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Abstract

Every character on a graded connected Hopf algebra decomposes uniquely as a
product of an even character and an odd character (Aguiar, Bergeron, and Sottile,
math.CO/0310016). We obtain explicit formulas for the even and odd parts of the
universal character on the Hopf algebra of quasi-symmetric functions. They can
be described in terms of Legendre’s beta function evaluated at half-integers, or in
terms of bivariate Catalan numbers:

2m)!(2n)!

Properties of characters and of quasi-symmetric functions are then used to derive
several interesting identities among bivariate Catalan numbers and in particular
among Catalan numbers and central binomial coefficients.

*Work supported in part by NSF grant DMS-0302423 and by the NSF Postdoctoral Research Fellow-
ship. We benefited from discussions with Ira Gessel and from the expertise of Francois Jongmans, who
generously helped us search the 19th century literature in pursuit of a hard-to-find article by Catalan.
We also thank the referees for interesting remarks and suggestions.
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1 Introduction

The numbers s o
2m)!2n)t () ()

Clm,n) = ml(m+n)ln! (")

(1)

appeared in work of Catalan, [, pp. 14-15], [B, p. 207], [6, Sections CV and CCXIV], [1,
pp. 110-113], von Szily 25, pp. 89-91], Riordan [I9, Chapter 3, Exercise 9, p. 120], and
recent work of Gessel [I2]. We call them bivariate Catalan numbers. They are integers
(and except for C'(0,0) = 1, they are all even). Special cases include the central binomial
coefficients and the Catalan numbers:

C(0,n) = <2:) and %C(l,n) - nil(?)

In turn, the bivariate Catalan numbers are special cases of the super ballot numbers of
Gessel [12].

The algebra QSym of quasi-symmetric functions was introduced in earlier work of
Gessel [I1] as a source of generating functions for Stanley’s P-partitions [20]; since then,
the literature on the subject has become vast. The linear bases of QSym are indexed by
compositions o of n. Two important bases are given by the monomial and fundamental
quasi-symmetric functions M, and F,; for more details, see [II], [I7, Chapter 4], or [21],
Section 7.19].

In [2], an important universal property of QSym was derived. Consider the functional
¢ : QSym — k obtained by specializing one variable of a quasi-symmetric function to
1 and all other variables to 0. On the monomial and fundamental bases of QSym, this
functional is given by

1 ifa=(n)or(),

0 otherwise.

((Ma) = ((Fo) = { (2)

A character on a Hopf algebra H is a morphism of algebras ¢ : H — k:

plab) = (a)p(b), (1) =1.

QSym is a graded connected Hopf algebra and the functional ( is a character on QSym.
The universal property states that given any graded connected Hopf algebra H and a
character ¢ : H — k, there exists a unique morphism of graded Hopf algebras ® : H —
QSym making the following diagram commutative [2, Theorem 4.1]:

H 2 QSym
X /
k

For this reason, we refer to ( as the universal character on QSym. There are other char-
acters on QSym canonically associated to ( that are of interest to us. In spite of the
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simple definition of {, these characters encompass important combinatorial information.
Some of these were explicitly described and studied in [2], and shown to be closely re-
lated to a Hopf subalgebra of QSym introduced by Stembridge [23], to the generalized
Dehn-Sommerville relations, and to other combinatorial constructions. Other canonical
characters, less easy to describe but of a more fundamental nature, are the object of this
paper.

We review other relevant background and constructions from [2.

Let 'H be an arbitrary Hopf algebra. The convolution product of two linear functionals
p, 0 H—kis

HEHoH 2 kok Bk,

where A is the coproduct of H and m is the product of the base field. We denote the
convolution product by pw. The set of characters on any Hopf algebra is a group under
the convolution product. The unit element is € : H — k, the counit map of H. The
inverse of a character ¢ is ¢! := ¢ 0 S, where S is the antipode of H.

