COLORED POSETS AND COLORED QUASISYMMETRIC FUNCTIONS
SAMUEL K. HSTAO AND T. KYLE PETERSEN

ABSTRACT. The colored quasisymmetric functions, like the classic quasisymmetric functions,
are known to form a Hopf algebra with a natural peak subalgebra. We show how these
algebras arise as the image of the algebra of colored posets. To effect this approach we
introduce colored analogs of P-partitions and enriched P-partitions. We also frame our
results in terms of Aguiar, Bergeron, and Sottile’s theory of combinatorial Hopf algebras and
its colored analog.

1. INTRODUCTION

As observed by Joni and Rota, [16], Hopf algebras have a natural role in combinatorics
because, in essence, they encode how to assemble and disassemble discrete structures. Ex-
amples include the Malvenuto-Reutenauer algebra of permutations [20], the Loday-Ronco
algebra of planar binary trees [18], the classic symmetric functions, and the now-ubiquitous
noncommutative symmetric functions [12]. The interest in Hopf algebras is both reflected
in and heightened by the work of Aguiar, Bergeron, and Sottile [3], who define the category
of combinatorial Hopf algebras. The algebra of quasisymmetric functions, Qsym, is the ter-
minal object in this category. Within Qsym lies II, the algebra of peak functions, which
is the terminal object in the category of odd combinatorial Hopf algebras. Recently, both
Baumann and Hohlweg [5] and Bergeron and Hohlweg [7] have studied “colored” versions of
combinatorial Hopf algebras.

In this work we take the viewpoint implicit in Malvenuto’s thesis [19, 4.2-4.3] that, while
perhaps not fundamental in a categorical sense, the algebra of partially ordered sets is
nonetheless key to understanding the Hopf structure on Qsym and II. The method for
moving from posets to quasisymmetric functions lies with the theory of P-partitions: com-
binatorial objects that carry important algebraic structure with them. Here we use the term
“P-partition” to refer to Stanley’s tool [31] as well as Stembridge’s enriched P-partitions [33].

The idea just described generalizes quite naturally when we replace quasisymmetric func-
tions with Poirier’s colored quasisymmetric functions [27] and peak functions with the colored
analogs described by Bergeron and Hohlweg [7]. In this work, we introduce the missing ingre-
dients (the algebra colored posets and the theory of colored P-partitions) and tie everything
together.

In a sense, the story of “colored” algebras begins with the work of Mantaci and Reutenauer.
In [21], they present a generalization of Solomon’s type A descent algebra [30]; the Mantaci-
Reutenauer algebra is the graded dual of (and inspiration for) Poirier’s quasisymmetric func-
tions. On the other hand, peaks enter the picture with Stembridge [33], followed up by
work of Nyman [24]. Aguiar, Bergeron, and Nyman [1] present a thorough discussion of type
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A peak algebras (dual to peak functions) and their relationships with both the 2-colored
Mantaci-Reutenauer algebras and the Solomon descent algebras of types B and D. See also
[9] for more on related Hopf structures. Also worth mentioning are the papers of Novelli-
Thibon [23], which generalizes Poirier’s colored quasisymmetric functions, and Krob-Thibon
[17], which presents a generalization of peak functions, though not the one used in this paper.

We remark that this work originally arose in an attempt to outline the Hopf structure of
the type B quasisymmetric functions (distinct from the 2-colored quasisymmetric functions)
and the type B peak functions (distinct from 2-colored peak functions) [10, 26]. Motivated
by the type A case, the hope was to define a Hopf algebra of type B posets whose image, via
Chow’s type B P-partitions [10], would be the type B quasisymmetric functions, and whose
image via the second author’s type B enriched P-partitions [26] would be the type B peak
functions. While we were able to show that the type B quasisymmetric functions and type
B peak functions are Hopf algebras, we failed to find an elegant “poset algebra” structure
beneath. Our results can be found in [15].

1.1. Structure of the paper. In Section 2 we present the Hopf algebra of labeled posets,
P, followed by a quick overview of Qsym. We then survey Stanley’s P-partitions and show
how simply derived combinatorial lemmas show that Qsym is a homomorphic image of P.
We follow this result with an analogous treatment of the peak functions. Here Stembridge’s
enriched P-partitions provide the link between P and II. We conclude the first section by
connecting what we have done to the theory of combinatorial Hopf algebras.

Section 3 begins with the definition of the Hopf algebra of colored posets, followed by a
discussion of colored quasisymmetric functions and peak functions that parallels Section 2.
Along the way we outline a theory of colored P-partitions and colored enriched P-partitions,
concluding with links to colored combinatorial Hopf algebras. Although we follow the spirit
of Bergeron and Hohlweg’s work in this regard [7, Section 5.3], there is some ambiguity in
their definition. See Remark 12. We clarify their definition and present its consequences in
Section 3.9.

Throughout the paper, by a Hopf algebra, H, we mean a graded connected Hopf algebra
H = D,,~¢ Hn, where being connected means H, is the one-dimensional vector space spanned
by the unit element of H. Further, we assume for simplicity that our algebras are over Q,
though many constructions will work over the integers. The assumption that we work over
the field of rational numbers makes it simpler to check whether something is indeed a Hopf
algebra.

We conclude the introduction with Table 1, which lists the dimensions of the nth graded
components of the algebras discussed in the paper, apart from the poset algebras (we would
be very interested if someone could give us formulas for those dimensions!).

2. THE CLASSICAL CASE

2.1. Hopf algebra of posets. A labeled poset is a finite set P with partial order <p whose
elements are distinct positive integers. Two labeled posets P and () are equivalent, written
P ~ @, if there is an isomorphism of posets ¢ : P — () such that for all i <p j, we have
o(i) <p ¢(j) if and only if i <p j (where <p is the ordering on P, the set of positive integers).
See Figure 1. Let P,, for n > 0, denote the vector space over Q with basis consisting of
all labeled posets of cardinality n, modulo the equivalence relation. We will describe a Hopf
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Hopf algebra H Dimension of H,,
Qsym 2"~! — pumber of compositions of n
I fongiven by fi = fo=1, f, = fno1 + fus forn > 2
Qsym ™ m(m + 1)"~! = number of m-colored compositions of n
T Jmn given by fo1 =m, fmao =m2 fon=mfnn 1+ fruno forn>2

TABLE 1. Dimensions of nth homogeneous components.

F1GURE 1. Two equivalently labeled posets.

algebra structure, first described by Schmitt [29, Section 16], on the graded vector space
P = @nZO Pn

Given two labeled posets P and @), let P LI () denote their disjoint union as posets. If P
and () have any elements in common, we can always replace () with a label-equivalent poset
that has no elements in common with P. For example, since these are finite sets, we can
suppose the elements of ) are sufficiently large. It is easy to see that P LI Q) ~ Q U P and if
both P ~ P and Q ~ @', then PLIQ ~ P LU Q. Therefore U is a well-defined commutative
product on P. With this product P becomes a graded algebra whose unit element is the
empty poset 0.

To define the coproduct, first recall that an order ideal (or lower ideal) of a poset P is a
subset I of P such that if x € I and y <p = then y € I. Let Z(P) be the set of order ideals
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of P. For example,

(\]
[\]

Every order ideal I and its complement P \ I are thought of as labeled subposets of P. The
coproduct § : P — P ® P is defined by

§(P)= > I&(P\I)

IeZ(P)

and the counit is projection onto Py = Q.

The product U and coproduct §, along with the unit and counit, give P the structure of a
graded connected Hopf algebra. This algebra was presented in [3, Example 2.3]. We should
be clear that P is distinct from Rota’s Hopf algebra of (isomorphism classes of finite) graded
posets [28, 16, 11].

An explicit formula for the antipode of P can be deduced from the following general
inductive formula due to Milnor and Moore [22, Section 8|. (Note that they use the term
“conjugate” instead of antipode. See also [11, Lemma 2.1].) For any Hopf algebra H =
D,,~o Hn, the antipode s : H — H is determined by the inductive formula s(13,) = 15, and

(1) s(h) = —h — ZS(hl)hg for h € H,,n >0,

where the coproduct of his 1@ h+h® 14> h; ® hy. Using this formula it is straightforward
to show that the antipode of P satisfies

(2) s(P) = > (DI T U U I\ L)
0=1oC N -CI=P
I,€Z(P)
for any non-empty labeled poset P.

We remark that any permutation m € &,, can be considered a poset with the total order
T <p Tiv1, ¢t = 1,2,...,n— 1. For example, the permutation m = 3214 is the totally ordered
chain 3 <, 2 <, 1 <, 4. For any poset P of size n, let L(P) denote the Jordan Hélder set:
the set of all totally ordered chains on the elements of P whose relations are consistent with
those of P. This set is sometimes called the set of “linear extensions” of P. For example let
P be the poset defined by 1 >p 5 <p 4. In this case, 1 and 4 are not comparable, so we
have exactly two ways of linearizing P: 5 < 4 < 1 and 5 < 1 < 4. These correspond to the
permutations 541 and 514. In pictures,
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Remark 1. In fact permutations themselves can be seen to be a Hopf algebra. See work of
Malvenuto and Reutenauer [20]; also [4]. The product and coproduct for the Malvenuto-
Reutenauer algebra are not totally unrelated to the product and coproduct on P, but, for
instance, their product is not commutative.

