Definition 1.2).

In Section 2 we introduce the notion of combinatorial Hopf algebras (H, (). Asso-
ciated to the character ( are certain canonical characters y and v; these are closely
related to the decomposition of ( as a product of an even and an odd character. We
present some combinatorial Hopf algebras involving partially ordered sets in Exam-
ples 2.2-2.4, and we describe the combinatorial meaning of the canonical characters
in each case.

We recall the definitions of the Hopf algebras of quasi-symmetric functions and non-
commutative symmetric functions in Section 3. This short section sets the notation
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to be used later in the paper, but it contains no new results and may be skipped by
the reader familiar with these notions.

In Section 4 we introduce the character (o: QSym — k and obtain the following
universal property, which is our second main result (Theorem 4.1):

For any combinatorial Hopf algebra (H, (), there is a unique morphism
of combinatorial Hopf algebras V: (H, () — (QSym, (o).

Thus, (QSym, (o) is the terminal object in the category of combinatorial Hopf alge-
bras. We also show that the Hopf algebra of symmetric functions, equipped with the
restriction (g of (g, is the terminal object in the category of cocommutative combina-
torial Hopf algebras (Theorem 4.3). We illustrate these results with several examples
of a combinatorial nature, including the flag vector of posets and the chromatic sym-
metric function of graphs (Examples 4.4-4.6 and 4.7-4.9). We also show that the
morphism QSym — QSym corresponding to the character vg is the map introduced
by Stembridge in [35]. Other examples will be presented in [2].

There are two Hopf subalgebras of H canonically associated to (. They are the
largest subcoalgebras on which ( is even or odd. The definitions and basic properties
of these objects are presented in Section 5. The odd subalgebra is defined by certain
linear relations which we call the generalized Dehn-Sommerville relations for (#, ().
For a homogeneous element h € H these relations are

(id® ((— ¢ ®id) o A®(h) = 0,
or equivalently
(id® (x —€) ®id) o A®(h) = 0.
We show that the generalized Dehn-Sommerville relations for (QSym, (o) are pre-
cisely the relations of Bayer and Billera [6] (Example 5.10).

The construction of even and odd subalgebras is natural: a morphism « : (H', (") —
(H,¢) of combinatorial Hopf algebras sends the even (odd) subalgebra of (H’,{’) to
the even (odd) subalgebra of (#,() (Propositions 5.6 and 5.8). Following [1], we
show how this simple fact implies the important result of Bayer and Billera that the
flag vector of an Eulerian poset satisfies the generalized Dehn-Sommerville relations
(of (QSym,(g)). First, it is well-known that one may construct a certain combina-
torial Hopf algebra (R, () from graded posets so that ¢ and (~! are the usual zeta
and Mobius functions of posets [20, 29]. We add the observation that all Eulerian
posets belong to the odd subalgebra of (R, (). By naturality, the flag vector of an
Eulerian poset must belong to the odd subalgebra of (QSym,(g), and thus satisfy
the generalized Dehn-Sommerville relations.

In Section 6 we describe the even and odd subalgebras of (QSym, (o) in explicit
terms. These algebras have basis elements indexed by even and odd compositions,
respectively. In particular, we find that the odd subalgebra is precisely the peak
Hopf algebra of Stembridge [35]. We show that these subalgebras are the terminal
objects in the categories of even and odd combinatorial Hopf algebras (Corollary 6.2).
We show that the morphisms QSym — QSym corresponding to the even and odd
parts of (g are projections onto these subalgebras (Proposition 6.8) and derive our
third main result: that QSym is the categorical product of its even and odd Hopf
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subalgebras (Theorem 6.10). These results confirm the importance of Stembridge’s
Hopf algebra and at the same time unveil the mystery behind its construction.

In Section 7 we describe the even and odd subalgebras of (Sym, (s). These algebras
have basis elements indexed by even and odd partitions. We find that the odd
subalgebra is precisely the Hopf algebra of Schur Q-functions [23, 111.8.1].

In Section 8 we describe the odd subalgebras of closely related Hopf algebras: the
Hopf algebra of non-commutative symmetric functions, the Hopf algebra of permu-
tations of Malvenuto and Reutenauer, and the Hopf algebra of planar binary trees of
Loday and Ronco.

Assumption. Most of our results are valid over any commutative ring k in which
2 is invertible, but for simplicity we work over a base field k of characteristic different
from 2. The results in Section 4, however, are valid over any commutative ring. The
assumption on the characteristic is recalled in the statement of some theorems, when
emphasizing it seems necessary.

1. THE GROUP OF CHARACTERS OF A GRADED CONNECTED HOPF ALGEBRA

Definition 1.1. Let H be a Hopf algebra over a field k. A character of H is a
morphism of algebras ¢ : # — k. Thus ((ab) = ((a)((b) and ((1) = 1. We also refer

to characters as multiplicative linear functionals.

Recall that the convolution product of two linear functionals ¢, : H — k is

(1.1) HEEHoH 225 kok 2k,

where Ay is the coproduct of H and my is the product of the base field. We denote
the convolution product simply by . This turns the full linear dual of H into an
algebra. Let my be the product of H. Sweedler’s dual H° is the largest subspace of
the full linear dual such that mj,(H°) C H° ® H°. Equipped with the convolution
product and the comultiplication mj,, H° is a Hopf algebra. A character ¢ of H is
precisely a group-like element of H°: m3,(¢) = ¢ ® ¢.

The set X(H) of characters of an arbitrary Hopf algebra # is a group under the
convolution product. The unit element is the counit €5, and the inverse of a character
@ is ! = po Sy, where Sy is the antipode of H. In fact, using the antipode axiom
and the fact that ¢ is a morphism of algebras one finds

PlpoSy) =mxo(p®(poSu)) oAy = mpo(p®p)o (id® Sy)o Ay
=pomyo (id®Sy)oAy = pouyoey = ugoey = €,

where ug, and uy are the unit maps of H and k. Similarly, (¢ o Sy)p = ex.

If H is cocommutative then X(#) is abelian.

A morphism of Hopf algebras a : H' — H induces a morphism o* : X(H) — X(H')
defined on a character ¢ of H by a*(¢) = ¢ o a. Since « is a morphism of algebras,
a*(yp) is a character of H', and since « is a morphism of coalgebras, a* is a morphism
of groups.

Any graded Hopf algebra H carries a canonical automorphism

hs h:=(—=1)"h
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for homogeneous elements h € H,. This is an involution: h = h. Therefore, it
induces an involution ¢ — @ on the character group of H, with

o(h) = (=1)"p(h) for heH,.
Definition 1.2. A character ¢ of a graded Hopf algebra H is said to be even if
p=¢
and it is said to be odd if
g=9p".

The even characters form a subgroup of X(#) that we denote by X, (). The set
X_(H) of odd characters is a subgroup of X(#) if H is cocommutative, but not in
general.

Any morphism of graded Hopf algebras o : H' — H preserves the canonical invo-

lution; hence, the morphism of groups o* : X(H) — X(H') preserves even and odd
characters.

Example 1.3. Let ¢ be an arbitrary character of a graded Hopf algebra . There
is a canonical way to construct an odd character from (. Indeed, let

v=_CC.

As all these operations are defined on X(#), v is a character. In addition,

===,
so v is odd. This simple construction is of central importance for this work.
Define also

x = (C.
As before, x is a character, and
X=¢=¢.
If H is cocommutative then ({ = (¢, so y is even.

In Remark 1.6 we interpret these constructions in terms of the group structure of

From now on we assume that H is a graded connected Hopf algebra. Thus, H =
Dr>0Hn, Ho = k-1, and all structure maps preserve the grading. We also assume
that each H, is finite dimensional. We reserve the notation H* for the graded dual
of H. Thus, H* = ®,>0(H,)*. It is a Hopf subalgebra of Sweedler’s dual H°. Given
a linear functional ¢ : H — k we set

Pn =Pl € Hy.

Since the comultiplication of H preserves the grading, we have

(1.2) (eY)n = Z Pithn—i
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Any character ( satisfies (, = €. Note also that, if char(k) # 2, ( is even if and only
if (9,41 = 0 for all n > 0. An odd character, on the other hand, may have no zero
components.

We set out to show that any character decomposes uniquely as a product of an
even character and an odd character.

Proposition 1.4. Let H be a graded Hopf algebra over a field k of characteristic
different from 2. Let @, : H — k be two linear functionals such that ¢y = 1y = €.

(a) There is a unique linear functional p : H — k such that

(1.3) o =ppp and py=e.
(b) If ¢ and ¢ are characters then so is p.
(c) If p = w1 then p is even and if ¢ = 1 then p is odd.