Suppose that H is graded, i.e., H = ®,,>0H,, and the structure maps of H preserve this
decomposition. This means that H; - H; C Hiy;, A(Hn) C Ziﬂ-:n H; ® Hj, 1 € Hy, and
€(H,) = 0 for n > 0. Then H carries a canonical automorphism defined on homogeneous
elements h of degree n by h — h := (—1)"h. If ¢ is a functional on H, we define a

functional ¢ by @(h) = ¢(h). The functional ¢ is said to be even if

Y=
and it is said to be odd if it is invertible with respect to convolution and
p=¢

Suppose now that H is graded and connected, i.e., Hyp = k- 1. One of the main results
of 2] states that any character ¢ on ‘H decomposes uniquely as a product of characters

Y= P+p-

with ¢, even and ¢_ odd [2, Theorem 1.5].

The main purpose of this paper is to obtain explicit descriptions for the canonical
characters (y and (_ of QSym. We find that the values of both characters are given in
terms of bivariate Catalan numbers (up to signs and powers of 2). On the monomial
basis, the values are Catalan numbers and central binomial coefficients (Theorem BZ).
On the fundamental basis, general bivariate Catalan numbers intervene (Theorem BTI).
The connection with Legendre’s beta function is given in Remark B2 The proofs rely on
a number of identities for these numbers, of which some are known and others are new.
In turn, the general properties of even and odd characters imply further identities that
these numbers must satisfy. We obtain in this way a large supply of identities for Catalan
numbers and central binomial coefficients (Section H) and for bivariate Catalan numbers
(Sections @ and [[). As one should expect, some of these identities may also be obtained
by more standard combinatorial arguments, at least once one is confronted with them.

THE ELECTRONIC JOURNAL OF COMBINATORICS 11(2) (2005), #R00 3



Our methods, however, yield the identities without any previous knowledge of their form.
We mention here four of the most representative among the identities we derive:

(-1 (2R (a)/2]) _ .
> S (e ) = =

a(1x<ogd
3" Cli)Cslh 1) =23 G Cu — 1 3); @
S (—1P-OC(p_(0), [n/2) — p_(0)) = An/2 ()
oESH
20(r) = %C(r,s—l—l)vL;%C(erl,j). ED)

In ([[@), k.(«) and k,(a)) are the number of even parts and the number of odd parts
of a composition «, 5 = (by,...,b;) is any fixed composition such that k.(3) = 0 and
by = by mod 2, and the sum is over those compositions « = (ay, ..., a) whose first part
is odd and which are strictly refined by (3. The numbers C;(j) appearing in (H{) are
central Catalan numbers; see (BY). In (Bl), p_ (o) denotes the number of interior peaks of
the permutation o; see Section [ Equation (B7) expresses a Catalan number in terms of
bivariate Catalan numbers.

In Section B we derive explicit formulas for the even and odd characters entering in
the decomposition of the inverse (with respect to convolution) of the universal character,
and deduce some more identities, including (B1).

We work over a field k of characteristic different from 2.

2 Even and odd characters

Let H be a graded connected Hopf algebra and ¢ : ‘H — k a linear functional such
that ¢(1) = 1 (this holds if ¢ is a character). Let ¢, denote the restriction of ¢ to
the homogeneous component of H of degree n. By assumption, ¢y = €y, where € is the
counit of H. This guarantees that ¢ is invertible with respect to convolution: the inverse
functional ¢! is determined by the recursion

(6™ Do =— Z il )nsi

with initial condition (¢™')g = €p. The right hand side denotes the convolution product
of p; and (¢ 1),_;, viewed as functionals on H which are zero on degrees different from 4
and n — 1, respectively.

Lemma 2.1. Let H be a graded connected Hopf algebra and ¢ : H — k a linear functional
such that (1) = 1. There are unique linear functionals p,v) : H — k such that
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(a) p(1) = (1) =1,
(b) pis even and v is odd,

(c) o= pp.
Moreover, if v is a character then so are p and 1.

Proof. Items (a), (b), and (c) can be derived as in the proof of [2, Theorem 1.5], while |2,
Proposition 1.4] guarantees that if ¢ is a character then so are p and . O

In this situation, we write @, := p and @_ := 1 and refer to them as the even part
and the odd part of ¢. According to the results cited above, ¢, is uniquely determined
by the recursion

(D" = 2@e)n+ (@ Dt D ()il (e,

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

and ¢_ by

n

(‘p—)n = ¥n — Z(‘P-l—)i(sp—)n—i

i=1

with initial conditions (¢ )0 = (¢-)o = €o.

