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THE HOPF ALGEBRAS OF TYPE B QUASISYMMETRIC FUNCTIONS
AND PEAK FUNCTIONS

SAMUEL K. HSIAO AND T. KYLE PETERSEN

ABSTRACT. We show that with the appropriate choice of coproduct, the type B quasisym-
metric functions form a Hopf algebra, and the recently introduced type B peak functions
form a Hopf subalgebra.

In this note we show that the type B quasisymmetric functions form a Hopf algebra in
a natural way, and that the type B peak functions of [7] are a Hopf subalgebra. A future
paper will explore more properties of these algebras and make connections with other results.
Here we simply establish existence. The reader familiar with quasisymmetric functions and
Stembridge’s peak functions can skip to section Bl

1. QUASISYMMETRIC FUNCTIONS

The ring of quasisymmetric functions is well-known (see [9], ch. 7.19). Recall that a
quasisymmetric function is a formal series

Q(z1,x9,...) € Zl[x1, 2, .. ]

of bounded degree such that for any composition o = (ay, s, ..., ), the coefficient of
ritay? - - ay* is the same as the coefficient of zf'af’ .- a7k for all iy < iy < --- < iy,
Recall that a composition of n, written « |= n, is an ordered tuple of positive integers
a = (ag,ag,...,ag) such that |a] = a3 + as + -+ + ax, = n. In this case we say that «
has k parts, or I(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
(1, ey Qyrgy ooy g) < (e QG Qg ey Q).

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
Qsym, = Z.
The most obvious basis for Qsym,, is the set of monomial quasisymmetric functions, defined
for any composition o = (aq, e, ..., ax) E n,
M, = Z wyt gy gk
i <ig<--<iy

There are 2"~ ! compositions of n, and hence, the graded component Qsym, has dimension
2"~1 as a vector space. We can form another natural basis with the fundamental quasisym-
metric functions, also indexed by compositions,

Fa = Z Mﬁ,

as<p
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since, by inclusion-exclusion we can express the M, in terms of the Fj:
M, = Z(—l)l(ﬁ)_l(Q)Fﬁ-
asp
As an example,
Fyy = My, + My, = Zatfz] + Z Tl = Z TiTjT.
i<j i<j<k i<j<k

When n =0 we have My = Fy = 1 (the unique composition of 0 is ().
One interesting application for the quasisymmetric functions is as a way of studying descent
classes of permutations. Compositions encode descent sets in the following way. Recall that

a descent of a permutation m of [n] := {1,2,...,n} is a position i € [n — 1] such that
m; > i1, and that an increasing run of a permutation 7 is a maximal subword of consecutive
letters m; 179 -« - Wiy, such that m 1 < myo < --+ < .. By maximality, we have that if

Tit1Tite -+ * Tiw, 1S an increasing run, then ¢ is a descent of 7 (if ¢ # 0), and i + r is a descent
of w (if i + r # n). For any permutation 7w define the descent composition, C(m), to be the
ordered tuple listing the lengths of the increasing runs of 7. If C(7) = (a1, as, ..., ), we
can recover the descent set of 7:

Des(m) = {a1, a1 + g, ..., a1 + g + -+ -+ ap_1}.

Since C(m) and Des(m) have the same information, we can use them interchangeably. For
example the permutation © = (3,4,5,2,6,1) has C(7) = (3,2,1) and Des(7) = {3,5}.
An alternate way to define the fundamental quasisymmetric functions is as follows:

Fo(x) = Fbes(r) = ) Tiy iy * * * Ty -
i1 <ip<-<in
s€Des(m)=1s<ts41

In fact, this is the definition Gessel [3] used when originally defining the quasisymmetric func-
tions. With this definition, multiplication of quasisymmetric functions has a nice description
in terms of the fundamental basis. If o is a permutation of [n] and 7 is a permutation of
m+1,n+m|:={n+1,n+2,...,n+m}, then

) FowFer = Y Fon
w€Sh(o,7)

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 o and whose restriction to [n + 1,n + m] is 7.
It has been shown that Qsym is a Hopf algebra [ 6] with the usual product of formal

power series, counit that takes functions to their constant term, and the following coproduct,

A Qsym — Qsym Q@ Qsym,
given in terms of the monomial basis:
My)= Y Ms® M
By=a

where 8y = (B1,. .., Bia)s 15 - - - Yi(y)) 1s the concatenation of B and +.
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The coproduct is easy to understand in terms of the following operation. For any two
alphabets X and Y of commuting indeterminates, let X 4+ Y denote the set X UY totally
ordered as

T < Tg <+ <Yy <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 quasisymmetric functions
R and S. Then we have A(Q) = >  R® S. As an example,

M21 X+Y Zx $]+2Iy]+zyzyj

1<j 1<j

= Mo (X) + M2(X)M1(Y) + M (Y),

and thus
A(My) = My @ 14+ My ® My + 1@ M.