Proof. According to (1.2) to construct p we must solve the following equations in H*,
for each n > 1:

i+j+k=n
0<i,j,k<n

Since 2 is invertible, these equations have a unique solution p,,, constructed recursively
from py = e. This proves (a).
From (1.3) we deduce

pRp = (pRp)(YRY)(p®p),

an equation between linear functionals on H ® H. Suppose now that ¢ and 1 are
characters. As explained above, mj,(¢) = ¢ ® ¢ and mj,(¢)) = ¢ ® 1. Therefore,
applying the morphism of algebras mj, to (1.3) we obtain

e @ e = my(p)(Y @P)my(p).
From the uniqueness of such decompositions established in part (a) (applied to the
Hopf algebra H @ H) we deduce

my(p) = p@p.
Thus, p is a character, proving (b).
Finally, suppose that ¢ = 1~!. We have

p=pp=v =o=pp=1v=0)" )P =) e(p) = pp=¢.
By uniqueness, p = p, i.e., p is even. The remaining half of (c¢) can be derived
similarly. U

The following is the main result of this section.

Theorem 1.5. Let H be a graded connected Hopf algebra over a field k of character-
istic different from 2. Ewvery character ¢ : H — k decomposes uniquely as a product
of characters

¢ =GC4C-
with ( even and (_ odd. In particular, the only character that is both even and odd
is the trivial one (the counit).
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Proof. Proposition 1.4 allows us to define an even character (; such that

(1.4) ¢ =C¢Cy
Let ¢_ := ({;)~'¢. By construction, ¢ = (,(_, and

=)= ()G =T = ()
so (_ is odd. This shows existence.
Consider another decomposition ( = @1 with ¢ even and ¢ odd. Then,

(=@ =y,
while
i o= oo =P
Thus, ¢ = ¢ p. By uniqueness of such decompositions (Proposition 1.4) we must
have ¢ = (,, and then also ¥ = =1 = (_. O

Remark 1.6. The canonical characters v and x of Example 1.3 are related to the
decomposition of Theorem 1.5 as follows:

v = (¢_)* and, if H is cocommutative, y = ((1)*.
Indeed, taking inverses on both sides of (1.4) we obtain (™' = (¢;)7'¢(¢4)™" and
then )
(€)= (C) ¢ =¢T¢=v, )
by definition of v. If H is cocommutative then (1.4) becomes ¢ = ((;)?¢™*, which by
definition of y says that y = ({,)%
Theorem 1.5 is complemented by the following result.
Proposition 1.7. Let H and k be as above. Then X_(H) is a set of representatives
for both the left and the right cosets of the subgroup X (H) of X(H). Moreover,

(a) X_(H) is closed under conjugation by elements of X (H).

(b) If p,v € X_(H) and vy = Py, then pp € X_(H).
(¢) X_(H) s closed under integer powers, in particular under inversion.

Proof. Let us first derive (a)—(c). If ¢ = g~ with ¢ even and ¢ odd, then

C=@v(@) " =yl =(7,
so ¢ is odd. This is (a).
Suppose @, 1) are odd and ( = 1. Then
(=gp=¢ 9",
If 1) = ¢ then ¢ = (71, proving (b). Part (c) follows from (b).
Theorem 1.5 says that X_(H) is a set of representatives for the left cosets of the
subgroup X (#). Either (a) or (c¢) imply that the same holds true for the right cosets.

For instance, ¢ = (C+§_ (§+)_1)§+ displays ( as a product of an odd character on the
left with an even one on the right. U

Corollary 1.8. Let H and k be as above. Suppose in addition that H is cocommu-
tative. Then the group of characters splits as a direct product of abelian groups

X(H) = X, (H) x X_(H).
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2. COMBINATORIAL HOPF ALGEBRAS

Definition 2.1. A combinatorial Hopf algebra is a pair (H, () where H is a graded
connected Hopf algebra over a field k and ( : H — k is a character.

A morphism of combinatorial Hopf algebras o : (H', (') — (H,() is a morphism
a: H' — H of graded Hopf algebras such that the following diagram commutes:

Combinatorial Hopf algebras over a field k, together with their morphisms, form
the category of combinatorial Hopf algebras over k. Combinatorial coalgebras and
their morphisms are defined similarly (in this case, ¢ is only required to be a linear
functional such that (|3, = €|x,)-

We refer to ( as the zeta character of the combinatorial Hopf algebra. We introduce
the following terminology for the canonical characters associated to ¢ (Example 1.3):

¢! = (o Sy is the Mébius character,
x = (C is the Buler character,
v = ("' is the odd character.

The terminology is motivated by Example 2.2 below.

Example 2.2. (Rota’s Hopf algebra). Let R be the k-vector space with basis the
set of all isomorphism classes of finite graded posets. We say that a finite poset P
is graded if it possesses a maximum element 1p and a minimum element Op, and all
maximal chains in P have the same length. The rank of P, denoted rk(P), is the
length of a maximal chain from Op to 1p. R is a graded connected Hopf algebra
where the degree of P is its rank, the multiplication is Cartesian product of posets

P-Q:=PxQ,

the unit element is the poset with one element, the comultiplication is

A(P):= > [0p,2]®[z1p],

0p<z<lp
and the counit is
1 if0p =1p,
P) =
«(P) {0 if not.

Here, and in everything that follows, if x and y are two elements of a poset P then
[z, y] denotes the subposet {z € P | z <z <y}.

This Hopf algebra originated in the work of Joni and Rota [20]. Variations of this
construction have appeared repeatedly in the literature [3, 14, 29]. Here, we add the
perspective of combinatorial Hopf algebras.

Let ¢ : R — k be ((P) = 1 for every poset P. This is the zeta function of posets in
the sense of Rota. Clearly, ¢ is a morphism of algebras, so (R, () is a combinatorial
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Hopf algebra. It follows that the Mobius character (7! is the classical Mébius function
o of posets [27], in the sense that

¢H(P) = p([op, 1p])

is the value of the Mdbius function of the poset P on the interval [0p, 1p]. In fact,
from ¢(~!'¢ = € we deduce the defining recursion for the Mébius function:

¢ Y([x,z]) = 1 for every x € P and Z ¢ Y[z, 2]) = 0 for every x < y in P.

z<z<y

This approach to Mébius functions of posets is due to Schmitt [29)].
Consider the Euler character y. We have

X(P) = (=1 0r =% (1) fi(P),

zeP =0

where n = rk(P) and f;(P) is the number of elements of P of rank i (the ordinary
f-vector). Suppose that K is a finite cell complex of dimension n—2 and let P be the
poset of non-empty faces of K, with a bottom element and a top element adjoined.
Then, for 1 <i <n—1, f;(P) is the number of faces of K of dimension i — 1, and

n—1
X(P) =1+ (=1)" = (1) f(P)
i=1
is the Euler characteristic of a sphere of dimension n — 2 (or n) minus the Euler
characteristic of K.
Consider the class of graded posets P for which

(x =) (P)=(C—¢)(P).

This includes the graded poset of rank 0 (trivially) and all posets P constructed from
reqular finite cell complexes as above. This follows from the above description of y;,
together with the fact that the Mébius function of P is in this case the reduced Euler
characteristic of K [33, Proposition 3.8.8].

Example 2.3. Let P be the k-vector space with basis the set of all isomorphism
classes of finite posets, not necessarily graded. P is a graded connected Hopf algebra
where the degree of a poset P is the number of elements of P, denoted #P, the
product is disjoint union of posets

P-Q:=PUQ,
the unit element is the poset with no elements, and the coproduct is
A(P) =) I®(P\I).
I<P

Here, I < P indicates that I is a lower ideal of P, ie.,if x € P,y € [ and x <y
then « € I. The subsets I and P\ I of P are viewed as posets with the partial order
of P. This Hopf algebra is implicit in the work of Gessel [16] and Malvenuto [24].
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We turn P into a combinatorial Hopf algebra by defining ¢ : P — k by ((P) =1
for every poset P. A poset is discrete if no two elements of P are comparable. It
follows that

(2.1) P = (=1)#F if P is discrete,
. 0 otherwise.

In order to see this, note that a subset of P is both discrete and a lower ideal if and
only if it is a subset of Min(P), the set of minimal elements of P. Let u(P) be the
functional defined by the right hand side of (2.1). Then

WOP) =S ph= 3 (= ¥ (_1)#12{1 if Min(P) = 0,

otherwise.
I<P <P ICMin(P) 0
I discrete

Now, any non-empty poset has a minimal element, so ¢ = € and u = (.
From (2.1) we deduce

-1(p) = 1 if Pis Fhscrete,
0 otherwise.