Lemma 2.2. Suppose H and K are graded connected Hopf algebras, ¢ : H — k and
Y KK — k are characters, and ® : H — K is a morphism of graded Hopf algebras such

that
>\ A

k

commutes. Then the diagrams

‘I’ K H 2 K
DN S N
k k

H

commute as well.

Proof. Composition with ® gives a morphism from the character group of K to the char-
acter group of H which preserves the canonical involution ¢ +— @. Thus ¢ = ¢, ¢_
implies ) o @ = (14 0 P)()_ o D), ¥, o ® is even, and ¢_ o ® is odd. By uniqueness in
Lemma ZT, ¢y o ® = ¢, and )_ o d = p_. O
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When ‘H = QSym and ¢ = ( is the universal character (), we refer to (; and (_ as
the canonical characters of QSym.

Let p and ¢ be arbitrary characters on QSym. For later use, we describe the convo-
lution product pip explicitly. Given a composition o = (ay, ..., ax) of a positive integer n
and 0 < i <n,let a; = (ai,...,a;) and o’ = (a;41,...,ar). We agree that ap = o = ()
(the empty composition). The coproduct of QSym is

k
A(My) = My, ® My,

i=0
where My denotes the unit element 1 € QSym. It follows that

k

() (M) =) p(Mo, ) (M) . (3)

=0

The counit is

0  otherwise.

) = {1 if o = (),

3 The canonical characters of Q5ym on the monomial
basis

For any non-negative integer m, let

(o) = C0m) = () and ) = 300m) = 2 (7).

m+1\m
these are the central binomial coefficients and the Catalan numbers.

Lemma 3.1. For any non-negative integer m,
B(m)=2) C(i—1)B(m —i), (4)
i=1

2%m — Z B(i)B(m —1). (5)

Proof. These are well-known identities. They appear in [I4, Formulas (3.90) and (3.92)],
and [I9, Chapter 3, Exercise 9, p. 120, and Section 4.2, Example 2, p. 130]. For bijective
proofs, see [0 Formulas (2) and (8)]. O

For a composition «, let || denote the sum of the parts of «, k() the number of
parts of a, k.(a) the number of even parts of a, and k,(«) the number of odd parts of «.
Note that

ko(a) = |a] mod 2. (6)
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Theorem 3.2. Let o = (aq,...,a;) be a composition of a positive integer n. Then

( (D
—iamrC (0, [ko(a)/2]) if ay. is odd,
((My) = ¢ 22l (7)
L 0 if ag is even;
( (_1)ke(a)+1
WC’ (1, ko(a)/2 = 1) if a1 and ag are odd and n is even,
+(Mo) = 1 if o = (n) and n is even, (8)
0 otherwise.

We also have (_(1) = (4+(1) = 1.

Proof. Let p,1 : QSym — k be the linear maps defined by the proposed formula for (
and (_, respectively. According to Lemma 1] to conclude p = ¢, and ¢ = (_, it suffices
to show that pi) = ¢, p=p, and ¢ = 1.

Since p vanishes on all compositions of n when n is odd, we have p = p.

We show that pip = (. Let k. := ke(a) and k, := ko ().
Case 1. Suppose that k = 1, so o = (n). We have p(M,) = 1if nis even and 0 if n is odd;
also (M) = 0if n is even and 1 if n is odd. Thus (pv)(Mn)) = p(M(n)) + (M) =
1= (M)

In all remaining cases k > 1 and ((M,) = 0 by ).

Case 2. Suppose that k£ > 1 and a;, is even. By (Bl) we have

k—1
(pp)(Ma) = Z p(Ma; )9 (Mai) + p(Ma) = 0

by the second alternative of () applied to o’ and the third alternative of (8) applied to
a.

Case 3. Suppose that k£ > 1, a; is odd, and a, is even. In this case p(M,,) = 0 for each
i>1,s0 by @)

(P¢)(Ma) = ¢(Ma) + p(M(a1)>¢<M(a2 ..... llk)) =

(—1)* (—1)ke1
27 C (0 o/ 2)) + itz C (0, [ Ko/2]) = 0.

Case 4. Suppose that k& > 1 and ag, a1, and n are odd. By (B), we have p(M,,) = 0
unless i = 0 or @; is odd and |o| is even. Hence

(152 o) (Ma) = (=12 (w(Ma) + D p(Ma )Y (Mar))

1<i<k—1

Cp (BTN 5 o (bl ) p ()1

1<i<k—1
a; odd
|a;| even
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We used (@) and the fact that |h/2] = "> when h is odd.