2.2. Quasisymmetric functions. The ring of quasisymmetric functions is well-known (see
[32, ch. 7.19]). Recall that a quasisymmetric function is a formal series

Q(z1,xa,...) € Q[lx1, 22, .. .]]

of bounded degree such that for any composition o = (a,s,...,qx), the coefficient of
" x5? - - 2* is the same as the coefficient of zf'zy” - x;’“ for all i3 < iy < -+ < 1.
Recall that a composition of n, written o = n, is an ordered tuple of positive integers
a = (a1, qs,...,q) such that |a] = a; + ag + -+ + ax = n. In this case we say that o
has k parts, or [(a) = k. We can put a partial order on the set of all compositions of n by

refinement. The covering relations are of the form

(Oél,...,()éi +Oéi+1,...,05k> < (Oél,...,Ozi,OziJrl,...,Oék).
Let Qsym,, denote the set of all quasisymmetric functions homogeneous of degree n. Then
Qsym = P,~, Qsym, denotes the graded ring of all quasisymmetric functions, where
Qsymy = Q.

The most obvious basis for Qsym,, is the set of monomial quasisymmetric functions, defined
for any composition a = (aq, ag, ..., ax) E n,

o Qi Ok
M, = E LA R e
11 <ig<-<ip

There are 2"~! compositions of n, and hence, the graded component Qsym, has dimension
2"~! as a vector space. We can form another natural basis with the fundamental quasisym-
metric functions, also indexed by compositions,

F,:=)Y Mj,
a<lp

since, by inclusion-exclusion we can express the M, in terms of the Fj:
M, = Z(—l)l(ﬁ)_l(‘”)Fg.

a<p
Alternatively, we can write
Fo = E LiyLiy * ** Ly
11 <1< <ip
where if s =ay + -+ + ., for some r = 1,...,[(«) then iy < isr1. As an example,
Z 2 Z Z
F21 = M21 + M111 = {Ei l’j + .Tifljj$k = l'i.’ljjfljk.
i<j i<j<k i<j<k

When n = 0 we have My = F(y = 1.
It has been shown that Qsym is a Hopf algebra [11, 20] with the usual product of formal
power series, counit that takes functions to their constant term, and the following coproduct,

A Qsym — Qsym R Qsym,
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given first in terms of the monomial basis:

My)=Y Ms® M

By=a

where 8y = (B1,. .., Bya)s Y15 - - - Yi(y)) 1s the concatenation of 3 and ~.
The coproduct is easy to understand in terms of the following operation. Let P+ P denote
the set {1,2,...} U{1',2',...} with total order

1<2<---<1 <2<+,

and let X + Y define the set of commuting variables {xs : s € P + P'}, with the conven-
tion z; = y;. For any quasisymmetric function @), the coproduct is equivalent to the map

Q(X) — Q(X +Y). To be precise, we can write Q(X +Y) = > R(X)S(Y) for some pairs
of quasisymmetric functions R and S. Then we define A(Q) = > R® S. As an example,

M21 X+Y Z J?.ft Zxx]+zx y]+zyzyj

s<t€P+P’ i<j i<j
= My (X) + Ma(X)My(Y) + Mz1(Y),
and thus
A(My) = My ® 1+ My ® My + 1 ® Moy,.
There is the following nice formula for the antipode [11, 20]:

s Qsym — Qsym,

(3) Mo = (=) Y " M,

BLa
where E = (Bk, Br—1,-- -, 1), the composition formed by writing the parts of 3 backwards.

2.3. P-partitions. One interesting application for the quasisymmetric functions is as a way
of studying descent classes of permutations. A link between these two ideas is given by a
combinatorial tool called P-partitions. While their definition is due to Stanley [31], it was Ira
Gessel who used them to connect permutation descents and quasisymmetric functions [13].
Compositions encode descent sets in the following way. Recall that a descent of a per-

mutation 7 of [n] := {1,2,...,n} is a position ¢ € [n — 1] such that m; > m; 41, and that an
increasing run of a permutation 7 is a maximal subword of consecutive letters m; 1m0 - - T4,
such that m;11 < Mo < --- < my,. By maximality, we have that if m; 170 7y, is an

increasing run, then i is a descent of 7 (if 7« # 0), and @ + r is a descent of 7 (if i + r # n).
For any permutation 7 define the descent composition, C(), to be the ordered tuple listing
the lengths of the increasing runs of 7. If C(7) = (ay, ag, ..., ), we can recover the descent
set of 7
Des(m) = {aq,a1 +ag,...,a1 +as+ -+ ag_1}.

Since C'(m) and Des(m) have the same information, we can use them interchangeably. For
example the permutation m = 345261 (the gaps are intentional) has C'(7) = (3,2,1) and
Des(m) = {3,5}.

Recall [31, Chapter 4.5] that a P-partition is an order-preserving map from a poset P to
some (countable) totally ordered set. To be precise, let P be any labeled partially ordered
set and let S be any totally ordered countable set.
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Definition 1. The map f: P — S is a P-partition f it satisfies the following conditions:

(1) f(&) < f() ifi<pj
(2) f(i) < f(y) ifi<pj and i >p j.

We let A(P) (or A(P;S) if we wish to emphasize our choice of image set) denote the set
of all P-partitions, and encode this set in the generating function

=2 1we

fEA(P)i€P

If we take S to be the set of positive integers, then it should be clear that I'(P) is always
going to be a quasisymmetric function homogeneous of degree n. As an easy example, let P
be the poset defined by 3 >p 2 <p 1. In this case we have

D(P)= Y zrTee-
FB)=f(2)<f(1)
Notice that if P ~ @, then A(P) = A(Q) and consequently I'(P) = I'(Q).

For chains, i.e., permutations, we have

A(m) ={f:m—= 5| f(m) < f(m) < -+ < fmn)
and k € Des(7 ) ( k) < f(mri1)},

and

I'(m) = > TiyLiy =+ Ty,

i1 <in<--<in

keDes(m)=1)<ig+1

= Fom),

so the distinct generating functions for the m-partitions of permutations m € G,, form a basis
for Qsym,,. In fact, this is the way Gessel [13] originally defined the quasisymmetric functions.

Remark 2. Taking this interpretation of the fundamental quasisymmetric functions—as gen-
erating functions for descent classes of permutations—Ileads to some interesting connections
between Qsym,, and Solomon’s descent algebra Sol(A,_1) [30] (the subalgebra of the group
algebra of the symmetric group &,, formed by the linear span of sums of permutations with
the same descent set). In fact, using Stanley’s theory of P-partitions, one can show that the
two are dual with respect to a certain “internal” coproduct on Qsym,,. See [13] and [25] for
more. In this paper we shall be concerned more with the Hopf algebraic structure of Qsym
and its type B analog. One can carry the duality between Qsym and Sol := €, Sol(4,,) to
the level of Hopf algebras, see [20], but we will not do so here. -

We will list some useful facts from the theory of P-partitions, all of which follows from
[13] and [31, Section 4.5]. (Although Lemma 2 is not mentioned explicitly in those works, it
follows readily from the definition of P-partitions, and is at any rate a special case of Lemma
8, proved in Section 3.3.)

Lemma 1. The set of all P-partitions is the disjoint union of the sets of w-partitions of all
linear extensions w of P:
= J[ A

weL(P)
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Corollary 1. For any labeled poset P we have

I(P)= Y T(m).

TeL(P)

Lemma 2. The set of (P U Q)-partitions is in bijection with the cartesian product of the set
of P-partitions and the set of Q-partitions:

APLUQ) « A(P) x A(Q).
Corollary 2. For any labeled posets P and ) we have
(4) I(PUQ)=T(P)(Q).

This last fact leads to a well-known formula for the multiplication of quasisymmetric func-
tions in terms of the fundamental basis. If o is a permutation of [n] and 7 is a permutation
of n+1,n+m]:={n+1,n+2,...,n+m}, then taking P =0, Q = 7 in (4) gives

FC(O’)FC(T) = F(O‘ L 7‘)

(5) = Y Few

w€Sh(o,T)

where the sum is over the set Sh(o, 7) of all shuffles of o and 7, i.e., those permutations of
[n 4+ m] whose restriction to the letters [n] is 0 and whose restriction to [n + 1,n + m] is 7.
This formula amounts to the fact that the set of linear extensions of the disjoint union of two
chains is the set of shuffles of those chains.

2.4. Viewing Qsym as the homomorphic image of P. We can use the P-partition gen-
erating function to define the map I' : P — Qsym by sending a poset P to I'(P). Malvenuto
showed that I is a homomorphism of Hopf algebras [19]. From the perspective of P-partitions
this is readily apparent. We already observed that I'(P) = I'(Q) whenever P ~ @, so we
may think of I' as a well-defined linear map from P to Qsym. Formula (4) shows that I is an
algebra homomorphism. To see that I' is a coalgebra homomorphism requires only slightly
more thought.
Recall that P+ P’ denotes the set {1,2,...} U{1,2',...} with total order

1<2<-- <1< <.

Lemma 3. For any labeled poset P we have a bijection
AP;P+P) — [ AUP) x AP\ I;P).
I€Z(P)
Proof. For a given f € A(P;P+P), let [ = {x € P : f(x) € P} and let f|; denote the
restriction of f to I and let f|p\; denote the restriction of f to the complement of /. If
x € I and y <p x, then by definition of a P-partition, f(y) < f(x). This means f(y) € P

and so y € I. Hence I is an order ideal and it is clear that the map f — (f|r, flp\1) is a
bijection. U

Corollary 3. For any labeled poset P we have

(6) L(P)(X+Y)= ) DOX)L(P\I(Y).