Hence, the odd character is

v(P)=> (') = Y 1=
I<P ; dISP
iscrete

Example 2.4. There is a canonical morphism of combinatorial Hopf algebras
J:(P,¢) = (R, Q)

where J(P) is the set of lower ideals of P, viewed as a poset under inclusion. J(P)
is a graded poset, with bottom element (), top element P, and rank function rk(I) =
#1. The zeta characters are preserved trivially. Hence so are the other canonical
characters.

It is known that J(P) is in fact a distributive lattice, and that any distributive
lattice is of this form for a unique poset P [33, Theorem 3.4.1]. Note also that if P is
discrete and #P = n then J(P) = B, the Boolean poset on n elements (all subsets
of P). Since the Mébius characters are preserved by J, we deduce from (2.1) that
the Mobius function of a distributive lattice L is

{(—1)" if L=B,,

0 otherwise.

In Section 4, the canonical characters of the combinatorial Hopf algebra of quasi-
symmetric functions are calculated.
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3. THE HOPF ALGEBRAS QSym AND NSym

This section recalls the Hopf algebraic structure of quasi-symmetric functions and
of non-commutative symmetric functions. For more details, see [15, 17, 24, 25, 34].
The reader familiar with these notions may skip ahead to Section 4.

A composition a of a positive integer n, written o F n, is an ordered list a =
(aq,aq, ..., ax) of positive integers such that a;+as+- - -+a,, = n. Welet k(«) := k be
the number of parts and |a| := n. Compositions of n are in one-to-one correspondence
with subsets of {1,2,...,n — 1} via

a— I(a):={a,a1 +as,...,a1+--+ap_1}.
For compositions «, 5 E n, we say that «a refines 5 if I(f) C I(«), and write 8 < a.
The monomial quasi-symmetric function M, indexed by a = (ay,...,ax) is
(3.1) My = > et
11 <t <-<ig

This is an element of the commutative algebra of formal power series in the variables
{xi}i>1. We agree that M = 1, where () denotes the unique composition of 0
(with no parts). As « runs over all compositions of n, n > 0, the elements M,
span a subalgebra QSym of the algebra of formal power series. It is the algebra
of quasi-symmetric functions. It is in fact a graded subalgebra, the homogeneous
component QSym,, of degree n being spanned by {M,}a-,. Thus, dim QSym, = 1
and dim QSym,, = 2"~ for n > 1.
There is a Hopf algebra structure on QSym with comultiplication

(3.2) AM,) = > My® M,
a=py

where 37 is the concatenation of compositions 3 and . The counit is projection onto
the (one-dimensional) component of degree 0; equivalently, the morphism of algebras
that sends all variables z; to 0. Thus, QSym is a graded connected bialgebra, and
hence a graded Hopf algebra, by [26]. An explicit formula for the antipode is given
below (4.7).

A second linear basis of QSym,, (and thus of QSym) is obtained by defining for
each a F n,

(3.3) F, == > M.

as<p

A partition of n is a composition A = (ly,...,lx) of n such that Iy > --- > .
Given a composition «, let s(«) be the partition obtained by rearranging the parts
of a in decreasing order. The monomial symmetric functions are the elements

(3.4) my = Y M,
s(a)=A

The subspace spanned by the elements my, as A runs over all partitions, is a Hopf
subalgebra of QSym. It is the Hopf algebra Sym of symmetric functions.
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Let NSym = k(H;, Hs,...) be the non-commutative algebra freely generated by
infinitely many variables { H,, },,>1. Define

(3.5) A(H,) = Y H;®H,
i+j=n

where Hy = 1. This turns NSym into a graded connected Hopf algebra, where
deg(H,) = n. A linear basis for the homogeneous component NSym,, of degree n is
{H4u}okn, where
(3.6) Has,ap) = HoHay - Hg,

The graded Hopf algebras QSym and NSym are dual to each other, in the graded
sense. The identification between QSym,, and (NSym,,)* is
(3.7) M, < H} .

The ideal Z of N'Sym generated by commutators is a Hopf ideal and the quotient
NSym / 7T is Sym, the Hopf algebra of symmetric functions. The quotient map sends
H, to the complete homogeneous symmetric function hg).

The Hopf algebra Sym is self-dual (in the graded sense), the identification being
(3.8) my <> h} .

Therefore, the maps NSym — Sym and Sym — QSym are dual to each other.

4. THE TERMINAL OBJECT IN THE CATEGORY OF COMBINATORIAL HOPF
ALGEBRAS

The results of this section do not require any assumptions on the base field k.
We endow QSym with a canonical character. Let
Co: kl[zy,29,..] = k
be the morphism of algebras such that
Co(r1) =1 and (o(x;) =0 forall i # 1.

The map (g is actually defined on the algebra of power series of finite degree, and
hence on QSym. Note also that all multiplicative functionals on power series which
set one variable to 1 and the remaining variables to 0 agree when restricted to QSym,
by quasi-symmetry.

It follows from (3.1) and (3.3) that

1 ifa=(n)or(),
0 otherwise.

(4.1) Co(Ma) = Colfa) = {

By (3.7) we have
Colosym, = Hn
as elements of (QSym,,)* = NSym,,.
(QSym, (o) is a terminal object both as a combinatorial coalgebra and as a com-
binatorial Hopf algebra.
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Theorem 4.1. For any combinatorial coalgebra (Hopf algebra) (H, (), there exists a
unique morphism of combinatorial coalgebras (Hopf algebras)

v (Ha C) - (QS?JW%CQ) :
Moreover, ¥ is explicitly given as follows. For h € H,,

(4.2) W(h) = 3 Calh)M,

aFn
where, for a = (ay,...,ax), (4 is the composite

(k—1) ®k
HA%H(gkﬁHal@"'@Hak CHk?
where the unlabeled map is the tensor product of the canonical projections onto the
homogeneous components H,,.

Proof. Consider the coalgebra case first. As recalled in Section 3, the graded dual of
the graded coalgebra QSym is the free algebra N'Sym, which has one generator H,, of
degree n for every n. Given a graded coalgebra H and a linear functional ¢ : H — k,
let (as in Section 1)
Cn i =Cla, : Ha — k.

Thus ¢, € (H,)*, and there is a unique morphism of graded algebras ® : NSym — H*
such that ®(H,) = (,.

Let ¥ : H — QSym be the composite of the canonical map H — H** followed by
o* . H* — QSym. Then ¥* = & and hence W is a morphism of graded coalgebras.
Also,

Co o Vly, = Colasym, © ¥|n, = HyoV|y, = ®(Hy,) = (o = (ln, -

Thus, (g oV = (, proving that ¥ : H — QSym is a morphism of combinatorial
coalgebras.

Let o« = (a1,...,ax). By construction, ¢, = (4 ---(,, (product in H*), and
by (3.6), H, = H, H,, -+ H,, (product in NSym). Therefore, ®(H,) = (,, and
hence V¥ is given by (4.2).

Uniqueness of ¥ follows from uniqueness of ®, by duality.

Now suppose that H is a graded Hopf algebra and ( is a morphism of algebras.
It only remains to show that ¥, as constructed above, is a morphism of algebras.
Consider the following diagrams, where m denotes the multiplication map of H or of

QSym.

HE2 3 Y OSym 12 Y L QGym®" . QSym
NN g
K k

These diagrams commute, by construction of ¥ and since ( and (g are morphisms of
algebras. Also, Uom and moW¥®? are morphisms of graded coalgebras. Hence, by the
universal property of QSym as a combinatorial coalgebra applied to the functional
(%2, we have ¥ om = m o U®2 Thus, ¥ is a morphism of algebras. U
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Remark 4.2. (QSym, (o) is also the terminal object in the larger category of con-
nected coalgebras (Hopf algebras) endowed with a linear (multiplicative) functional,
without any assumptions on the existence of a grading. A direct proof of this state-
ment (which cannot resort to the freeness of N'Sym) will be given in [2]. For most
applications of interest, however, the present result suffices.

The Hopf algebra of symmetric functions satisfies the same universal property
but among cocommutative coalgebras. Let (g : Sym — k denote the restriction of
(o : QSym — k. Thus,

1 if A= (n)or (),
0 otherwise.

Cs(m,\) = {

Theorem 4.3. For any cocommutative combinatorial coalgebra (Hopf algebra) (H, (),
there exists a unique morphism of combinatorial coalgebras (Hopf algebras)

U (H,() = (Sym,(s) .