We know that Qsym is a Hopf algebra because it is a graded connected bialgebra, where
being connected means Qsym, = Z. There is the following nice formula for its antipode [4, [6]:

(2) (Antipode)  Sg(M, N " M,

B<la

where % = (Bk, Bk—1, - - -, 41); the composition formed by writing the parts of 5 backwards.

2. PEAK FUNCTIONS

There is a Hopf subalgebra of Qsym given by Stembridge’s peak functions [10] (or interior
peak functions as they're called in [7]), defined as follows. First, for any a = n, define the
more general

(3) Ko=) 2\,

BEnN
a<p*

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

Let IT,, denote the Z-span of the functions K,, for all @ = (aq, s, ..., q) = n such that
a; > 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. The related K, are the peak functions,
which are shown in [I0] to be F-positive and linearly independent, forming a basis for IT,
of dimension f,,_1, the Fibonacci number defined by fo = fi =1 and f, = f._1 + fn._o for
n > 2. We define IT := @, ., II,, to be the graded ring of peak functions.

Peak functions get their name because, just as the F, encode descent classes of permu-
tations, the K,, where « is a peak composition, encode peak classes of permutations. An
interior peak of a permutation 7w of [n] is any ¢ € [2,n — 1] such that m;_; < m; > m41. Let
Pk(7) denote the set of all interior peaks of 7. Valid peak sets are precisely those subsets [
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 as described above. Let C () denote the composition correspond-
ing to Pk(m). Roughly speaking, it records the distances between peaks. For example, if

7 =(3,2,7,5,4,1,8,6), then Pk(r) = {3,7}, and C(x) = (3,4, 1).
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Now we can write the peak functions as:

Ké(w) = Kpi(n) = Z 9ISI+1 p g
SC[n—1]
Pk(m)CSU(S+1)
where S+ 1={i:i—1¢€ S} and Mg = M, where if S = {s; < s9 < -+ < si_1}, then
a = (s1,8 — S1,...,mn — Sk_1). This definition is the original one given by Stembridge [10];

it is motivated by his theory of enriched P-partitions, which gives the following formula for
multiplication of peak functions analogous to (I):

(4) KowKemy = D Ke

meSh(o,T)

where again the sum is over all shuffles of ¢ and 7.
For any composition «, let @ denote the composition formed by replacing consecutive parts
of 1’s with their sum added to the next part to the right:

(a1 Ly, o) = (e Qy Qg 1),
————

T

where a;, @141 > 1. For example, if a = (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. Stembridge then
defines the map © : Qsym — II given by

O(F,) = Ka.

By considering equations ([l) and (), we see that © is a graded, surjective homomorphism
of rings as shown in [T0]. Moreover, [2] shows that © is a morphism of Hopf algebras, so II
is a Hopf algebra.

3. TYPE B QUASISYMMETRIC FUNCTIONS

The type B quasisymmetric symmetric functions were introduced by Chow [3]. The easiest
way to describe the ring of type B quasisymmetric functions is as the multiplicative closure of
the elements of Qsym and a new variable xy. A more motivated definition is by analogy with
the ordinary quasisymmetric functions. Define a pseudo-composition of n, written « I n, to
be an ordered tuple of nonnegative integers (ay, ag, ..., ) whose sum |o| = oy + -+ - + ay, is
n, where a1 > 0, a; > 0 for ¢ > 1. In other words, given any ordinary composition « = n, we
have two corresponding pseudo-compositions: « and Oca = (0, aq, ..., ax). The partial order
on the set of all pseudo-compositions of n is again by refinement.

Now we can define a type B quasisymmetric function to be a formal series

Q(zo, x1, T2, .. .) € Z[[xo, 1, T2, . . ]|

of bounded degree such that for any pseudo-composition o = (a1, aa, ..., ), the coefficient
of wg'a{?---ay*, is the same as the coefficient of xg*x{”--- 27" for all 0 < iy < --+ < iy,

Let BQsym,, denote the set of all quasisymmetric functlons homogeneous of degree n. Then
BQsym = @nzo BOQsym,, denotes the ring of all type B quasisymmetric functions, where
BQsym, = 7.
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As before we have a monomial and fundamental basis for BQsym,. For any pseudo-
composition o = (aq, g, . .., ) Ik n, the monomial functions are

2: aq 052
x‘ 2 ..

1< <l

There are 2" pseudo-compositions of n, so the dimension of BQsym,, is 2". The fundamental

basis is
Foi=) M,
a<lp

and by inclusion-exclusion we can express the M, in terms of the F:

M, = Z(—l)l(ﬁ)_l(Q)Fﬁ.

a<lp
As an example,
Fo = My + Mooy + My + Mo = Z TiTjTp.
0<i<j<k

A special case is n = 0, where we define My = My = Fy = Fy = 1. We further note that if
ay = 0, then M, and F, have no zy’s, i.e., they are ordinary quasisymmetric functions.