Deleting the even parts of a and changlng every odd part of o to 1 does not change
the right-hand side of this equation. Thus we may assume without loss of generality that
a=(1,1,...,1) En=2m+ 1. In this case,

m

(—1)F2% Y (pyp) (M) = B(m) = 2) C(j — 1)B(m — j) =0,

j=1
by Lemma Bl

Case 5. Suppose that k > 1, a; and a; are odd, and n is even. Then

(=1)%25 (o) (Ma) = (=) 2% (0(Mo) + " p(Ma (M) + p(M,))

1<i<k—1
|a.z|odd
B ko(a) ko) ko(a®) Eo(c)
_3(2)—2ZC<2 —1) B ) 20 (5~ 1)
1<i<k—1
a; odd
|a;| even
As before, it suffices to consider the special case a = (1,1,...,1) F 2m. In this case,

(~1)82(p)(My) = BOm) ~2 3" O ~ )B(m ~ ) — 2C(m — 1)

again by Lemma BTl

It remains to show that ¢! = 4. Since ¢ is invertible (¢)(1) = 1), it suffices to show
that Yy = ¢.

Case 1. If a is even then ¢(Myi) = 0 for every i < k and ¢(M,) = 0 by @), so
(V) (Mo) =0

Case 2. Suppose a; and n are odd. In this case (M) = —(M,), so (Y))(M,) =
S (Mo )0 (M), By @), kolai) + ko(a?) = ko(a) is odd. Hence

ko) /2] + | ko(a?) /2] = % and ke(a;) + k(') + || = k(a) + |oy| mod 2.
It follows that

(~D)HO2R O ) (M) = Y (=1)B([ko(c:)/2])B(ko(a)/2]).-

1<i<k-—1
a; odd
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As before, we may assume o = (1,1,...,1) En = 2m + 1, in which case the above sum

becomes
2m

Y (' B(li/2)B(L(2m +1—10)/2]).

i=1
As j runs from 1 to m, the terms in this sum corresponding to ¢ = 2j and i = 2m —2j5+1
are B(j)B(m —j) and —B(m — j)B(j), respectively. Since this covers all terms, this sum
is zero.

Case 3. Suppose a; is odd and n is even. Similar considerations lead to

(—1)M@2%@ () (M) =

() £ p(M5)n(g) 2 3 s(My)p(t),

1<i<k—1 1<i<k—1
a; odd a; odd
|a; | even |a; | odd

Once again, we may assume « = (1,1,...,1) F n = 2m. Then showing that (¢¢)(M,) =0
is equivalent to showing that

Z B(i)B(m — i) = 2? 2 B(i)B(m —1—1).

This equality follows from (H) in Lemma Bl
The proof is complete. O

4 Application: Identities for Catalan numbers and
central binomial coefficients

In the proof of Theorem B2, we did not need to show that the functionals defined by (),
[®) are characters (morphisms of algebras); indeed, this fact follows from our argument.
We may derive interesting identities involving Catalan numbers or central binomial co-
efficients from this property. To this end, we first describe the product of two mono-
mial quasi-symmetric functions. This result is known from [§, Lemma 3.3], [I5], [T6],
and [24), Section 5]. We present here an equivalent but more convenient description due
to Fares [10].

Given non-negative integers p and ¢, consider the set L£(p,q) of lattice paths from
(0,0) to (p,q) consisting of unit steps which are either horizontal, vertical, or diagonal
(usually called Delannoy paths). An element of L(p, q) is thus a sequence L = ({1, ..., ()
such that each ¢; is either (1,0), (0,1), or (1,1), and > ¢; = (p,q). Let h, v, and d be the
number of horizontal, vertical, and diagonal steps in L. Then h+d = p, v+ d = ¢, and
s=h+v+d=p+q—d. The number of lattice paths in L(p,q) with d diagonal steps
is the multinomial coefficient

S B p+q—d
h,U,d - p_daq_dad ’
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since such a path is determined by the decomposition of the set of steps into the subsets
of horizontal, vertical, and diagonal steps.