Proof. The above argument can be repeated word by word, as the graded dual of
Sym (Sym itself) is the free commutative algebra on the generators {h, },>1. O

Example 4.4. Let R be Rota’s Hopf algebra (Example 2.2). Theorem 4.1 yields a
morphism of graded Hopf algebras ¥ : R — QSym. If P is a graded poset of rank n
and « = (ayq,...,a,) is a composition of n, then (,(P) is the number of chains

Op=zp<zunn<---<z,=1p

in P such that rk[z;_1, z;] = a; for every ¢ = 1,... k. Thus (,(P) = f.(P), the flag
f-vector of P, and (4.2) becomes

_ _ rk[z0,21] rklzp_1,21]
U(P) = Y fulP)M, = > Ty :
aFn Op=z0<z1<-<zp=lp
11 <o <ip

This morphism was introduced by Ehrenborg [14].

Example 4.5. (Chromatic Hopf algebra). Let G be the k-vector space with basis the
set of all isomorphism classes of finite (unoriented) graphs. Let V(G) denote the set
of vertices of a graph G. For S C V(G), let G|s denote the graph with set of vertices
S and with edges those edges of G with both ends in S. G is a graded connected Hopf
algebra with degree |G| := #V(G) (number of vertices), product G- H := G U H
(disjoint union of graphs) and coproduct

A(G) := Z Gls @ Glvans -
SCV(Q)

Note that G is cocommutative. This Hopf algebra was considered by Schmitt [29].
A graph is discrete if it has no edges. Let ( : G — k be

1 if G is discrete,
o=}

0 otherwise.
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Thus, (G, () is a cocommutative combinatorial Hopf algebra. Let W : G — Sym be
the corresponding morphism of graded Hopf algebras given by Theorem 4.3. If G is
a graph with n vertices and oo = (ay, - - - , ax) is a composition of n, then (,(G) is the
number of ordered decompositions

V(G) =S U---US,

such that G|g, is discrete and #5S; = a; for every ¢ = 1,..., k. A proper coloring of G
isamap f: V(G) — {1,2,...} such that f(v) # f(w) whenever there is an edge in G
joining v and w. For each a, (S, ..., Sk) as above, and positive integers i; < -+ < iy
there is a proper coloring f given by f|s, = i;, and conversely. It follows from (3.1)

and (4.2) that
\I/(G) = Z H L),
)

f vevV(G

the sum over the set of proper colorings of G. W(G) is Stanley’s chromatic symmetric
function [32].

Example 4.6. In [7, 8, 10], morphisms of Hopf algebras were constructed from
Pieri operations on posets. We explain this terminology and the connection to our
constructions next.

Let P be a fixed finite graded poset. Let Z(P) denote the subspace of R linearly
spanned by the (isomorphism classes of) intervals of P. Then Z(P) is a graded
subcoalgebra of R (in the terminology of Joni and Rota, this is the reduced incidence
coalgebra of P). Let kP be the vector space with basis the underlying set of P. This
carries a natural left graded comodule structure over Z(P),

X:kP = I(P)@kP, x(y)= [v,2®z,

y<z

where the degree of z € P is 1k[0p, z] (and deg([y, 2] ® z) = deg z — degly, 2]).

Now suppose that a linear functional ¢ : Z(P) — k is given. By Theorem 4.1, there
is a corresponding morphism of graded coalgebras ¥ : Z(P) — QSym. This allows
us to view kP as a left graded comodule over QSym, via

kP 5 Z(P) @ kP “2% QSym @ kP,  y+— Y U([y.2) @ 2.

y<z
Dualizing, we obtain a right graded module structure on kP over NSym, which is
determined by

yHo= S A=

y<z
rkly,z]=n

In the terminology of [7], this right module structure constitutes a Pieri operation on
P (with the property that the coefficients (([y, z]) only depend on the isomorphism
class of [y, z]). Note that specifying such a structure is equivalent to giving the linear
functional ¢. The morphism of Hopf algebras constructed in [7] is W. Thus, the
construction of Hopf algebra morphisms from Pieri operations is another instance of
the general construction of Theorem 4.1.
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Many other examples of a combinatorial nature will be presented in [2]. Additional
applications of the universal property are discussed below (Examples 4.7-4.9).

Consider now the case when H = QSym and ( is an arbitrary character on QSym.
Let o and 8 be two compositions of n. It follows from (3.2) that

_ ) (Mg, ) ((Mp,)  ifa<p,
CalMp) = {0 if not

where, for a < (3, the non-empty compositions (1, ..., 5, are defined by 5 = 31 - - 3y

(concatenation of compositions) and oo = (|f1], ..., |Br|). Formula (4.2) becomes
(4.3) V(M) = > C(Mg,) -~ ((Mg,) Mp,)....15.) -
B=B1-Bn

In particular, ¥ is triangular with respect to refinement of compositions, and W is an
isomorphism if and only if ((M)) # 0 for every n.

Example 4.7. Let m € Z be an integer and ¥, : QSym — QSym be the unique
morphism of graded Hopf algebras such that (g o ¥,,, = (g, the m-th convolution
power of (g. It follows from (3.2) that for any composition § and non-negative integer
m7

(4.4 0 = (1)

(For general reasons, this formula remains valid for negative integers m as well.)
Then, by (4.3),

(4.5) U, (M) = ) (k(qgl))'”(kgh))M(wn ..... 18n) -

B=p1-+Bn
In particular, ¥; = id (as had to be the case by uniqueness) and
Wi (My) = (1) S .
a<p

Example 4.8. Recall that the coopposite coalgebra C' P of a coalgebra C'is obtained
by reversing the order of the tensor factors in the coproduct of C'. Let us apply the
universal property to (H,¢) = (QSym®?,(5"). The resulting morphism of Hopf
algebras QSym“? — QSym is the antipode S of QSym, since S : QSym — OSym
is an antimorphism of coalgebras and (go .S = Cél (see Section 1). Theorem 4.1 will
thus furnish an explicit formula for the antipode of QSym. From (4.4), and since
(7)) = (1), we get

(4.6) (o' (Ms) = (=1)*).

(This may also be obtained directly from the recursion (5'¢o = €.)

..........

(4.7) S(Ms) = ()P M.,

a<f
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where if 8 = (b1,bs,...,b) then B = (bk,...,bg,b1). This formula appears in [14]
and [24].

Example 4.9. Consider the odd character vg = (5'¢o (Example 1.3). It follows
from (4.6) that (5'(Mp) = (—=1)IPH*@) Let 8 = (by,...,b;). In

k
MB :Z ..... CQ(M(IMH ----- bk))

1=0

only the terms corresponding to ¢ = k — 1 and ¢ = k are non zero. These cancel each
other if b, is even and are equal to (—1)#+*) if b, is odd. Thus,

if 8= (),
- (=1)IBIFEB) if the last part of 3 is odd,

otherwise.

(4.8) vo(Mp) =

O N =

Let ©® : QSym — OSym be the unique morphism of graded Hopf algebras such
that (g 0 © = vg. By (4.3),

O(Mg) = Y wvo(Mp,)-- vo(Mg,)Mys,... 5. -
B=P1-Bn

Let a = (|p1],---,|Pn|). For M, to appear in the above sum, the last part of each
must be odd. In this case, M, appears with coefficient

ol (—1) KBl k(B) = gk(e) . (_1)IBI+K(B)

Thus,
O(Mjg) = (—1)IAIH+E) . ng(a)M

the sum over those a < [ obtained by adding the entries within consecutive segments
Bi,..., B of B with the property that the last part of each ; is odd. This set of
compositions is empty if the last part of 5 is even. Otherwise, it is a lower interval
whose maximum element is the composition obtained by adding the entries within
each maximal segment of 3 of the form (even, even,... 0odd). Let odd(5) denote this
element. For instance, odd(1,2,2,1,3,2,3) = (1,5,3,5). It follows that

1 if §= (),
(4.9)  O(Mg) = ¢ (—1)I8I+kA) . Y a<odd(p) 2R M, if the last part of 3 is odd,

0 otherwise.

This shows that © is the morphism of Hopf algebras introduced by Stembridge [35,
Theorem 3.1]. Up to a sign, the elements ©(Mjp) are the shifted quasi-symmetric
functions of [13, Equation (3.2)]. The map © was originally defined in the F-basis
of @Sym. From here, Hsiao derived an expression in the M-basis [19, Theorem 2.4],
which agrees with (4.9). The original expression may also be easily obtained through
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the universal property of QSym, starting from the fact that
1 ifa=(),
vo(Fy) = (2 ifa=(1,1,...,1,k),
0 otherwise.

Other characters on QSym and the corresponding morphisms are discussed in
Section 6.

5. EVEN AND ODD SUBALGEBRAS OF A COMBINATORIAL HOPF ALGEBRA

Let H be a graded connected Hopf algebra. Given a linear functional ¢ : H — k
we let ¢, 1= @|3, . This is an element of degree n of the graded dual H*.