I€Z(P)
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Equation (6) gives
AT(P) = > T(I)RL(P\I)=TaI((P)),

I€T(P)
which shows that I' is a coalgebra homomorphism, and hence is a Hopf homomorphism as
claimed.

Theorem 3. The map I' is a homomorphism of Hopf algebras. Moreover,
I'(P) = Qsym.

We also get the following nice formula for the coproduct in terms of the fundamental basis
by thinking of the order ideals of a chain. For a permutation 7 = my - - - 7,

(7) A(FC(W)) = Z FC(W1~~~m) X FC(mHmﬁn)'

i=0
There is also a simple formula for the antipode found in [11, 20]. Tt is easily derived from the
inductive formula (1) for the antipode. For any permutation © = 7y - - - 7y,

(8) S(FC(W)) = (_1)nFC(7rn7rn71~--7r1)'

Unlike the situation for product and coproduct, the antipode formula (8) is not an immediate
consequence of the antipode formula for a chain in P. In Section 3.5 we will give a simple
proof of an analogous formula for colored quasisymmetric functions.

2.5. Peak functions. There is a Hopf subalgebra of Qsym given by Stembridge’s peak func-
tions [33], defined as follows. First, for any « |= n, define the more general functions

(9) Ko=) 200,

a<p*
where (5* is the refinement of § obtained by replacing, for ¢ > 1, every part §; > 2 with the
two parts (1, 5; — 1). For example, if § = (2,3,1,2), then g* = (2,1,2,1,1,1).

Consider compositions of the form o = (ay, ag, ..., ax) = n such that o; > 1 unless i = k.
In other words, all but the last part of the composition must be greater than 1. We call
such compositions peak compositions. Let I1,, denote the span of the functions K,, where
« is a peak composition. These K, are the peak functions, which are shown in [33] to be
F-positive and linearly independent, forming a basis for I, of dimension f,, the Fibonacci
number defined by fi = fo =1 and f, = f,—1+ fo_e for n > 2. We define IT := ), ., I, to
be the graded ring of peak functions. -

For any composition «, let @ denote the composition formed by replacing consecutive 1s
with their sum added to the next part to the right:

(...,Oéi,l,l,...,1,Oéi+7«+1,...) — (...,a{i’ai+r+1 —f—?”,...),
———
where a;, a1 > 1. For example, if « = (3,1,1,3,2,1,1,1), then & = (3,5,2,3). The map
« — @ is thus a surjection from all compositions onto peak compositions. In [33] Stembridge
defines the map © : Qsym — II given by

(10) @(Fa) = Ka

and shows that © is a graded, surjective homomorphism of rings.
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In [8] it is shown that the K, (for any a = n) satisfy the following coproduct formula:
(11) AKy)=1@ Ko+ > KoK,

Bli+j)y=c
where @ > 0, j > 0 are integers, and if j = 1 then we understand jvy = (1 4+ 71,72,...). In
particular, if « is a peak composition, then so are all the compositions appearing on the right
hand side of (11). Thus, the peak functions are closed under coproduct and IT is a Hopf
subalgebra of Qsym. The map © can now be seen to be a Hopf homomorphism. We derive
this result with Stembridge’s theory of enriched P-partitions as well.

2.6. Enriched P-partitions. Peak functions get their name because, just as the F,, encode
descent classes of permutations, the K, where « is a peak composition, encode peak classes
of permutations. While one can define peak functions independently of peaks of permuta-
tions (as we have just done), Stembridge’s definition of the peak functions was as generating
functions for enriched P-partitions, which happen to depend on peaks.

An interior peak of a permutation 7 of [n] is any ¢ € [2,n — 1] such that m;_; < m; > m;41.
Let Pk(7) denote the set of all interior peaks of 7. Valid peak sets are precisely those subsets
I of [2,n— 1] with the property that if i € I, i—1 ¢ I. Thus we see that peak sets correspond
to the peak compositions using the same map to move between descent sets and ordinary
compositions. Let C'(r) denote the composition corresponding to Pk(w). Roughly speaking,
it records the distances between peaks. For example, if 7 = 32754186, then Pk(w) = {3, 7},
and C(m) = (3,4,1).

Just as with ordinary P-partitions, enriched P-partitions are maps from a poset to some
totally ordered set, but we impose some extra conditions. First, the image set takes a certain
form. For any set S = {si,sy,...} with total order s; < sy < ---, define the set S* =
{s1,89,...} U{—51,—82,...} with total order

=851 <851 < =82 < 8§ < -vv

We write s <t ¢t in ST if s <g+ torif s =t € S. Similarly, s <~ t means s <g+ t or
—s=—teS. If S=P, then we have

—1<l<-2<2<---.

Definition 2. An enriched P-partition is a map f : P — S* such that
(1) f(i) <T f(j) ifi<pjandi<p]
(2) f(@) <7 () ifi<pj andi>pj.
We let £(P) (or £(P;S%)) denote the set of all enriched P-partitions. The generating
function for enriched P-partitions is

AP = > T]=iran-
fe&(P)icP
If we take S = P then A(P) is a quasisymmetric function homogeneous of degree n. Also
note that if P ~ @ then £(P) = £(Q) and A(P) = A(Q).

Though not immediately obvious from the definition, [33, Proposition 2.2| gives the follow-
ing fact:
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Remark 4. The sums of permutations of [n| with the same set of interior peaks span a
subalgebra of Sol(A,_1) called the peak algebra, B, originally due to K. Nyman [24]. Just as
P-partitions can be used to show duality between Qsym,, and Sol(A,,_), enriched P-partitions
are employed in [26] to show duality between IT,, and B,,.

Now we present some useful facts from the theory of enriched P-partitions, taken from [33].

Lemma 4. The set of all enriched P-partitions is the disjoint union of the sets of enriched
m-partitions of all linear extensions w of P:
= I é=

TeL(P)
Corollary 4. For any labeled poset P,
(12) = > Alr
weL(P)

Lemma 5. The set of enriched (P U Q)-partitions is in bijection with the cartesian product
of the set of enriched P-partitions and the set of enriched Q-partitions:

E(PLUQ) «— E(P)xEQ).
Corollary 5. For any labeled posets P and @),
(13) AP U Q) = AP)AQ).

Taking P and @ to be chains in (13) gives the following formula for multiplication of peak
functions analogous to (5):

(14) KeoEBem = D Koy
w€eSh(o,T)
where again the sum is over all shuffles of ¢ and 7.
2.7. Viewing Il as the homomorphic image of P. Just as in Section 2.4 we define the
map A : P — Qsym by taking a poset to its enriched generating function. We will show that
this map is a Hopf homomorphism and therefore its image, Il, is a Hopf algebra. First we
note that equation (13) shows that A is an algebra homomorphism.
To see that it is a coalgebra homomorphism, let P*+(P*)’ denote the set {—1,1,-2,2,...}U

{=1,1",-2,2' ...} with total order

“l<l<—2<2<---<-1<1<-2<2<
Lemma 6. For any labeled poset P we have

E(P;P* + (PF)) & [ EU;PF) x E(P\ I; (P¥)).

I€Z(P)

The structure of the proof is identical to that of Lemma 3.

Corollary 6. For any labeled poset P we have

APIX +Y)= ) AMIDX)AMP\I)(Y).

I€T(P)
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So we can conclude that A is a coalgebra homomorphism, and hence A is a Hopf homo-
morphism.

Theorem 5. The map A is a homomorphism of Hopf algebras. Moreover,
A(P) =1L

As a special case of Corollary 6 we can rewrite formula (11) in terms of the ideals of a
chain, or permutation, m = my - - - m,:

=0

By taking formulas (5) and (14) we can see that © (as defined in (10)) is an algebra
homomorphism and formulas (7) and (15) show that it is also a coalgebra homomorphism.
Note that we can write A as A = © o I', the composition of two Hopf homomorphisms. We
get the antipode formula

S(Ké(n)) = (‘UnKa(Mﬁnfl.‘.m)
by (8) and the fact that s0© = 0 o s.

2.8. Connections with combinatorial Hopf algebras. In addition to its interpretation
in terms of P-partitions, the maps [' and A also have simple interpretations in the context of
Aguiar, Bergeron, and Sottile’s theory of combinatorial Hopf algebras [3]. A combinatorial
Hopf algebra is a pair (H, ¢), where H is a graded connected Hopf algebra and ¢ is a character,
i.e., an algebra homomorphism H — Q. The canonical character for Qsym, denoted (o, is
defined by setting ;1 = 1 and z; = 0 for ¢ > 1. Equivalently, in terms of the monomial and
fundamental functions,

1 ifa=()ora=(n) for somen >0,

Co(My) = Co(Fa) = {

0 otherwise.

A fundamental result of [3, Theorem 4.1] is that (Qsym, (g) is the terminal object in the
category of combinatorial Hopf algebras, i.e., for every combinatorial Hopf algebra (H, ¢)
there exists a unique homomorphism of graded Hopf algebras ¢ : H — Qsym such that

p=C(g0®.

Consider the character (p : P — Q defined for any labeled poset P by
1 if P is naturally labeled
0 otherwise,

(16) (p(P) = {

where being naturally labeled means that ¢ <p j whenever ¢ <p j. By considering linear
extensions, it is easy to verify that

(p=Cool

and so by uniqueness [' = Z’p.