Pseudo-compositions can encode descent classes of signed permutations. If 7 is any signed
permutation of [n], the pseudo-composition Cp(7) IF n lists the lengths of the increasing runs
of 7, with the extra rule that the first part of Cg(m) is zero if m; < 0. This corresponds to
type B descent sets, since

Desg(m) :=={i € [0,n—1]:m > m1},

where mp = 0. Again, we have an easy correspondence between the two. If Cp(m) =
(o, .., ),
Desp(m) = {aq, 1 + ag,...,c0 +as+ -+ ag_1}.
Two examples are ¢ = (1,3,—2,4) and 7 = (—3,-2,4,1), for which Cg(c) = (2,2),
Desg(o) = {2}, Cp(1) = (0,3,1), and Desg(7) = {0, 3}.
The fundamental basis for the type B quasisymmetric functions encode descent classes of
signed permutations just as in the type A case:

Fop(r) = Fbesp(m) = Z Liy " Liy -

0<ig<-+-<in
s€Desp(m)=is<ist1

Multiplication in BQsym can then be described by the following formula:

(5) Foyo Feam = Y Fopm

meSh(o,T)

the sum again over all shuffles.

The main goal of this paper is to show that BQsym is a Hopf algebra. We take the product
on BQsym to be the usual product of formal power series and the counit again maps type B
quasisymmetric functions to their constant term. We will describe the coproduct on BQsym
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shortly, but first let us recall Chow’s coproduct [3] on BQsym that makes BQsym a module
coalgebra over Qsym. Define A’ : BQsym — BQsym® Qsym by:

N(My) = My ® Mo,
By=c
where if 73 = 0, we understand 0y = . This coproduct arises naturally if we consider Xy+Y,
the union of sets X, := {zo} UX and Y, with total order
To <X < T <+ <Yy <Yyg< -+,
(note that there is no o). Then, for example,

M12 X(] —|—Y ZLL’()SL’ +Zl’oyl + Z yzyj

0<s 0<s 0<i<y

= Mi2(Xo) + My (Xo) M (Y) + Mo12(Y).

If A is the coproduct on Qsym, m denotes multiplication of power series, and [ is the identity,
Chow [3] shows that A’ satisfies

m(I @ A)A" =m(A" @ I)A,

which shows that BQsym is a module coalgebra over Qsym.
To get the Hopf algebra structure we need a new coproduct, defined as follows. Let o be
any ordinary composition. Then A : BQsym — BQsym ® BQsym is:

(©) ZZ() Mig ® Meua,

By=a =0

with A(My) = A(My) = 1 ® 1. For n = 0, note that rule (@) is the same as for ordinary
quasisymmetric functions (this makes sense as My, € Qsym). As an example where n # 0,
we have

A(Mia1) = Mig1 @ 1+ Moar @ My + Mo @ My + Moo @ My + My @ Mogr + 1 @ Mia.

Another way of understanding the coproduct is by taking X, + Y, the union of sets X, and
Yy. We define the map M, (Xo) — My(Xo + Yp) as for ordinary quasisymmetric functions,
with the caveat that zy — x4 yo directly. For example,

M1 (Xo + Yo) = (z0 + yo) ( Z Tix; + Z TiY; + Z yz?/g)

0<i<y 0<i,j 0<i<y

2 2
= g (xgzix; + 2wox;2,Y0 + TiT;Yp)
0<i<j

+ Z (z5ziy; + 2z0mioy; + Tiyoy;)

0<i,j

+ Z (zgyiy; + 2ToYoyiyj + Yoyiy;)
0<i<j

= M1 (Xo) + 2Mi11(Xo) Mo1 (Yo) + Mo11(Xo) Ma(Yo)
+ Mo (Xo) Moi (Yo) + 2M 11 (Xo) M1 (Yo) + Mo (Xo) Mo (Yo)
+ Mo (Xo) M1 (Yo) + 2M1(Xo) M1 (Yo) + Mari (Yo),
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corresponding to:

A(Ms11) = Moy @ 1+ 2M711 @ My + Moy @ Mo
+ Moy @ Moy 4+ 2Mqy1 @ Myy + My @ Moy
+ My @ Moy + 2My @ My +1® Moy
We will now show that BQsym is a Hopf algebra under this coproduct. Let Z[xo| = Z[M,]

denote the ring of polynomials in one variable. Notice that we have a natural isomorphism
of algebras

BQsym = (Z[Ml] ® stm)
given, for any ordinary composition a and any ¢ > 0 by
Miq — M; @ Moo = M{ ® My,
with inverse mapping given by the usual product:
M; & Moo — M; - Moo = Miq.