Given compositions o = (aq,...,a,) and § = (by,...,b,) and L € L(p,q), we label
each step of L according to its horizontal and vertical projections, as indicated in the
example below (p =5, ¢ = 4):

as
b4 b4
bg as aq + bg
b2 a9 ~+ b2
by a by

(0,0) ay Gy as Qy as

Then we obtain a composition g (c, ) by reading off the labels along the path L in
order. In the example above,

qr(e, B) = (a1, b1, a2 + ba, as, as + b3, by, as) .

The composition qr(«, ) is the quasi-shuffle of @ and § corresponding to L. If L does
not involve diagonal steps, then ¢z («a, 3) is an ordinary shuffle.
The product of two monomial quasi-symmetric functions is given by

My-Ms= > My (ap)- (9)

LeL(p,q)
For our first application we make use of the fact that (_ is a character.
Corollary 4.1. Let n,m be non-negative integers not both equal to 0. Then
mi%’”’ (—1) n+m—2d( ntm—d \/[2|(n+m—2d)/2]
o glntm=2d)2] p 4+ m —d \n—d, m—d, d) \ |(n+m—2d)/2|
B 1 2\n/2]\ (2|m/2] (10)
~ A\ (nf2) )\ (mf2] )
Proof. Let a« = (1,1,...,1) Enand § = (1,1,...,1) E m. The set of lattice paths
L(n,m) splits as

L(n,m) = Ly(n,m)J Ly(n,m) Lp(n,m)

according to whether the last step of the path is horizontal, vertical, or diagonal.
Choose L € L(n,m), let d be the number of diagonal steps of L, and v := q. (v, (3).
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If L € Lp(n,m), the last part of v is 2, so (_(M,) = 0 by ([@). On the other hand, if
L € Ly(n,m)U Ly(n,m) the last part of v is 1, k.(y) = d (d parts are equal to 2), and
ko(v) = n 4+ m — 2d (all other parts are equal to 1). Hence, by (@),

(M) = Sy OO0, L+ m — 2a)/2])

Now, the number of paths in Ly (n,m) U Ly (n, m) with d diagonal steps is
n—1+m-—d . n+m-—1-d ~n+m—2d n+m-—d
n—1—d, m-—d,d n—dm-1-d,d)] n+m—-d \n—d m-d,d)’

Therefore, by (@),

min(n,m) d
(—1) n+m—2d n+m—d
C—(MO& Mﬁ) = dZ_O 22L(n+m_2d)/2J n + m — d n — d, m — d, d 0(07 L(n+m_2d)/2j> :

On the other hand,

¢ (Ma) - ¢ (My) = €0, [n/2]) - s €O, lm2]).

Since (_ is a character, the last two quantities are equal. Equating them results in ([[T).
O

The special case of () when n >m =1 is

n+1 [(2[(n+1)/2] ~ n—1 2[(n—1)/2]\ 1 2|n/2]
A7 ( [(n+1)/2, ) A7 ( [(n—1)/2, ) ( /2] )

~ 4ln/2]
which may be easily verified. On the other hand, when n =m > 1, () becomes

() (Y - ()

d=0

We now make use of the fact that ¢, is a character to derive an identity involving
Catalan numbers.

Corollary 4.2. Let n,m be positive integers not both equal to 1 and such that n = m
mod 2. Then

min(n,m)

1a2d—1 (n+m —=2d) (n+m —2d -1 n+m—d
dgo(_lw 92 ((ni—m . d)) ((nim— - 1)> (n _;m a d)C((n+m)/2—d—1)

(11)

) C(n/2-1)C(m/2—1) ifn and m are even,
~]o if n and m are odd.
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Proof. Let = (1,1,...,1)Fnand 8 = (1,1,...,1) E m. Asin the proof of CorollaryET],
we analyze which lattice paths L € L£(n,m) contribute to (; (M, - Mgz). Note that since
(n,m) # (1,1), the second alternative in (§) never occurs. A path which starts or ends
with a diagonal step does not contribute, by the third alternative in (§). For all remaining
paths L, if d is the number of diagonal steps, then

(_1)d+1
Cr(Myp(a,8)) = WC((" +m—2d)/2 - 1)

by the first alternative in (§). These paths start and end with a horizontal or vertical
step, so their number is