Remark 6. The algebra of posets is presented in [3, Example 2.3], but the authors study it
with the character ( : P — Q given by ((P) = 1 for any poset P.
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We now try to understand A from the perspective of combinatorial Hopf algebras. Recall
that the characters of a graded connected Hopf algebra H form a group under convolution
product:

Co(h) = C(h1)p(hs)

where the coproduct sends h € H to > hy ® hy. The inverse of a character is obtained by

composing with the antipode: ¢ 1 = (Cos. If ¢ is a character, let ( denote the character
defined by ((h) = (=1)"¢(h) for any h € H,,n > 0. A combinatorial Hopf algebra (H, () is
called odd if ¢ is an odd character, meaning ¢ = (~!. Given any character ¢, the character

v = (! is always odd.
As a combinatorial Hopf algebra, we can take the algebra of peak functions to be the pair
(IT, (o). On the K-basis, we have:
1 ifa=(),
(17) Co(Ky) =42 if a=(n) for some n > 0,
0 otherwise.
Aguiar, Bergeron, and Sottile [3, Corollary 6.2] proved that (II, (o) is the terminal object
for odd combinatorial Hopf algebras. They also showed that the map © : Qsym — II is
the unique Hopf homomorphism induced by the odd character vg := Célég. In other words,
Vo = (o0 ©. ) . .
Consider the odd character vp := (5'(p. Since (p = (goT (and thus (' = (5' oT), the
fact that I' is a Hopf homomorphism implies vp = vg o I', and so
(18) Vp = CQ oA.
By uniqueness we have A = Up.
Combining (18), (17), and (12), the following is immediate.

Proposition 1. For any non-empty labeled poset P,
vp(P) =2-#{m € L(P) | Pk(r) = 0}.
To make the similarity with (p clear, notice that we could have written
(p(P) = #{m € L(P) | Des(r) = 0}
in place of (16).

3. THE COLORED CASE

3.1. The Hopf algebra of colored posets. Let w be any primitive mth root of unity, and
let C,, = {1,w,...,w™ '} be the cyclic group of order m generated by w. Define the set
P,, := P x C,, with total order

l<wl< - <™ MN<2<w2<--<w™m2<....

We call this set the m-colored natural numbers. In general, for any countable totally ordered
set S ={s; < sy <---}, theset S, := S x Cp, is totally ordered as
(19) S <ws; < - <wWls < sg<wsy < e < Wy < e

For colored numbers, define by £(w’s;) = j the color of w’s;. However, we sometimes use the
term “color” to refer to the entire coefficient w’ as well. The context will make the meaning
clear.
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w?2 w4
6 9

wl w34 ~ w3 w26
wbH 3 w8 5

FIGURE 2. Two equivalently labeled colored posets.

1 3 1 w3
\/ ™ \/
2 2

FIGURE 3. Inequivalently labeled colored posets.

Definition 3. An m-colored poset of n elements, or an (m,n)-poset, is a poset P whose
elements form a subset of P, with distinct absolute values.

We say that two colored posets P and () have equivalent labelings, written P ~ @, if there
is an isomorphism of posets ¢ : P — @ such that:

(1) the map ¢ preserves colors, i.e., e(a) = €(¢(a)) for any a € P, and
(2) for all a <p b, ¢(a) <p,, ¢(b) if and only if a <p,, b.

See Figures 2 and 3. Let Py(Lm) denote the vector space over Q with basis consisting of all
(m, n)-posets, modulo equivalence of labelings, and define

P =P Pm.

n>0

We will define a product U, and coproduct 6, that make P into a graded Hopf algebra.

If Pis an (m,n)-poset and @ is an (m,r)-poset then let P L, @ be the (m,n + r)-poset
defined as follows. If as sets P and () have any elements of the same absolute value, then
replace (Q by another (m,r)-poset that is label-equivalent to () and whose elements have
absolute values distinct from those of P. Again, this is easy to do since P and () are finite
sets. Now let P L, @ be the poset formed by taking the union of P and () as posets. We
have

[PIN[Q =0, and

T<pu,QlY = r<pyorxr<Qy.
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Clearly P U, Q ~ QU,, P, and if both P ~ P and Q ~ @' then PU,, Q ~ P'U,, Q. Thus
U,, can be viewed as a commutative product, giving P the structure of a graded algebra.
The identity element is the empty poset (.

Order ideals of an (m,n)-poset are defined just as in the ordinary case. Namely, [ is an
order ideal of an (m,n)-poset P if x € I and y <p x implies y € I. Let Z(P) denote
the set of order ideals of P. The coproduct is defined analogously to the ordinary case:
O« P — P @ Pm) by

Sm(P)= > I®(P\I).

I€Z(P)

The counit is again projection onto P(gm) = Q.
If P and @) are m-colored posets, then

I(PU,Q)={IU, J | I €ZI(P)and J € Z(Q)}.
Therefore

(P Up Q)= > (IUy )@ (P\ 1)Uy (Q\ )
I€Z(P)
JET(Q)

= O (P) Upn, 0 (Q).

So 0, is a morphism of algebra and it follows that P(™ is a graded Hopf algebra with
product Ll,, and coproduct ¢,,. The antipode formula is exactly the same as for ordinary
labeled posets, given by (2).

Before continuing, we note that (m, n)-chains are naturally related to m-colored permuta-
tions. Recall that m-colored permutations of n are elements of the wreath product C,, 1 &,,.
We write an element 7 = mmy---m, € Cy, 1S, as a word in the letters [n],, such that
|7| = |m||me| - -+ |m,| is an ordinary permutation in &,,. Colored permutations are (m,n)-
chains under the order inherited from the subscripts: m <, m <; -+ <; m,. Similarly,
the set of linear extensions of an (m,n)-poset P is naturally identified with a set of colored
permutations.

Remark 7. Just as there is a Hopf algebra of permutations, there is a colored permutation
Hopf algebra. See [5] and [7].

3.2. Colored quasisymmetric functions. The colored quasisymmetric functions are first
due to Poirier [27], though Baumann and Hohlweg [5] and Bergeron and Hohlweg [7] have
contributed most of the results that we use here.

Before defining colored quasisymmetric functions, it is helpful to describe their indexing
set: the colored compositions. Fix a positive integer m as the number of colors. An m-colored
composition is an ordered tuple of colored positive integers, say a = (W' ay, w2aq, . .., wkay),
where w is a primitive mth root of unity. We write a |=,, n if || := oy +ag+- - -+ay = n. For
example, if m = 3, then a = (w2, 1,w?1, 3) is a 3-colored composition of 24+1+1+3 = 7. The
partial order on m-colored compositions of n is again by refinement, so that cover relations
take the form:

(Whaq, ..., wlila; + air), .. whag) < (Wha, ..., wliag, wicgy g, ... wRag).

Notice in general that the poset of colored compositions of n is disconnected. See Figure 4
for example.
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(1,1,1) (wlwl,wl)
/N /
(2,1) (1,2) (w2,wl) (wl,w?2)
\ (3)/ \(W?))/

(Llwl) (wlwll) (lwlwl) (wl,1,1)

| | | | (@liwl) (1wll)
(2,w1) (w2,1) (1,w2) (wl,2)

FIGURE 4. The partial order on 2-colored compositions of 3.

Colored quasisymmetric functions are a natural generalization of quasisymmetric functions
to an alphabet with several colors for its letters. For fixed m, we consider formal series in the
alphabet

m) .__
X = {xl,Oaxl,la-~-7x1,m71,x2,07x2,17 e 7$2,m71,--~},

(so the second subscript corresponds to color) with the same quasisymmetric property. Namely,
an m-colored quasisymmetric function Q(X ™) is a formal series of bounded degree such that
for any m-colored composition a = (w'ay, way, . .., w*ay), the coefficient of xf'; i, -2k,
is the same for all (i, j1) < (i9,J2) < - -+ < (i, jx) in the lexicographic order on P x [0, m —1].
Intuitively, the letters are colored the same as the parts of o and the subscript pairs must
be strictly increasing. Let stmfzm) denote the set of all m-colored quasisymmetric functions

homogeneous of degree n. Then Qsym™ := Eano stmflm) denotes the graded ring of all

m-colored quasisymmetric functions, where stmém) =Q.

The monomial basis for Qsym{™ is, for any composition a = (w/ oy, w2ay, . .., wkay) Emp
n7
(m) . (e51 az Ok
MOt T 2 : Liyj1 ia,jo Ligjr
(41,51)<(i2,52) < <(ig,jk)
where we remember that the js, s = 1,.. ., k, are fixed by a. There are m(m-+1)""! m-colored

compositions of n, so the graded component Qsym{™ has dimension m(m+1)""" as a vector
space. The fundamental basis can be written

(m) ._ (m)
Fom ="My,
a<p
Let @ = (wlay,...,w*ay). fs=a;+---+a,+h, 1 <h< .., then define j, = j,11, the

color of part a,..1. We can also write

Fo = > Tiy jt Tin gy " Lin iy

(i1,1) < (82,55) <+ <(in,d7)
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where if s = a; + -+ a,, 7 =1,...,l(a) then (is,7.) < (is41,754,) (and the colors are fixed
by «). For example,

@ _ @) 2 2)
i3 = Z T TpT = Mg + My
i<j<k<l
and (3) (3) 3) 3) (3)
3 - 3 3 3 3
Fﬁi - Z Lilj U Tm = Mﬁi + Mlﬁi + Mziﬁ + M11Tﬁ’

i<j<k<l<m
where for ease of notation x; = 2,0, T; = x;1, and T; = x; 5.
Baumann and Hohlweg [5] have shown that Qsym™ is a Hopf algebra. The product is
multiplication of formal power series in Q[[X ™)]], the counit maps a function to its constant
term, and the coproduct,

A, 0 Qsym™ — Qsym™ @ Qsym™,
is written analogously to the ordinary case for the monomials:

(M) = 30 M )
By=a

where (37 is now the concatenation of colored compositions.