Definition 5.1. Given characters ¢, v : H — k, we let S(p,1) denote the largest
graded subcoalgebra of H such that

VheS(e), ph)=v(h),
and we let I(p,1) denote the ideal of H* generated by

(pn_wm nZO

Remark 5.2. By definition, S(p, 1)) is the largest graded subcoalgebra contained in
ker(p—1) (a subspace of codimension < 1). It is easy to see that S(p, 1)) may also be
defined as the largest subcoalgebra (graded or not) contained in the graded subspace
@n>o ker(p, — 1) (this is the approach taken in [1]). We will not make use of this
fact.

The basic properties of these objects follow.

Theorem 5.3.

(a) S(p, ) ={heH | f(h)=0V fel(p,)}.

(b) I(¢, %) is a graded Hopf ideal of H*.

(¢) S(p,v) is a graded Hopf subalgebra of H.

(d) A homogeneous element h € H belongs to S(p, ) if and only if

(5.1) (id @ (¢ —¢) @ id) o AP (h) = 0.

Proof. Write I(p, )" :={h € H | f(h) =0V f € I(p,¥)}. Since I(p,¢) is
generated by homogeneous elements, it is a graded ideal of H*. Hence I(p,9)* is a
graded subcoalgebra of H.

If h € I(p,9)* then

o) =" pulh) = S () = (h).

since @, — ¥, € I(p, ). Therefore, I(p, 1)+ C S(p,1).
Let C' be a graded subcoalgebra of H such that p(h) = ¢(h) for all h € C. Let

h e C. Write h =) h,. Since C' is graded, each h,, € C. Hence,
(Yn = V) (R) = (Pn — V) (hn) = (¢ = P)(hn) = 0.
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Thus, (¢, — ¥,)(C) = 0 for all n > 0. Since C' is a subcoalgebra and (¢, ) is the
ideal generated by ¢,, —,, n > 0, it follows that f(C) = 0 for all f € I(p,v). Thus,
C C I(p,9)* and hence S(p,1) C I(p,1)*. The proof of (a) is complete.

If C' and D are graded subcoalgebras of H, then so is their product C' - D. Also,
since  and v are characters we have

(o —V)(xy) = (¢ — V) (@)p(y) + V(x) (0 — V) (y) .

Hence, if (¢ — ¢)(C) = (¢ — ¥)(D) = 0, then (¢ —¢)(C - D) = 0. It follows that
S(p, 1) - S( ) C S(p,v). Also, Hy = k- 1 is a graded subcoalgebra of H and
o(1 ) =1=1(1), so it is contamed in S(g, ). Thus, S(p,) is a subalgebra of H
and by (a) I(p,) is a coideal of H*. This completes the proofs of (b) and (c).
Let h be a homogeneous element satisfying (5.1). Then

> (id ® (90 — ) @ id) 0 APV (h) = 0.

n>0

Each term in this sum is homogeneous and their degrees are distinct. Therefore, for
each n > 0,

(id @ (pn — ¥y) @ id) o A®(h) = 0.
Let A, p be arbitrary elements of H*. We deduce that for each n > 0,

It follows that for any f € I(p, %), f(h) = 0. Thus, by (a), h € S(¢,v).
Conversely, let C' be a graded subcoalgebra of H such that (¢ —)(C) = 0. Then

(id® (p —¢) ®id) o AP(C) CO® (p —¥)(C)@C =0.

Thus, every homogeneous element of C' satisfies (5.1). This applies in particular to
C' = S(p, 1), which completes the proof of (d). O

Corollary 5.4. There is an isomorphism of graded Hopf algebras
S, )" =H /1, ¢) .
Proof. This follows at once from Theorem 5.3. U

Proposition 5.5. Let o, ¢, 1,9 be characters on H. Suppose that either
b= (W)Y or Tt =/ (@)
Then
S, ¥) =S¢, ¥') and I(p,¥) =1(¢",¢).
Proof. Suppose ¥ 'p = ()71, Then
e —d)=v o —e= (W)Y —e= )¢ — ).
Passing to homogeneous components we see that ¢, — 1, belongs to the (left) ideal
generated by ¢! — ¢/, n > 0. Thus I(p,¥) = I(¢',4¢') and, by Theorem 5.3,

n

S(p, 1) = S(¢',1"). The other case follows similarly. O
Note also that S(p,v) = S(¥, @) and I(p,1) = I(1), ) (symmetry).
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Proposition 5.6. Let o : H' — H be a morphism of graded connected Hopf algebras.
Let ¢, be characters of H and ¢’ :== poa, ¢ ;=1 o«. Then,

(a) a(S(¢',¥)) € S(p.¥);

(b) I(¢',0') is the ideal of (H')* generated by o (I(,1)).

Moreover, if « is injective then
S(¢, ') = a7 (S(p. ) and I(¢',4') = o™ (I(p,4)).

Proof. By hypothesis, a(ker(gp’ — )) C ker(¢ — v). Since the image under « of a
graded subcoalgebra is another graded subcoalgebra, a(S (¢ )) is a graded sub-
coalgebra contained in ker(¢ — 1), and hence also in S(y, ). This proves (a)

Since a* (¢, — V) = @), — V), a* carries the generators of the ideal (g, 1) of H*
to the generators of the ideal I(¢’, ') of (H')*. This implies (b).

If « is injective then the preimage under « of a subcoalgebra of H is a subcoal-
gebra of #'. Therefore, a™'(S(p,v)) is a graded subcoalgebra of H' contained in
a ! (ker(p — 1)) = ker(¢’ — ), and hence also in S(¢', 7).

Finally, in this situation o is surjective, so the image of an ideal of H* under o*
is an ideal of (H')*. Hence, by (b), I(¢',¢') = a*(I(¢, ¥)). O

We now specialize these constructions.

Definition 5.7. Let (H,() be a combinatorial Hopf algebra. The even and odd
subalgebras of H are respectively

Sp(H. €)= 8(¢,¢) and S_(H,() = S(¢, (7).

The even and odd ideals of H* are respectively
[+(H7 C) = ](C_v C) and ]—(Hv C) = I(Eu §_1> .

Specializing the previous results we obtain the basic properties of even and odd
subalgebras and ideals.

Proposition 5.8. Let (H,() be a combinatorial Hopf algebra.

(a) Sy (H,¢) and S_(H, ) are graded Hopf subalgebras of H, I, (H, () and I_(H, )
are graded Hopf ideals of H*, and there are isomorphisms of graded Hopf al-
gebras

S:I:(Hv C>* = H*/[:I:(Hv C) :

(b) Sy (H,C) and S—_(H, () are the largest graded subcoalgebras with the properties

that

C(h) = (=1)"¢(h) (respectively ¢~'(h) = (=1)"¢(h))
for every h € S.(H, () (respectively S_(H,()) of degree n.
(c) ¢ is even if and only if S;.(H, () = H and ¢ is odd if and only if S_(H,() = H.
(d) Let v = (7' and x = (¢ be the canonical characters of Example 1.5. We
have

S—i—(H?C) = S(V7 6) and S—(H7C) = S(X7€)

and similarly for 1.
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(e) Leta: (H', (") — (H, ) be a morphism of combinatorial Hopf algebras. Then
a(S(H', (") € S+(H,¢)
and I (', (') is the ideal of (H')* generated by o (1L(H,()).
(f) If in addition « is injective then

Se(H,¢) =a " (SL(H.¢)) and I.(H, () =a*(IL(H,Q)).

Proof. These assertions are special cases of Theorem 5.3, Corollary 5.4, and Propo-
sitions 5.5 and 5.6. U

Even and odd characters of H are related to the even and odd subalgebras of
the dual ‘H*, as we now explain. Let H be a graded connected Hopf algebra, ( :
H — k a character on ‘H and n : H* — k a character on its dual. We do not
assume any compatibility between ¢ and 7. Note that each component ¢, = ¢
a homogeneous element of H*.

H,, 1S

Proposition 5.9. In the above situation, if ¢ is even (respectively, odd) then each
component (, belongs to S.(H*,n) (respectively, S_(H*,n)).

Proof. Observe first that

ﬁ(gn) = (—1)"77(Cn) = n(gn)
and
171 (Gn) = (10 Su=)(Cn) = 1(Cu 0o Su) = n((C7H)n) -

Recall that characters of H are group-like elements of H°. Hence,
M- (G) = D G-
i+j=n

Suppose now that ¢ is odd. We have
(ido@-—n")@id) o AQG) = Y Gom-1")E) ®

i+j+h=n
= Y o0& 1) ea =0,
i+j+h=n
since (; = Cj_l for every j. Thus, by item (d) of Theorem 5.3, {, € S_(H*,n). The
even case is similar. O

Generalized Dehn-Sommerville relations. Let (H, () be a combinatorial Hopf
algebra. Consider its odd subalgebra

S_(H,) =S(C, ¢ =S(xe)-
Let h € H be a homogeneous element. According to (5.1), the following conditions
are equivalent:

he S (H,0)
(5.2) (id® (- ¢ ®id) o AP(h) =0
(5.3) (id® (x —€) ®id) o A®(h) =0.
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We refer to either set of equations (5.2) or (5.3) as the generalized Dehn-Sommerville
relations for the combinatorial Hopf algebra (#,(). As they both define the same
subalgebra of H, they have the same solutions.