5 n—14+m-1-—4d n n—2+m-—d n n+m-—2-—d
n—1—d m—-—1-—d,d n—2—d m-—d,d n—d,m—2—d,d

(n+m — 2d) (n+m—2d—1)< n+m—d )

T mtm—d) (n+m—-d—1) \n—d, m—d,d
Applying ¢, to both sides of () leads to ([[TI). O
Suppose m = 1, n = 2k+ 1, k > 1. In this case ([Il) boils down to the simple identity
2(2k — 1)
Clk)=—C(k—1).
=22 "Yop -

If n = m, the last term in the sum () is 0, because of the factor n+m — 2d (so there is
no need to evaluate the Catalan number in this case). The formula becomes

-1 _ _ o 2 . .
(—1)#149(2n—2d—1) <2n d 2) Cln—d—1) — C(n/2—1) Tf n TS even,
=0 d 0 if nis odd, n > 1.

n

In the proof of Theorem we established that formula () defines an odd character
by showing that (_(_ = e. Rewriting this property in terms of the antipode S of QSym
leads to new combinatorial identities that we analyze next. First, recall that S is given
by

S(Mp) = (=1)* " M, (12)
a<p
where (3 = (b, ..., by, b1) is the reversal of 5 = (b1, bs,...,b;) and a <« indicates that
is a refinement of a [8, Proposition 3.4]; [I1, Corollaire 4.20].

Corollary 4.3. For any composition 8 = (by, ..., bg),

1 2lk(B)/2]\ .,
—1)ke(@) L
S o (2%{"(0“)/2%) = q A ( ko(g)/2) ) TR )
o< ko) /2] 0 if by, 1s even;
the sum being over those compositions o = (aq, ..., ay) whose first part is odd and which

are refined by 3.
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Proof. Since (_ is an odd character, we have

CoS=(C)t=C .
Therefore, for any composition 3 of n we have, by (2,
(=D)FDN " (M) = (—1)"C_(Mp).
a<p
Hence, by (@),

Ce A COLk(3)/2]) i by is odd
(=) Z ——————C(0, |ko()/2]) = 8 22lko(8)/2] » [Ro if by, is odd,

ko(a
a<j 22kl 0 if by, is even.
ap odd
By @), k(5) = ko(B) + ke(8) = n + ke(5). This is equivalent to (3. O

Suppose that k.(3) =0 mod 2 and by = b, mod 2. In this case, the summand in ([[3))
corresponding to v = [ cancels with the right-hand side. We deduce that for any such

composition [3,
(=1)k@ 2]k, () /2] _
2, (it ) = "

5 The canonical characters of 9Sym on the funda-
mental basis

For a composition o = (aq, ..., a;) of a non-negative integer n, define
p-(a) = #{i#k:a; > 1}, (15)
1+#{i#1,k:a; > 1} ifk>1,
pla) = { 0 e } if k< 1. (16)

A combinatorial interpretation for these two statistics in terms of peaks of permutations
is given in Section [

A composition a = (aq, ..., a;) may be conveniently represented by a ribbon diagram:
a sequence of rows of squares, each row consisting of a; squares, and with the first square
in row ¢ + 1 directly below the last square in row 7. For instance the diagram

represents the composition (1,3,1,2,2). Note that p_(«) is the number of upper corners
in the ribbon diagram of a.. To get a similar interpretation for p, (a)) one may augment the

THE ELECTRONIC JOURNAL OF COMBINATORICS 11(2) (2005), #R00 13



ribbon diagram of a by drawing an extra square to the left of the first row. Then p, («) is
the number of upper corners in the augmented diagram. For instance, p_(1,3,1,2,2) = 2
and py(1,3,1,2,2) = 3, as illustrated below.

The fundamental and monomial bases of QSym are related by

My = (~1)FOHO (17)

B>a

where, as before, for compositions a and 3 of n, 3 > « indicates that 3 is refinement of
a.

Theorem 5.1. Let a be a composition of a non-negative integer n. Then

(—1)P-(@
C(F) = o C (), [n/2] ~ p-(a) (1s)
—_1)p+(a)
G (Fo) = %C@Na%n/? —pi(a)) ifnis even, (19)
0 if nois odd.