Again the coproduct can be understood in the following way. We let IP,,, + P/ denote the
totally ordered set

l<wl<- - <w"M<2<w2<--<w™2<..
<l<wl'< <" M <?2<w2 < <™ 2 <0

Then X™ + Y™ denotes the set of commuting variables {z,; : w/s € P, + P}, with
the convention zy; = y;;. For any colored quasisymmetric function (), the coproduct is
equivalent to the map Q(X ™) — Q(X ™ 4 Y (™). For example,

2
Mi(l)(X@) + Y(Q)) — Z x?,lxt,O = Z xilxmo + Z xilyjp + Z yilyj,o

ws<tEPm+PL, 1<J 1,7 1<j
2 2 2 2
= My (X) 4 M2 (XO)MP (YD) + M) (v ),

and thus
Mo(MEY =MD @1+ MP @ MP +10 M.

In Section 3.5 we will derive simple antipode formulas for Qsym(™.

3.3. Colored P-partitions. The fundamental colored quasisymmetric functions are natu-
rally related to both descent sets of colored permutations as well as the sequence of colors in
a given permutation. These two pieces of information are encoded in colored compositions
as we explain shortly. As a bridge between the descent classes of colored permutations and
the colored quasisymmetric functions, we will define colored P-partitions.

Intuitively, the colored descent composition of m € C,,0S,,, C(), is the ordered tuple listing
the lengths of increasing runs of @ with constant color, where we record not only the length
of such a run, but also its color. (The notation is unambiguous since the ordinary descent
composition is simply a special case.) An example should make the notion clear. If we have
two colors (indicated with a bar), let

m=12348576.
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Then
C(r)=(1,2,1,1,1,1,1).

Again we use Des(m) to denote the set of descents, but now we only count descents between
letters of the same color. For example, Des(12348576)) = {5,7}. (Warning: The definition
of descent in the case of 2-colored permutations is different from the standard notion of
descent in a Coxeter group of type B.)

Now we present colored P-partitions to capture this feature. Intuitively, these maps are
just color-preserving P-partitions. Let P be any labeled m-colored poset and let S be any
totally ordered countable set, with S,, as in (19).

Definition 4. The map f : P — S,, is a m-colored P-partition if it satisfies the following
conditions:

(1) e(i) = e(f(2)) for everyi € P
(2) fG) < fG)ifi<py
(3) f(i) < f(j) ifi<pj andi>p, j.

We let A™(P) (or A™(P;S,,)) denote the set of all m-colored P-partitions, and encode
this set in the generating function

Tw(P):= > Tlzra»

feAlm) (P ieP

where ., = a:sj If we take S to be the set of posmve integers, then it follows that
I,.(P) € Qsym{™. We have that if P ~ @, then A" (P) = A™)(Q) and I,,,(P) = T'n(Q).
For chains,

A () = {f 17— S | f(m) < flm) < -+ < flmy)
with e(m;) = e(f ( ))

and k € Des(m) = f(m) < f(mrs1)},

and if e(m) = j, the color of 7y, then

Fm(ﬂ) = E : Liy,j1%ig,g2 * " Lip,jn
(il,jl)S(iQA:jQ)S”'SA(im]in)
keDes(m)=>(ix,Jk) <(ik+1:dk+1)

()
= Fom

so the distinct generating functions for the colored m-partitions of permutations © € C,, 1 &,
form a basis for Qsym{™.

Remark 8. The colored analog of Solomon’s descent algebra is the Mantaci-Reutenauer alge-
bra, M R!™. The Mantaci-Reutenauer algebra is a subalgebra of the group algebra of C,,,1 G,
given by the span of sums of permutations with common colored descent composition. The
nth graded component of Qsym™, stmﬁl’”), has itself the structure of a coalgebra with
respect to a certain “inner” coproduct. By the “splitting formula” of Baumann and Hohlweg
5, Theorem 10], it follows that Qsym{™ is dual to M R{™. In [25] a P-partition argument
explicitly demonstrates this duality for m = 2 colors, but the P-partition argument should
work in general.
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We will now derive some useful facts about colored P-partitions by analogy with those of
Section 2.3.

Lemma 7. The set of all m-colored P-partitions is the disjoint union of the sets of m-colored
mw-partitions of all linear extensions m of P:

APy = [ A=
TeL(P)
Proof. The proof follows by induction on the number of incomparable pairs of elements of P.
If there are no incomparable pairs in P, it is already a chain and the statement is trivially
true. Now suppose ¢ and j are incomparable in P. Let F;; denote the poset formed from P by
introducing the extra relation i < j. It is easy to see that A™ (P) = A (P;) []A™(P},).
We continue to split these posets (each with strictly fewer incomparable pairs) until we have
a collection of totally ordered chains corresponding to distinct linear extensions of P. Il

Corollary 7. For any m-colored poset P,

(20) Tm(P)= Y Tn(m).

TeL(P)

Lemma 8. The set of m-colored (P U, Q)-partitions is in bijection with the cartesian product
of the set of m-colored P-partitions and the set of m-colored Q-partitions:

A™ (P, Q) « A™(P) x A™(Q).
Proof. Given a P-partition f and a Q)-partition g it is obvious that the map h : PU,,Q — S,

defined by
N ifiep
niy = {10 e
g(i) ifieq
a (P U, Q)-partition. Because we can assume the elements of P and @ to be distinctly
labeled, this process is reversible. O

Corollary 8. For any m-colored posets P and @),
(21) [P Uy, Q) =T (P, (Q).

Equation (21) has the following formula as a special case:
(22) FemFen = >0 Fi

meSh(o,T)

where the sum is over all shuffles of chains ¢ and 7.
3.4. Viewing Qsym ™ as the homomorphic image of P(™. We now use the colored
P-partition generating function to define the map T, : P™ — Qsym™ by P — L (P).
Note that I',,(P) = I',,(Q) whenever P ~ Q, so I',, is a well-defined linear map from P
to Qsym!™. Formula (21) establishes that I, is an algebra homomorphism, and below we

will demonstrate that I',, is a coalgebra homomorphism.
Recall that P, + P/ denotes the set

l<wl< - -<w"MN<2<w2<--<w™2<...
<l<wll< - <" MN<2<w2< <™ <
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Lemma 9. For any m-colored poset P we have
AM(PiPy 4+ P,) < [ A™(LP) x A™(P\LP,).
I€T(P)

The proof of Lemma 9 is identical in structure to that of Lemma 3.
Corollary 9. For any m-colored poset P we have
(23) Tu(PYX) +Y00) = 37 T (X )EPA DY ™).

I€T(P)
Equation (23) gives
A (T (P)) = Z L) @ T (P\ 1) = (I, @ I ) (6 (P)),
I€T(P)
which shows that I',, is a coalgebra homomorphism, and hence is a Hopf homomorphism.
Theorem 9. The map 'y, is a homomorphism of Hopf algebras. Moreover,
T, (P™) = Qsym™ .

We also get the following nice formula for the coproduct in terms of the fundamental basis
by thinking of the order ideals of a chain. For a colored permutation 7 = my - - - 7,

(m)y _ (m) (m)
(24) An(Fomy) = Z Foy ) @ Eotmymn):
i—=0

3.5. Antipode formulas and cycloribbon diagrams. In this section we give formulas

for the antipode s,, : Qsym™ — Qsym'™ on the M and F bases. The formulas are
straightforward generalizations of (3) and (8).

Proposition 2. For any m-colored composition o, the antipode s,, satisfies

(M) = (=11 3 Ml

BLa

where F = (Bx, Bk—1,---,01), the m-colored composition formed by writing the parts of
backwards.

Proposition 3. For any m-colored permutation m = 7y - - -,

(25) sm(Fo) = (=DM
Proof of Proposition 2. This proposition can be proved by working in the dual Hopf algebra
of stm(m), as in [20, Corollary 2.3], but we will present an induction proof following the
same lines of reasoning used in [11, Proposition 3.4].

If I(a) = 0 or 1, the formula is obviously correct. Let [(«) = k and suppose the formula
holds for all shorter compositions. Using the inductive formula for the antipode (1), we have

k—1
(m)y _— _ ag(m) _ (m) (m)
Sm(Ma ) - MOL Z Sm(M(al ..... ai))M(aH_l ..... Otk)
=1
k—1
_ _Apm) _ _1)¢ (m) 3 r(m)
(26) - Ma Z( 1) Mﬂ M(azqu ..... ag)”
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Any 8 < (o,...,a;) will have a first entry of the form «; + a;—1 + -+ - + ; where ¢ > j
and oy, 1, ..., o  all have the same color e. When expanding the product M ém)M((le k)
into monomials, the first part of each composition that appears will be one of the following

types:

(1) a; + oi—1 + - - - + a; as above,

(2) a; + i—1 + - - + a; + 11 (only possible if € is also the color of ;1) or

(3) g1
We say that a monomial appearing in the sum (26) has type i if the first part of its composition
is as in the first case. If its composition is as in the second or third cases, we say that the
monomial has type i + 1.