Example 5.10. We describe the generalized Dehn-Sommerville relations for the
combinatorial Hopf algebra (QSym, (o). First, from (4.6) we get

7 0 =0
(5.4) (Co = Co)(Mp) = { (=1)"+ 1 if B =(n)
—(=1)*¥®  otherwise.

Given an element h =" f,(h)M, € QSym,,, a composition a = (ai,...,ax) F n,
and a number ¢ € {1,...,k}, set

Eoi(h) = (=1)" fa(h) = > (=1 fuc,a(h).
BFa;

Here, o 0; # denotes the composition of n obtained by replacing the ith part of a by
the parts of 8: if 8 = (by,...,bn),

ao; = (ay,...,a;i-1,b1,...,bn, Gig1, ..., a1) .
Also, write

o; = (ar,...,a;_y) and o' = (a4, .., a).
It follows from (5.4) and (3.2) that

k(o)

(id @ (Co — ¢g") ®id) 0 AP (h) =N " Eqoi(h) - Mo, ® My .

aFn i=1

Since this is a sum of linearly independent tensors, the generalized Dehn-Sommerville
relations (5.2) for the element h are

E,i(h) = 0 foreach akFnandie{1,....,k(a)},

or explicitly

(D" falh) = > (=1 facip(h).

BFa;

Thus, an element h € QSym of degree n belongs to S_(QSym, (o) if and only if these
relations are satisfied. This form of the generalized Dehn-Sommerville relations was
introduced in [1, Section 7].

Now consider (5.3), the second form of the generalized Dehn-Sommerville relations.
From (4.1) we get

1+ (=)™ if 5= (n)
(5.5) (Xo —€o)(Mp) = ¢ (=1)° if 8= (i,n—1)
0 otherwise.
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Therefore,

(id ® (xo — €0) ® id) oA ZZBO” ) My, @ My,

aFn i=1

with

Ba,i(h) = Z(_1)jf(a1,---7a¢717j,ai—j,ai+1 ----- ak)(h’>7
j=0
where it is understood that zero parts are omitted. Thus, relations (5.3) for the
element h are

a;

Z(_1)jf(a1,...7a@-71,j7ai—j,ai+1 ,,,,, ap)(h) = 0 foreach (ai,...,ax)Fn, ie{l,....k}.

J=0

These are precisely the original generalized Dehn-Sommerville relations as introduced
by Bayer and Billera [6, Theorem 2.1].

Consider the combinatorial Hopf algebra (R, () of Example 2.2. Let £ be the
subspace of R spanned by all Eulerian posets. Recall that a finite graded poset P
is Eulerian if its Mobius function satisfies u([z,y]) = (=1)*@¥ for every z < y in
P. In particular, intervals of an Eulerian poset and Cartesian products of Eulerian
posets are again Eulerian, so £ is a Hopf subalgebra of R.

According to Example 2.2, for any P € £ we have

(TH(P)=¢(P).
Therefore, £ must be contained in the odd subalgebra of R
EC S (R,C).

Let ¥ : (R, () — (QSym, (o) be the unique morphism of combinatorial Hopf algebras,
as in Example 4.4:
= ) falP)M,,

aFn

where f,(P) is the flag vector of P. By item (e) of Proposition 5.8,
(E) S W(S_(R.C)) C S_(QSym. Co).

We thus recover the important result of Bayer and Billera [6, Theorem 2.1] that
the flag vector of any Eulerian poset must satisfy the generalized Dehn-Sommerville
equations of Example 5.10.

6. EVEN AND ODD SUBALGEBRAS OF QSym

Below we describe the even and odd subalgebras of the terminal combinatorial
Hopf algebra (QSym, (o) in explicit terms. We continue to assume that char(k) # 2.
We find that the odd subalgebra is the Hopf algebra introduced by Stembridge in [35].

Let IT, and II_ denote the even and odd subalgebras of (QSym, (o).
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Proposition 6.1. Let (H,() be a combinatorial Hopf algebra and ¥ : (H,() —
(QSym, (o) the unique morphism. Then

U (S, (H,¢)) CILy and W(S_(H,¢)) CTL.
Proof. This is a particular case of Proposition 5.8, item (e). O

Corollary 6.2. Let (H,() be a combinatorial Hopf algebra and consider the unique
morphism U : (H,() — (QSym, (o). If ¢ is even then Im(V) C 11, and if ¢ is odd
then Im(W) C I1_. In addition, (Il , (o) and (I1_,{g) are the terminal objects in the
categories of even and odd combinatorial Hopf algebras, respectively.

Proof. If ( is even then, by item (c) in Proposition 5.8, S, (H, () = H, so the conclu-
sion follows from Proposition 6.1. The rest is similar. U

A composition o = (aq, ..., ax) is said to be even (respectively, odd) if each part a;
is even (respectively, odd). The empty composition () is the only composition that
is both even and odd.

We describe II, in explicit terms.

Proposition 6.3. Assume that char(k) # 2. The set {My}a even 1S a linear basis for
the even subalgebra 11, of (QSym, (o).

Proof. Recall that (o), = H, € NSym, where H, = M. We have

_ _ o
(CQ)n - (Cg)n = { 2Hn IIrnis Odd,

0 if n is even.

Let I be the ideal of NSym generated by {H,}n oaa. Then, by (3.6), { Ha}ta not even 18
a linear basis of I, and by Theorem 5.3,

I, =I*={hecQSym | f(h)=0 Vfecl}.
Thus, {M,}a even 1s a linear basis for 1. O

We now turn to II_. An explicit description in terms of linear relations (the
generalized Dehn-Sommerville relations) has already been given in Example 5.10.
We proceed to describe a linear basis. We make use of the morphisms © and ¥, :
QSym — QSym introduced in Examples 4.7-4.9.

Proposition 6.4. Assume that char(k) # 2. The morphisms © : QSym — QSym
and Uy : QSym — QSym satisfy

(a) Yoln_ = Ol_,

(b) O(IL) = I,

(c) ©(QSym) =11_.
Proof. By construction, ¥, and © are the morphisms corresponding to the characters
¢4 and v = (5'Co, respectively. Now, by Definition 5.7,

(o'ln. = Caln_ -

Therefore, v|n_ = (3|n_ and by uniqueness Ol = Wo|p_.
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Since v is an odd character on QSym, we have, by Corollary 6.2,
O(QSym) CII_.

In particular, ©(II_) C II_. On the other hand, formula (4.5) shows that W, :
QSym — QSym is bijective (since char(k) # 2), so by the above ©|_ is injective.
Hence ©(I1_) = I1_ and then also ©(QSym) =11_. O

Given an odd composition [, set

(6.1) e =y 2XIM, .

a<p

The sum is over all compositions (not necessarily odd) smaller than 5. Up to a sign,
these are the elements introduced by Hsiao in [19, Section 2].

Proposition 6.5. Assume that char(k) # 2. The odd subalgebra 11_ of (QSym, (o)
is Stembridge’s Hopf algebra. The set {ng}s oaa is a linear basis for I1_.

Proof. In Example 4.9 we identified © with the morphism defined by Stembridge
in [35]. Stembridge’s Hopf algebra is defined as the image of ©. By Proposition 6.4,
this image is 11_.

By triangularity, the set {75} oaa is linearly independent. On the other hand, from
the explicit form of © (4.9), we see that this set spans Im(0) = I1_. O

Remark 6.6. The dimension of the n-th homogeneous component of II,, i.e., the
number of even compositions of n, is 2271 if n > 0 is even and 0 if n is odd. The
dimension of the n-th homogeneous component of I1_, i.e., the number of odd com-
positions of n, is the Fibonacci number f,,, where f; = fo =1 and f, = fo_1 + fu_o
for n > 3.

Remark 6.7. We provide a description for the dual of II_. According to Proposi-
tion 5.8,
I = NSym/1T,
where I :=I((o,(5") = I(x0, €0) is the ideal of N'Sym generated by the elements
@Q)n - (Cél>n = (-1)"H, — Z(_l)k(a)Haa n>0,
aFn

or also by the elements

n

(x@)n = (x@)n — (€@)n = > (=1)'H(ii—iy, n > 0.