The Hopf structure on Qsym has already been described; let its coproduct be denoted As.
There is a Hopf structure on Z[M;] given by the usual product of polynomials and coproduct
Al . Z[Ml] — Z[Ml] &® Z[Ml] given by

MIHMI®1+1®M17

and A;(1) = 1® 1. In other words, a polynomial f(zg) maps to the two-variable polynomial
f(zo + yo). With this Hopf structure Z[M;] is isomorphic to the binomial Hopf algebra, a
well-studied object especially in the context of the umbral calculus [§].

It is straightforward to verify that Z[M;]|® Qsym is a Hopf algebra with coproduct A = A;®
A,. Translated in terms of BQsym, this coproduct is just (@) as defined above. Combining
@) with the well-known formula for the antipode of the binomial Hopf algebra, S(M,,) =
(—=1)"M,,, we get the following formula:

(Antipode on BQsym)  Sp(M,q) = (—1){@)*" Z M, 5,

Ba

H
where (3 is the composition formed by writing the parts of 3 backwards.

4. TYPE B PEAK FUNCTIONS

For any pseudo-composition a I+ n, we define the following type B quasisymmetric function
in BOsym,,,

(7) Ko=) 2070y,

Blkn

a<pg*
where as before 3* is the refinement of 5 obtained by replacing, for ¢ > 1, every part 3; > 2
with the two parts (1, 3; — 1). Notice that if oy = 0, then K, is a type A peak function.

Let I1p, denote the Z-span of the functions K,, for all o = (o, a9,...,a;) IF n such

that the “middle parts” aw,...,ar_1 are all greater than 1. We call such compositions type
B peak pseudo-compositions. Define the ring Ilp := €, ., 15, which we call the type B



8 S. K. HSTAO AND T. K. PETERSEN

peak functions. In [7] it is shown that for type B peak pseudo-compositions «, the K, are F-
positive and linearly independent. The graded components Ilg, has dimension f, 4, where
fn is the n-th Fibonacci number as defined previously.

The type B peak functions are first introduced and discussed in [[]. The type B peak set
of a signed permutation 7 of [n] is defined as

Pkg(m) :={ie[0,n—1]:m_y <m > mi1},
where 1y = 0, 7_1 = —o0. In other words, the type B peak set is the ordinary peak set, along
with 1 if 0 < m; > m and along with 0 if 0 > m. Let Cp(m) be the pseudo-composition
corresponding to Pkp(m). As examples, if 0 = (=3,2,—4,5,1), 7 = (3,—2,—1,5,4), then
Pk (o) = {0,2,4} and Cp(0) = (0,2,2,1), Pky(r) = {1,4} and Cp(r) = (1,3,1).
Expressions similar to () and @) hold for signed permutations:

(8) Koy = Kekam = D, 2Ms,
Sc[0,n—1]
Pkp(m)CSU(S+1)

(9) Koy Kenm = D Koy,
w€Sh(o,7)

where 7, o, and 7 are now signed permutations. -

For any pseudo-composition o = (a, e, ..., ), define & = aj(ay,...,qr), where we
recall that 3 is the peak composition formed from an ordinary composition (3 by replacing
consecutive parts of size 1 with their sum, added to the part to their right. Then the map
«a — @ is a surjection from all pseudo-compositions onto peak pseudo-compositions. For
example, if « = (1,1,3,2,1,1,3,1), then & = (1,4,2,5,1).

We can then define the map ©p : BQsym — Ilg by

(10) G)B(Fa) = Kj

which by equations () and ({) defines a graded surjective homomorphism of rings. Notice
that the restriction of ©g to Qsym agrees with Stembridge’s map ©.

We now want to show that O : BOsym — BQsym is a homomorphism of Hopf algebras
since it will follow that Ilg, as the image of ©p, is a Hopf subalgebra of BOsym. A quick
calculation yields

@B(Ml) - Ml.
Therefore ©p corresponds to the map e ® © under the natural isomorphism BQsym =
Z[M,] ® Qsym, where e denotes the identity map on Z[M;]|. Since e and © are both Hopf
homomorphisms, so is Op.

5. CONNECTIONS

The algebra BQsym is a very natural object, in the sense that it is isomorphic to the tensor
of two fundamental algebras, namely, the binomial algebra and the quasisymmetric functions.
In future work, we hope to study the algebras BOsym and Ilg in more detail. We would
like to derive another coproduct formula for BOsym in terms of the fundamental basis and a
coproduct formula for the type B peak algebra (in terms of any basis). Further, it would be
nice to make connections with Hopf algebras of posets and with the theory of combinatorial
Hopf algebras [I].
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