Notice that any monomial of type ¢, ¢ = 1,...,k — 1 that appears in this expression for
sm(Mo((m)) will occur in both the ith and (i — 1)st term of (26), and with opposite sign
(understanding that —M{™ is the Oth term). Hence the only terms that don’t cancel in (26)
are the monomials of type k, which appear in the (k — 1)st term with sign (—1)*.

Now observe that each monomial M§m) of type k has @ as a refinement, i.e., v < ‘@. On
the other hand, if ‘@ refines 7, then v must be of type k. O

The following proof is also by induction.

Proof of Proposition 3. If n =0 or 1 the proposition holds. Assume that n > 1 and suppose
by induction the proposition holds for m-colored permutations with fewer than n letters. For
1<i<n-—-1,let 7<; = mm_y---m and m; = 41 ---7,. Using the recursive antipode
formula (1), together with (22) and (24), we get

n—1
sml(Feim) = —Foim = 2D > Fog,
i=1 oESh(m<;,m>4)

Given two disjoint m-colored permutations o = o1 --- o and 7 = 71 - - - 77, let Shy (o, 7) denote
the set of shuffles of o and 7 that begin with o1 and let Shy(o, 7) denote the set of shuffles
of o0 and 7 that begin with 7. Thus Sh(o, 7) is the disjoint union of Sh; (o, 7) and Shy(o, 7),
allowing us to write

(m)\ __ i+1 (m) (m)
Sm(FC(ﬂ)) = (—1) - Z FC(U) - Z FC(a)
i=0 o€Shy(m<;,m) o€Sh1 (T<ip1,T>i4+1)
=0y ER,
Ueshg(ﬂgn,hﬂ'>n_1)
where we set m<g = ). Since clearly Shy(7<;, 7=;) = Shy(7<it1, T=i1) for 0 < i < n — 2, the
first sum vanishes, leaving us with the second sum, which is none other than

(~1)"Fep)

C(mpmp—1--m1)

as claimed. O

There is a straightforward way to determine sm(Fo(ém)) without referring to any underlying
permutation. This involves encoding colored compositions by cycloribbon diagrams, as in-
troduced by Hivert, Novelli, and Thibon [14]. First recall that a ribbon diagram consists of
rows of empty squares, with the last square of each row directly above the first square of the
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FIGURE 5. Cycloribbons corresponding to o = (1,1,2,3,1,2,4) and a =

(1,1,1,1,1,2,1,1,2,1,1,1).
next row. A cycloribbon diagram is a ribbon diagram in which each square is filled in with
a color such that the colors in each row are weakly increasing and the colors in each column
are weakly decreasing.

Now given a colored composition @ = (w''ay, . .., w’*qy), make a row of «; squares colored
Ji for every ¢ < k and arrange them as follows: if j; < 7,11 then extend row i by adjoining
row ¢ + 1 to the end of row ¢, and if j; > j;11 then put the first square in row ¢ + 1 directly
below the last square in row 7. The resulting diagram is a cycloribbon diagram. Conversely,
every cycloribbon diagram encodes a unique colored composition. If the cycloribbon diagram
of a is reflected across the line y = x so that rows and columns are switched, then the
resulting diagram is again a cycloribbon diagram, and the corresponding colored composition
is called the conjugate of o, denoted a. Figure 5 shows cycloribbon diagrams for the 3-colored

composition a = (1,1,2,3,1,2,4) (left) and its conjugate & = (1,1,1,1,1,2,1,1,2,1,1,1)
(right), where the number of bars indicates the color.

It is easy to verify that if « = C(my -+ - m,), then a@ = C(7,7,_1 -+ m ), so by Proposition 3
we get the following result:

Corollary 10. For any m-colored composition «, the antipode s,, satisfies
Sm(FMY = (1) FL™.

3.6. Colored peak functions. Bergeron and Hohlweg have defined a Hopf subalgebra of
Qsym'™ analogous to Stembridge’s peak algebra. Their first definition is given in terms of
the fundamental basis, but we will write it in terms of the monomials by analogy with section
2.5. For any « |=, n, we can write oo = a)aa) - - - a(x), the concatenation of compositions
oy, such that all the parts of each a(; have the same color, €;, and no two consecutive ay;
have the same color. Bergeron and Hohlweg refer to this way of writing a colored composition
as the rainbow decomposition of a. For example, with m = 3,

(2,1,1,3,2,1,2,4) = (2,1)(1,3,2)(1)(2,4).
Now if o = a1yag) - - - i), we define

(m) ._ S UBay) ppm)
Ko™ = Z 2 @ M61ﬁ(1)62ﬁ(2)'"6k/3(k)’

OB

where €;3; means that we give each of the parts of 3 the color ¢;, and as before 3* is
the refinement of 3 obtained by replacing, for ¢ > 1, every part 3; > 2 with the two parts
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(1,8; — 1). Essentially, this definition is the same as (9) but we handle the differently colored
parts of a independently. For example,

(2) _ 93372 3a7(2) 47 7(2)
Ko = 27 M5 + 27 Mo + 22 My
Consider all o = aqya) -+, o) =m n such that each a(;) is a peak composition in the

color ¢;. We call such compositions m-colored peak compositions. Let 1™ denote the span
of the functions Kc(ym), over all m-colored peak compositions o. These K{™ are the m-colored

peak functions. By their definition in [7], the colored peak functions are F’ (m)_positive and
linearly independent, forming a basis for IT,. We define IT(™) := D,.~0 1™ to be the graded
ring of colored peak functions. The dimensions of the graded components are given by (m
times the) m-Fibonacci numbers, i.e., the Fibonacci polynomials evaluated at x = m.

Proposition 4. The number of m-colored peak compositions of n, fmn, 15 given by the
recurrence

fm,n = mfm,nfl + fm,n727

with initial values fr,1 =m and fi,2 = m2.

Corollary 11.
dim(TI(™) = £,

Proof of Proposition 4. Clearly, f,1 = m since (w/1) is a peak composition for any j =
0,1,...,m—1. It is also easy to check that f,, » = m? since we have m peak compositions of
the form (w’2) and m(m — 1) peak compositions of the form (w'l,w’1), i # j.

For the induction, consider any peak composition a = (e1aq, .. ., €xa) FEm n—1. We form
a peak composition of n by adding a part of size 1 to the end of o with any color €' # ¢, or
by adding 1 to aj with the same color:

(Elalv s 76k(ak + 1)) or
(1001, ..., €pay) — , .
(6101, ..., €xay, €'1) for any color € # .

The only peak compositions of n that aren’t covered by this case are those whose last part
is size 1 and the same color as the next-to-last part. We get these from any of the peak
compositions of n — 2 by adding 1 to the last part and adding a new part of size 1 to the end.
For oo = (€101, . .., €p0p) Emn — 2,

(€101, ..., epar) — (101, ..., (o + 1), €1).
O

For any colored composition a with rainbow decomposition a(yoyg) -« - , o), let @ denote
the composition formed by replacing consecutive 1s of the same color with their sum added
to the next part to the right. In other words, apply the “~” operation to the a(;) and then
concatenate:

a = 07(1\) (7(2\) e CT(;)
For example, if o = (3,1,1,3,2,1,1,1), then @ = (3,1,4,2,2,1). The map « + @ is a surjec-
tion from all colored compositions onto colored peak compositions. Bergeron and Hohlweg
7, Theorem 5.3] show that the induced map ©,, : Qsym!™ — Qsym™ given by

Om(F{™) = K"
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is a Hopf homomorphism whose image is TI(™). We will motivate this result with the theory
of colored enriched P-partitions.

3.7. Colored enriched P-partitions. Bergeron and Hohlweg define the colored peak func-
tions as the graded dual of a colored peak subalgebra of the Mantaci-Reutenauer algebra.
By definition then, the K&m), where « is a colored peak composition, encode peak classes of
colored permutations. However, we would like to motivate this connection as we have in the
earlier cases. Thus in this section we introduce the colored enriched P-partitions.

Just as we have a rainbow decomposition for compositions, we also have a rainbow de-
composition for colored permutations. We write 7 = mq)m(2) - m), where each 7; is a
permutation in which each letter has the same color €; and no two consecutive words have
the same color: ¢; # €;11. The peak set of a colored permutation we define to be the set
of peaks among runs of the same color in 7. We let C () denote the peak composition of a
colored permutation , defined as the concatenation of the peak compositions of the ;):

C(m) = e1C(r))e2Cl(mz) - exClmry).

Notice that the peak composition encodes more information than simply the peak set. For
example, if 7 = 372541896, then C(x) = (2,2,2,2,1) whereas Pk(r) = {2,8} says nothing
about color.

Colored enriched P-partitions can be thought of as color-preserving enriched P-partitions.
First we need the proper definition for the image set. For any m-colored set S,, with total

order

m—1 m—1

ST <ws1 << w
define the set SE to be

S1 <SGy < WSy < -+ < Ww Sg < -v-

—81 < 81 < —ws] <wS < - < —wmThg < WMl

< =8y < 89 < —WSy < WSy < ++- < —wM gy < wmley < on
We write s <T ¢ in Sgi if s <gx tor if s =t €S, Similarly, s <™ ¢ means s <gt tor
—s = —t € S,,. We should be clear that in this context the minus signs and colors are not
meant to interact in any way. Here the minus sign is just another distinguishing feature of
an element. From this point forward, the absolute value |- | : S£ — S, simply forgets minus
signs: | — w’s;| = |ws;| = ws;.