=0

Billera and Liu have shown that, if char(k) # 2, I is in fact generated by the elements
(xo)n for n even [12, Propositions 3.2, 3.3]. From our point of view, this may be seen
as follows. Consider the linear functional

wo = CoXa + Xalo = (alalo + (ololo -
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Then wg = (oolo + (alolo = wa, 50 (wg), = 0 for n odd. Hence, if n is odd,

0 =2(xo)n + Z(Cg)i(xg)n—i + i(xg)i(fg) -

It follows by induction that the elements (x o), for odd n belong to the ideal generated
by the elements (xg), for even n.

Canonical projections onto the odd and even subalgebras. Consider the
canonical decomposition of Theorem 1.5 applied to the character (go:

o = (Co)+(Ca)-
with (Cg)+ even and ((g)4+ odd. Let

Uy 2 (QSym, (Co)+) = (QSym, (o) and W_: (QSym, (Co)-) — (LSym, (o)
be the unique morphisms of combinatorial Hopf algebras (Theorem 4.1). By Corol-
lary 6.2,
(6.2) Im(V,) CII; and Im(¥_) CII_
We can in fact show that U, and ¥_ are projections onto I, and II_:

Proposition 6.8. With the above notation,
(a) Im(¥,) =11, and Im(V_) =1I_.
( ) \If+‘n+ = Z'd|HJr and V_ |H Zd|1'[ .
(c) ‘1’+\H =€l and V_|n, = €, .
(d) W = id (convolution product in End(QSym)).

Proof. By definition of even and odd subalgebras (Definition 5.7), (o|n, is even and
Colm_ is odd. Hence, by uniqueness of the decomposition of Theorem 1.5,

Coly = (Co)+lns, Colno = (Co)-|u_, and (Co)+|u_ =e€ln_, (Co)-|n, = €ln, -
Assertions (b) and (c) follow from here, in view of uniqueness in Theorem 4.1. To-
gether with (6.2), (b) implies (a).

To obtain (d) it suffices to show that (g o (¥, W¥_) = (o, again by Theorem 4.1.
Now, since (g is a morphism of algebras, precomposing with (o preserves convolution
products. Hence,

Coo (ViW_) = (CooWi)(Coo V) = (Co)+(Ca)- =Ca,
by definition of W, and ({g)+. The proof is complete. O

Proposition 6.9. The map © and the projection V_ are related as follows.
(a) OoV_=0=V_00.
(b) Im(V_) =Im(©) =1I_.
(c) ker(V_) = ker(0).
Proof. Assertion (b) is part of Propositions 6.4 and 6.8. The fact that ¥_ 0 © = ©

also follows from those propositions, since V_|m@©) = id|m(e)-
By our construction of © and Remark 1.6,

(00O =vo=((Co)-)".
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Hence,

(a0©0W_ = ((¢o)-) 0W_ = ((Co)-0oW_)" = (oo W )2 = ((¢a)-)",

since Im(W_) =1I_ and (¢g)_|n_ = Coln_-

Thus, (g 0O = (g 00O oW¥_ and by uniqueness in Theorem 4.1, © o U_ = O. This
completes the proof of (a).

From (a) it follows that ker(¥_) C ker(0), which with (b) implies (c). O

We conclude with an important result that states that QSym is the product of its
even and odd subalgebras in the category of graded connected Hopf algebras.

Theorem 6.10. Let H be a graded connected Hopf algebra and
+:H—=1L and a- : H — 11

two morphisms of graded Hopf algebras. Then there is a unique morphism of graded
Hopf algebras o : H — QSym such that the following diagram commutes:

o o AN

= QSym —>H+

Proof. Define two characters on H by

(+:=Cgoay and (_:=(goa_.
In other words, ¢+ = o (Co|n,.). Since (olmn, is even and (gl is odd, (4 is an even
character of H and (_ is an odd character of H. Define a third character on ‘H by

¢ = CC-.
Let a : H — QSym be the unique morphism of graded Hopf algebras such that
(oo a = (Theorem 4.1). Then, we have

(= a*(Co) = a*((Ca)+(Ca)-) = a*((Ca)+)a*((Ca)-) -

This is another decomposition of ¢ as a product of an even and an odd characters.
By Theorem 1.5 we must have

G =a"((Co)x) = (Co)soa.
On the other hand, by definition of ¥, and ¥_, ((g)+ = (g © V1. Therefore,
CooVioa=((g)toa=(r= (g0,
It follows from Theorem 4.1 that U4 o @ = auy, i.e., diagram (6.3) commutes.
Suppose & : H — QSym is another morphism of graded Hopf algebras such that
VU, o = a4. In the derivation below, we make use of the fact that ¥, U_ = id
(Proposition 6.8):
(oo =Coo (W W )od=C(oo ((¥s0a)(¥ od))
= (oo (asa_) = (Cooai)(Cooa-) = =(=(ooa.

From Theorem 4.1 we deduce & = a. O
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Remark 6.11. The Hilbert series (see Section 8) of QSym, 11, and II_ are

1—2z 1—a? 1—a?
S = IT = — d Il () = —.
The latter two expressions follow from Propositions 6.3 and 6.5. Note that
1 1 1

—1.

QSym(z) W, (z) ' T_(z)

This may also be seen as follows. Theorem 6.10 holds replacing the word “Hopf
algebra” for “coalgebra”. It follows from this that NSym = (QSym)* is the free
product of the algebras (I1.)* and (II_)*, and it is a general fact that the Hilbert
series of a free product A = A; * Ay of two graded connected algebras is related to
the Hilbert series of the factors by means of

11 1
Alx)  Ai(z)  Ag(a)

(6.4)

7. EVEN AND ODD SUBALGEBRAS OF Sym

We describe the even and odd subalgebras of the combinatorial Hopf algebra of
symmetric functions (Sym, (s). We find that the odd subalgebra is the Hopf algebra
of Schur Q-functions [23, IIL8§].

Let A = (ly,...,l;) be a partition of n. As for compositions, we write [A\| = n and
k(X)) = k. Recall the power sum symmetric functions py, defined by

(7.1) Pn = m, and py = p Dy, -

As for compositions, we say that a partition is even (odd) if all its parts are even
(odd). For each odd partition A, define an element

(7.2) mo= Y T,
s(a)=X

where 7, is as in (6.1) and s(«) as in (3.4).

Proposition 7.1. Assume k = Q. The sets {pr}x oaa and {nx}x oda are linear bases
for the odd subalgebra of (Sym,(s).

Proof. Consider first the elements 7. By item (f) in Proposition 5.8 applied to
Sym — QSym,

S—(Sym>CS) = S—(stm>CQ) N Sym .

The set {74 }a oda 18 & basis for S_(QSym, (o), by Proposition 6.5. It follows readily
from (3.4), (6.1), and (7.2) that the set {9} oaa is & basis for S_(Sym, (s).

Note that 79,11 = 2man11 = 2po,+1. Hence, by (7.1), and since S_(Sym, (s) is
a subalgebra, py € S_(Sym, (g) for each odd partition A. Since the set {pj}a odd
is linearly independent and has the same number of elements in each homogeneous
dimension as the set {9} oaq, it must also be a linear basis for S_(Sym, (s). O



COMBINATORIAL HOPF ALGEBRAS 29

Remark 7.2. It is easy to see that

Csp) =1, Cslpy) = (1), and (5H(pa) = (1),
One may use these to show directly that {py}x oaqa is a basis for S_(Sym, (s).

Proposition 7.3. Assume k = Q. The sets {pr}x even and {my}x even are linear
bases for the even subalgebra of (Sym, (s).

Proof. By item (f) in Proposition 5.8 applied to Sym — QSym,
S+(Sym> CS) = S+(Q8ym> CQ) N Sym .

According to Proposition 6.3, the set { M, }q even 18 @ linear basis for S, (QSym, (o).
It is then clear from (3.4) that the set {my} even is a basis for S, (Sym, (s). Recall
that ps, = mo,. As in the proof of Proposition 7.1, it follows that the set {px}x even
is a linear basis for S (Sym, (s). O

Remark 7.4. Proposition 7.1 shows that the odd subalgebra of (Sym, (s) is the Hopf
algebra of Schur Q-functions, as defined in [23, TIL.8].

As seen in the above proof, S_(Sym,(s) = S_(QSym, (o) N Sym. This says that
(if k = Q) the intersection of Stembridge’s Hopf algebra II_ with Sym is the Hopf
algebra of Schur Q-functions, a known result from [35, Theorem 3.8].

Recall that the graded Hopf algebra Sym is self-dual (3.8). Thus, the components
of a character on Sym are elements of Sym itself, and Proposition 5.9 relates even and
odd characters on Sym to the even and odd subalgebras of (Sym, (s). Consider the
canonical odd character vg and the Euler character yg. Since Sym is cocommutative,
Xs is even (Example 1.3). Thus, Proposition 5.9 guarantees that the components of
vs belong to S_(Sym, (s) and those of xs to S, (Sym,(s). Let e, be the elementary
symmetric functions. The components of the canonical characters of Sym are:

(C8)n = =D ma,

AFn

(Cgl)n = (_l)nen ’
(VS)n = Z eihn—i )
=0

- , > an my  if nis even,
XS )n = —1)h im—i) = A even

(xs) ZZ:;( /iy {0 if n is odd.

In particular, we see that the components of vg are precisely the Schur Q-functions
n, as defined in [23, Chapter II1.8, formula (8.1)].

Remark 7.5. The decomposition of the Hopf algebra of quasi-symmetric functions
as the categorical product of its even and odd Hopf subalgebras (Theorem 6.10)
admits an analog for symmetric functions: Sym is the product of its even and odd
subalgebras in the category of cocommutative Hopf algebras. In this category, the
product is simply the tensor product of Hopf algebras. Thus,
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The proof of this fact is completely analogous to that of Theorem 6.10. It also follows
at once from the explicit descriptions for Si(Sym,(s) in Propositions 7.1 and 7.3.
In terms of Hilbert series, the decomposition (7.3) boils down to

1 1 1
Hl_xn - Hl_x2nH1_x2n—1'

n>1 n>1 n>1

Since Sym is commutative, (7.3) is also a coproduct decomposition in the category of
commutative Hopf algebras. In fact, this decomposition is self-dual.

8. THE ODD SUBALGEBRAS OF OTHER COMBINATORIAL HOPF ALGEBRAS

Symmetric, quasi-symmetric, and non-commutative symmetric functions (Section 3)
are related by the following commutative diagram of graded Hopf algebras:

/ stm\
(8.1) Sym YSym —= &Sym
\

/

NSym

The Hopf algebra &Sym has linear bases indexed by all permutations of [n], n > 0,
and was introduced by Malvenuto and Reutenauer [24, 25]. The Hopf algebra ) Sym
has linear bases indexed by planar binary trees and was introduced by Loday and
Ronco [21, 22]. See also [4, 5] for a detailed study of these Hopf algebras. Both &Sym
and ) Sym are self-dual Hopf algebras (in the graded sense). In diagram (8.1), duality
acts as reflection across the middle horizontal line (not just on objects but also on
morphisms).

In Sections 6 and 7 we calculated the even and odd subalgebras of QSym and Sym.
In this section we calculate the odd subalgebras of N'Sym, &Sym and Y Sym. The
even subalgebras may be calculated by the same methods. We view these as com-
binatorial Hopf algebras via the pull-back of the canonical character (g of QSym;
therefore, (8.1) is a commutative diagram of morphisms of combinatorial Hopf alge-
bras.

In this section, we use OQ to denote the odd subalgebra of (QSym, (o) (instead
of S_(QSym,(g)), and ZQ to denote the odd ideal I_(QSym,(g). Thus, OQ is a
Hopf subalgebra of QSym, ZQ is a Hopf ideal of N'Sym, and by Proposition 5.8 (a),

(0Q)" = NSym/ZQ.

Similarly, we use OS and ZS, ON and ZN, OGS and Z&, and O) and T for the odd
subalgebras and ideals associated to the combinatorial Hopf algebras Sym, NSym,
YSym, and &Sym.

IV =@,-,Vx is a graded vector space and each V,, is finite-dimensional, we let

V(z) = Z dim V,, 2"
n>0

denote the corresponding Hilbert series.
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From Proposition 6.5 and Remark 6.6 we know that

1 — a2
From Proposition 7.1 it follows that
1
n>0

Below we provide formulas for the Hilbert series of ON, O&, and O).

The odd subalgebra of NSym. We describe the graded dual of ON. This is a
quotient Hopf algebra of (MSym)* = QSym.

Our derivation is based on the following simple fact. Let V' be a vector space and
S(V) the free commutative algebra on V' (the symmetric algebra). Let W be another
vector space and consider the inclusion S(V) < S(V @& W) induced by the canonical
map V — V@ W. Let I be an ideal of S(V') and J the ideal of S(V & W) generated
by I. Then there are canonical isomorphisms of algebras

SVeW) SV)esSW) SV)
(8.4) 7 =TSy 0 ® S(W).

The algebra of symmetric functions is freely generated, as a commutative algebra,
by the elements m,, n > 1 [23, Chapter 1.2]. It is also known that the algebra of
quasi-symmetric functions is freely generated, as a commutative algebra over Q, by
the elements M, indexed by Lyndon compositions « [18, Theorem 2.6, Example 6.1].
The latter set of generators contains the former, as all compositions with one part
are Lyndon and M,y = m,. (A similar result is [25, Corollary 2.2].)

Let V' be the vector subspace of Sym spanned by {m,},>1 and W the subspace of
QSym spanned by the elements M, where a runs over the set of Lyndon compositions
with 2 or more parts. Thus, as algebras,

(8.5) Sym = S(V), QSym =S(VaeW)=S\V)eSW),

and the inclusion Sym — QSym is induced by the canonical map V — V & W.

Since the map NSym — Sym is a morphism of combinatorial Hopf algebras, ZN
is the ideal of (NSym)* = QSym generated by ZS (by item (e) in Proposition 5.8).
Therefore, applying (8.4) with I = ZS and J = ZN and making use of item (a) in
Proposition 5.8 we obtain

. QSym _ Sym _ )

(8.6) (ON)* = N IS ® S(W)=(0S8) @ S(W)
(we used (NSym)* = QSym and (Sym)* = Sym).

For n > 1, the number of Lyndon compositions of n is [30, Sequence A059966]

= L),
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where p is the classical (number-theoretic) Mobius function. Therefore, S(W)(x) =
[L>1 W, and from (8.3) and (8.6) we deduce

1 14 if n is odd
ON = —_—, h n = n )
®) ,g (1 —zn)an where d {ﬁn —1 if n is even.

Thus,
ON (z) = 14+ x4 22+ 32% + 52 + 112° + 2225 + 442" + - - - .
Note that (8.5) and (8.6) also imply that
ON(z) _ NSym(x)
OS(z)  Sym(x)

The odd subalgebras of GSym and Y Sym. We describe the graded dual of O&
by a derivation similar to the one in the previous section.

Let V' be a vector space and T'(V') the free algebra on V' (the tensor algebra). Let
W be another vector space and consider the inclusion 7'(V) < T'(V & W) induced
by the canonical map V < V @& W. Let I be an ideal of T'(V) and J the ideal of
T(V @ W) generated by I. There is a canonical isomorphism of algebras
(87) T(VeWw) _ (V) L T(W),

J I
where * denotes the free product of algebras.

The algebra of non-commutative symmetric functions is freely generated by the ele-
ments H,,, n > 1. According to [4, Theorem 6.1, Remark 6.2], the algebra (&Sym)* is
freely generated by certain elements indexed by permutations with no global descents.
Moreover, it follows from [4, Theorem 7.3] that the inclusion NSym — (&Sym)*
sends H,, to the basis element indexed by the identity permutation of n (which has
no global descents). Thus, there are spaces V' and W such that

(8.8) NSym =T(V), (&Sym) =T(VaW)=T(V)*T(W),

and the inclusion NSym — (&Sym)* is induced by V < V & W. The space W has
a basis indexed by permutations that have no global descents and are different from
the identity:.

Since the map &Sym — QSym is a morphism of combinatorial Hopf algebras, Z&
is the ideal of (&Sym)* generated by ZQ (by item (e) in Proposition 5.8). Therefore,
applying (8.7) with I =ZQ and J =Z& we obtain
_ (&Sym)*  NSym
- I6 I9

Recall that the Hilbert series of a free product is related to the Hilbert series of
the factors by means of (6.4). Applying this to (8.8) and (8.9) we deduce

T
06(zx) 0Q(x) GSym(x) QSym(x)’

(8.9) (06)* «T(W) = (OQ)* + T(W).

This reduces to
1 1 x?

06(r) D nsonlan * 1—a2’
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from which

06(37):1—|—ZE+ZL'2—|—4:L'3—|—19£E4—|—105;E5—|—660;p6_|_....

The Hopf algebra (Y Sym)* is also free on a set of generators containing the gen-
erators of NSym, according to the results of [5]. Therefore analogous considerations
apply and we obtain

1]

[10]
[11]
[12]

[13]

[17]
[18]
[19]
[20]

21]

R R
OY(z) O0Q(x) YSym(z) QSym(x)’
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