Definition 5. An m-colored enriched P-partition is a map f: P — S< such that
(1) e(i) = e(f(2)) for everyi € P
(2) f(3) <* f(5) ifi<pj and i <p, j
(3) f()) <™ fU) ifi<pj andi>p, j.
We let £ (P) (or £™)(P; SE)) denote the set of all m-colored enriched P-partitions. The
generating function for m-colored enriched P-partitions is

An(P) = > Tz
fegm)(p) el

remembering our use of absolute value here. If we take S,, = P, then A,,(P) € Qsym{™.
Also note that if P ~ @, then £ (P) = £M(Q) and A,,,(P) = A (Q).
Following [33, Proposition 2.2], we have the following.
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Proposition 5. For any m-colored permutation 7, we have

_ go(m)

A (m) = K@(w)'

Proof. Let 5(71') have rainbow decomposition ayy--- o), where sub-composition o) has
color ¢;. We want to show that

— S UBE) prm)
(27) Am(ﬂ-) - Z 2 () M€15(1)62ﬁ(2)"'6kﬁ(k)'

@) <eaf,

Clearly, we can expand A,,(7) as a sum of monomials M (™) with nonnegative coefficients.
By the color-preserving property, we need only consider those compositions § with the same
type of rainbow decomposition as C(x). Fix 8 = (Wi f,,...,w"E) = Bay - Bwy. The
coefficient of M ém) is equal to the coefficient of xf}jlngh gl

the number of colored enriched w-partitions f such that

(f )] f ()l L (7))
(28) = (&ujll,u)jll, . ,wjlll,&uj22,wj22, .. ,ij%, . ,&ujll,wjll, .. ,wjlé).
ks kS B

Notice that within each block of numbers, the colored permutation 7 must have constant color
and satisfy one of three conditions. It must either be always increasing, always decreasing,
or decreasing then increasing. It cannot be increasing then decreasing, since then it would
have a peak. Say there is a peak in position r. Then f(m,_1) <* f(m.) <= f(m41), so
|f(m—1)| < |f(mr11)]. Therefore the only possible positions for peaks are on the boundary
between two consecutive blocks of the same color.

Let Pk(;(m) C Pk(m) be the subset of the peak set corresponding to o ;) and if B C [n—1]
is the set corresponding to 3, let B(;) C B correspond to ;). Saying that peaks occur only on
the boundaries is equivalent to saying Pk C B;)U(B)+1) (where S+1:={s+1:s5 € S}),
written ag;) < ﬁEki) in terms of compositions. This must be true for every i, so the coefficient

1j,- This coefficient is equal to

of M ém) is nonzero only if o ;) < ﬁz‘l) for all . These are precisely the M ém) occurring on the
right-hand side of (27).

Now we will determine the coefficient of such an M ém). Within each block of numbers in
(28), we have:

) = (Wi, Wi, ... W),

(f Gl [f ()]s - L ()

where r = 31+ - - -+ ;1 + 1. We claim there are exactly two possibilities for f in every such
block. If 7 is increasing over this interval, then

f(m) <t f(mrs1) <FL LT f(mris,),

so then f(m,) = +w’ii, and all others equal +w?ii. If 7 is decreasing over the entire interval,
then

f(m) <7 () <7 <7 (M)
so then f(ms,) = +w’i, and all others equal —w’i. The third case has 7 decreasing, then
increasing. Suppose ms_1 > 7w < mey1 With r < s <r + ;. Then

f(ﬂ—r) < ... <5 f(7r8> §+ T §+ f(7T7"+ﬂz‘)>
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so then f(m,) = +w’ii, everything in the block to its left is equal to —w’ii, while everything
to its right is +wii.

In total, there are [ = > I(f(;)) blocks where some choice can be made, and so there are 2!
such f. This completes the proof. O

Remark 10. Bergeron and Hohlweg [7, Theorem 2.12] show the sums of permutations of
m-colored permutations of [n] with the same colored peak composition form a subalgebra
of the Mantaci- Reutenauer algebra: iBng) c MRI™. As a sub-coalgebra of stm;m), the
peak functions 1™ have an “inner” coproduct, and the duality of ‘Bgm) and TI{™ follows
again from [5, Theorem 10] (see Remark 8). It seems reasonable to expect that the colored
enriched P-partitions can be employed to show this duality as well, but this exercise has not
been carried out.

Now we present some useful facts about colored enriched P-partitions. The proofs of these
statements follow from the same arguments used earlier for similar statements.

Lemma 10. The set of all m-colored enriched P-partitions is the disjoint union of the sets
of m-colored enriched W—partitions of all linear extensions m of P:

= [ &
weL(P)
Corollary 12. For any m-colored poset P,
(29) = > An
weL(P)

Lemma 11. The set of m-colored enriched (P U, Q)-partitions is in bijection with the carte-
sian product of the set of m-colored enriched P-partitions and the set of m-colored enriched
Q-partitions:

EM(P U, Q) « EM(P) x E™(Q).

Corollary 13. For any m-colored posets P and Q,

(30) A (P U Q) = A (P) A (Q)-
Taking P and () to be chains in (30) gives
( m)
(31) Kg C(T) > K oo
weSh(o,T)

the sum over all shuffles of the colored permutations ¢ and 7, i.e., the image of multiplication
of chains in P

3.8. Viewing II™ as the homomorphic image of P(™). Define the map A,, : P —
Qsym™ by taking a colored poset to its colored enriched generating function. We will show
that this map is a Hopf homomorphism and therefore its image, II™), is a Hopf algebra.
First we note that equation (30) shows that A,, is an algebra homomorphism.

To see that it is a coalgebra homomorphism, we use the same trick as before. Let PE + (P£ )/
denote the set

“l<l<—wl<wl<- < —w" N <wm 1
<-2<2< —W2<W2< < W2 <2<l
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<1<l <-wl'<wl'< - < =™ <™
<-2<?2<-w2<w2 < <" <wm 2 <
The proof of the following is as in the proof of Lemma 3.

Lemma 12. For an m-colored poset P we have

EM(PPE + (PE)) o [ E™LPE) x EM(P\ I (PL)).
I€Z(P)

Corollary 14. For an m-colored poset P we have

A (P)(X ™ 4y (m) Z A, A (P\ I)(Y™),

So we can conclude that A,, is a Coalgebra homomorphlsm, and hence A,, is a Hopf homo-
morphism.

Theorem 11. The map A, is a homomorphism of Hopf algebras. Moreover,
Am(p(m)) — 1™

As a special case of Corollary 14 we can give an explicit formula for the coproduct of a
peak function in terms of the ideals of a chain 7 = m; - - - m,,:

(m) K™
(32) K@(ﬂ' Z K C(my-7s) a(erln-ﬂ'n).

By taking formulas (22) and (31) we can see that © is an algebra homomorphism and
formulas (24) and (32) show that it is also a coalgebra homomorphism. Now it is clear that
we can write A,, as A,, = ©,, oI',,, the composition of two Hopf homomorphisms. We get
the antipode formula

(m)\ _ n g-(m)
Sm(Ké(ﬂ)) = (=1 K@((ﬂn,wn_l,...,m))

by (25) and the fact that s,, 0©,, = 0,,0s

3.9. Theory of m-colored combinatorial Hopf algebras. Bergeron and Hohlweg [7] have
outlined a theory of colored combinatorial Hopf algebras. We will present our interpretation
of this theory in some detail and connect it to our work from previous sections.

Let 'H be a graded, connected Hopf algebra over Q, and for j = 0,1,...,m — 1, let
0 . H — Q be a character of H. Let ¢ = (¢©, oM ... o™ D) Then the pair (H, )
is what we will call an m-colored combinatorial Hopf algebra. That is, we have our algebra
H along with an (ordered) m-tuple of multiplicative linear functionals onto the base field of
our algebra. In the category of m-colored combinatorial Hopf algebras, morphisms are Hopf
homomorphisms v : H — H’ such that ¢ = (¢@))" 04 for every j =0,1,...,m — 1.

Remark 12. At first, this definition seems different from the one presented in [7, Section 5.3],
where a character is an algebra morphism ¢ : H — Q[C,,]. However, if we understand Q|C,,]
not as the usual group algebra, but as an algebra with multiplication given by

ik woif j =k,
Www® =
0  otherwise,

then their definition of character agrees with ours. While [7] is vague on this point (and there
are no proofs provided) Bergeron has assured us this is what was intended [6].
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To put Qsym'™ in this framework, let C(Q]) . Qsym™ — Q be the map that sends x1; to
1 and all other variables to zero, extended algebraically. Then the pair (stm(m), CQ) is a
colored combinatorial Hopf algebra. For each j we have

@) = ¢ <F<m>:{

1 ifa=()ora=(wn)
0 otherwise.

It is also interesting to consider the following character. Let (o = Cg) )C(Ql C - 1) the
convolution product of the m characters taken in order. For the monomial and fundamental
bases this gives

Co(M{™M) = Co(FM™) = {

1 ifa=()ora=(wlay,...,wkag),j1 < - < Ji,
0 otherwise.

Before we present the universality theorem for colored combinatorial Hopf algebras, we
first introduce the dual algebra of Qsym™ . the colored noncommutative symmetric functions
NSym™ = @, o N Sym{™. See [14] or [23] for more. This algebra is freely generated by

the elements HT(L‘), over allm >0andall j =0,1,...,m—1. A basis for ./\/'Sym%m) is given by
the set {H a |Em n}, where if a = (way, w™as, ..., w*ay) is an m-colored composition,
then H, := o(fll)HéQ i2) . H( ®) This H-basis is dual to the monomial basis of stm ™) 30

that (Ha)* — M,.
The pair (stm (Q) satisfies the following universal property, analogous to the 1-colored
case. See [7, Theorem 5.4] for a similar claim.

Theorem 13. For any colored combinatorial Hopf algebra (H, ) there s a unique morphism
of colored combinatorial Hopf algebras, U : (H,p) — (Qsym™ (o). This map is given
explicitly by

(33) U(h) = > pa(h)M™,
aEmn
for any h € H,, where for a = (w'ay,...,w'ay), @ is the composite map

Ak=1) mo () ®-..@pUk))

H = H 5 Hyy @+ @ Ha,

Proof. This proof is a straightforward generalization of the argument of [3, Theorem 4.1].
First consider ‘H as a coalgebra. For every n and 7, let

Then gp ) € H:, where H* := @nzo ’H:L is the graded dual of H. Since N'Sym(™ is freely

generated by the HY ), there is a unique algebra homomorphism ® : A'Sym(™ — H* such
that

foreveryn>1,5=0,1,....,m — 1.
Let ¥ := &* : H — Qsym™ be the dual morphism of coalgebras, unique by the uniqueness
of ®. For any j, we see that

(68 0 Wbt = €& gupniem © Ulre, = HY 0 Uy, = ®(HP) = o) = o0,
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for every n. Therefore Cg) oW = ¢U) for every j. We have showed that ¥ is a morphism
of colored combinatorial coalgebras. (Indeed this proves universality of Qsym™ in this
category.)

We now check that ¥ is a morphism of algebras, i.e., that W(gh) = ¥(g)¥(h) for any
g,h € H. Notice that (H ®@ H, (0© @ @ . . oMY g om=1))) is itself an m-colored
combinatorial Hopf algebra. Now consider the composite maps

HoH D H L Qsym™

and
H oM 22 Qsym™ @ Qsym™ ™ Qsym™,

where m denotes the appropriate multiplication map. It is straightforward to check both
Vomand mo V¥ ® ¥ are morphisms of colored combinatorial coalgebras. But the previous
paragraph shows that such a morphism to stm(m) must be unique. Hence, Yom = mo¥U®WV
and W is a morphism of combinatorial Hopf algebras. We have proved universality, now it
remains to check our formula (33).

Since CID(Héj )) = o and @ is an algebra homomorphism, we have

®(Ho) = 932 - i) = o
Taking the dual, we get
W(h) = Y ealh)MI,

aEmn

as desired. O

For a colored combinatorial Hopf algebra (H,¢), let ¢ = @) ... oMm=1 denote the
convolution product of the characters of H (note that order matters). Then Theorem 13
implies that we have

p=Coo V.
This fact leads to some nice formulas.

An m-colored poset P will be called j-monochromatic if all its labels share the same color,
w’. A colored poset is naturally labeled if there exists a linear extension m € £(P) such that its
colored descent composition C'(7) = (w'ay,...,w'ay) has the property that j; < -+ < jg,
i.e., m has no descents and its colors weakly increase. Notice that if there exists such a linear
extension, it is unique. For j = 0,1,...,m — 1, define the linear map C7(>]) P — Q by

G) 1 if P is j-monochromatic and naturally labeled,
G (P) =

0 otherwise.

It is easy to check that C7(>j Jisa character, and that (P, Cp) is a colored combinatorial Hopf
algebra.

If (p = <7()0)47(31) - (7(;“71), then we get

1 if P is naturally labeled,
Cp(P) = {

0 otherwise.

Moreover, an immediate consequence of (20) and the definition of Cg ) is that

P =g e
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for any 7 =0,1,...,m — 1 and hence
p = Cgolhm.

Thus T, is the unique homomorphism induced by Cp.

We now try to understand A,, from the perspective of m-colored combinatorial Hopf alge-
bras. As a colored combinatorial Hopf algebra the algebra of m-colored peak functions is the
pair (I (o). Let 7 € Cu 1S, and let C(7) = (w’ v, . .. ,w’*ay,). Considering the number
of colored enrlched m-partitions f of the form

(Lf )l f(m2)ls - [ (ma)])

= (gujll,wjll, . ,wjllj,suﬁl,w]él, Wl ,gujll,wjll, . ,wjlll),
o1 a2 M
we have
1 ifa=(),
(34) CPEM) =2 ifa=(wn),
0 otherwise.
and
1 ifa=(),
Co(KMYy =S 2% ifa = (whay,...,whkag),j1 < < j,

0 otherwise.

The odd subalgebra of an m-colored combinatorial Hopf algebra (H, ¢) is defined, as in [3,
Definition 5.1], to be the largest graded subcoalgebra S_(H, ) of H such that for all h € H,
2D (h) = (pU)~Y(h) for j = 0,1,...,m — 1. It is straightforward to adapt the techniques
from [3, Section 6] to show that II(™ = S_(Qsym™, (o) and (II'™ (o) is the terminal
object for odd m-colored combinatorial Hopf algebras. Moreover, ©,, is the unique Hopf
homomorphism mduced by the odd characters V(Qj) = (g‘g))—lgg), 7=01,...m—1. In

other words, I/ C 0 ©,, for every j and

vg = VS)I/(QI) e I/(Qm_l) = (g 0 O,.

We leave the details to the reader.

For each 7, consider the odd character 7/73 (Cp ) 1C7(3j). Since C7(>j) = C(Qj) ol,, and I',, is

a Hopf homomorphism, it follows that V7(>) = I/(Q) ol,, and so

(35) V7(>j) = C(Q]) o Apy,
which also implies

vp —1/7(3)V7(31) (m Y= (g0 A
Therefore A,, is the unique homomorphism mduced by vp.

Combining (35), (34), and (29), we see that y(j)(P) and vp(P) depend on those linear
extensions with weakly increasing color and no peaks.

Proposition 6. For any non-empty labeled poset P,
Vg)(P) =2-#{m € L(P) | Pk(r) =0 and e(m;) = j for all i},
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and
vp(P) = 2% . #{r € L(P) | Pk(r) =0 and £(m;) < e(mi1) for all i},

where k is the number of distinct colors of P.

3.10. Mixed characters. Because the characters are independent of one another, we can
choose some colors with the canonical character and others with the odd character. This
leads to 2™ algebras interpolating between m-colored peak functions and ordinary m-colored
quasisymmetric functions.

For any subset S C [m], let Qsym ™) denote the subalgebra of Qsym™ induced by taking

the characters
o) = 9 ifje s,
' 9 otherwise.

Note that at the extremes we have IT(") = stm(m’m and stm(m) = stm(m’[m}).

Another way to define these algebras is as the image of the colored poset algebra under the
map that takes a poset to its “mixed” P-partition generating function. Specifically, ordinary
P-partitions would apply to elements of a color in S and enriched P-partitions would apply
to elements of a color not in S. A third way to describe these algebras is as the image of
Qsym™ under a “mixed” © map, i.e., given a colored composition «, we don’t touch blocks
of a color in .S, but we take blocks of other colors to their corresponding peak compositions.
We have the following diagram:

pm) o Osym™
\ i
A=rlm] Qsym™)
I1m)

If we let G, denote the Hilbert series for Qsym ™) where k = |S|, then we have the
following nice expression.

Proposition 7.
B 1— 22
S l—mz—(k+1)2%

Gm,k

Notice that in the extremes we get what we want:

1— 22 o 1— 22 _ 1—=z
Tl —mz—(m+ D22 11— (m+ 1)z

Cimo = 1—mz— 22
Proof. We are counting colored compositions where some m — k of the colors form peak
compositions and the others are unrestricted. Let f,, ;, denote the number of such restricted
m-colored compositions of n, with f,, x0 := 1. The proof is by induction. We first verify the
initial values.

Clearly, fr1 = m since (w/1) is a valid composition for any j =0,1,...,m — 1. It is also
easy to check that f,,xo = m? + k since we have m peak compositions of the form (w/2),
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m(m — 1) peak compositions of the form (w'l,w’1), ¢ # j, and k compositions of the form
(w'l,w'1) (one for each of the unrestricted colors).

For the induction step, consider any such composition a = (€101, ..., €xag) FEm n — 1. We
form a composition of n by adding a part of size 1 to the end of o with any color € # ¢, or
by adding 1 to aj with the same color:

(€10, ..., ex(ag + 1)) or

€100, . . ., €0 >
(e, exny) (61001, . .., €ay, €'1) for any color € # €.

The only compositions of n that aren’t covered by this case are those whose last part is size
1 and the same color as the next-to-last part. We get these from any of the compositions of
n — 2 by adding 1 to the last part and adding a new part of size 1 to the end, or by adding

two parts of size 1 with any of the unrestricted colors. For a = (€1, ..., epar) Emn — 2,
(€100, .., ex(ag +1),¢1) or
(101, ..., €pay) — o : ,
(611, ..., €xay, €1, €'l) for any unrestricted color €.
This shows that fi, xn = M frkn-1 + (k+ 1) finkn—2, completing the proof. O
As suggested by Aguiar [2], another way to think of these Hilbert series are as the harmonic
means of the extreme cases. Recall that the harmonic mean of x1, xs, ..., x, is
_ n
xr =

1w+ 1 ag+--- 1/,
We can then verify that G, is the harmonic mean of k copies of H = Gy, ,, and m — k
copies of G = G, 0:

m
Gmk

P kJH + (m— k)G
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