Remark 5.2. Up to a sign and a factor of m, the above are values of Legendre’s beta
function at half-integers. Indeed, as already remarked by Catalan [, p. 15], [6, Section
CV],

b _ 1 L N e eSS S A € el i
22(p+q)C(p7q>_ 7TB<p+27q+2> - 7T/0 S111 HCOS ede—ﬂ' mdu (20)

This specializes to an integral representation for the Catalan numbers, equivalent to the
one given in [I§] and [22, Problem 6.C13].

Remark 5.3. Catalan shows [0, Section CCXIV], [@, pp. 110-113] that C(p,q) is an
integer, and that the highest power of 2 that divides it equals the number of 1’s in the
binary decomposition of p+ q. Equivalently, the above fraction may be reduced as follows

1
22(p+q)

N
C(p,q):2—k with N p+q .

(21)

>0

The proof of Theorem BTlis given below. We need two more statistics. For a as above,
let

ula)=H#{i#1:a; >1} and v(a) =#{i:a; > 1}.
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Lemma 5.4. Let m,j be non-negative integers. Then

@) ¥ (- =y (1),

- J
v?’y)Zj
0 if mis even,
_1)k() — . 2
u(v)=J

We thank Ira Gessel for supplying this proof.

Proof. The generating function for the left-hand side of (a) multiplied by y72™ is just the
sum of weights of all compositions, where a part a > 1 is weighted by —yx® and a part

equal to 1 is weighted by —x. This sum is

1 B 1 1-a
I—(—z—ya?—ya+-) 1442 1—(1-y)2?

By expanding in powers of  and y we obtain the identity (a). In the generating function
for (b), the first part a is weighted —z® no matter what a is, so this function is —z /(1 —x)
times the generating function for (a). This is —z/(1 — (1 —y)z?), which is the odd powers

of z in (a).

Lemma 5.5. Let i, j, m be non-negative integers. Then

m

22mC(i, ) =Y (7:) Cli+bm+j—b).

b=0
Proof. In view of (20), the proposed equality is equivalent to
/ sin? 0 cos™  df = Z <m) / sin?0*?) 9 cog? ™m0 g 49 |
0 o N0/ S
This holds since

Z (TZ) sin? # cos?™ Y 9 = (sin? @ + cos® H)™ = 1.
b=0

To facilitate the proof of Theorem Bl we define

Ho(a) = Y (=)= 0HC(p_(8),[n/2]) —p-(8) forakFmn

B>a

Hoa) = Y (=DM OHC (o (5),0/2 — py(8)) for ok n, n even.

B>«
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Lemma 5.6. Suppose that o = (ay,...,a;) En. Then

[ (=)ntonke@ (0, | ko()/2]) if ak is odd,
H-(o) = { 0 if az is even.

Proof. We will consider the cases & = (n) and « # (n) separately.

Case 1. Suppose that a = (n). We need to show that H_((n)) = 2"! if n is odd and
H_((n)) =0if n is even. For a composition v and a positive integer 4, let vi denote the
concatenation of v with (7). Using the fact that p_(vi) = v(y), we have

H_((n) = Y (~1)-OHC(p_(8), [n/2] - p-(5))

BEn

= €0, [n/2]) +Z Y (FDHOIOOHC(p_(yi), [n/2) — p-(7i))

i= 1—yl:n 7
= C(0,[n/2]) +Z > (=D)FOTOIC(u(y), [n/2] - v(y))
i=1 yFn—i
n—1 [(n—1)/2]
= C(0,[n/2))+ > Z > (—D)FOTC(b, |n/2] —b)
E o
n—1 [(n—1)/2]
= 0, [n/2))+) Z b, [n/2] —b) Y (—1)F.
=1 b=0 yEn—i
v(v)=b

Make the substitution m = n — i and apply Lemma Bl(a) to get

n—1 [m/2]

co, ln/2)+Y 3 (- (m/QJ)C(b, [n/2] —b)

m=1 b=0

— (0, |n/2]) nzlm C(b, |n/2] — nz_l (Lmb/QJ).

=1

H_((n))

Let Sy = Z"m_:ll(—l)m(Lmb/ZJ). If m is even, (—1)m(tmb/2J) +(—1)m+1(um+bl)/2j) = 0. Hence
all terms in the sum S, cancel, except possibly for the first and the last.

If n is even, then S, = 0 when b > 1 and Sy = —1; hence H_((n)) = C(0, |n/2]) +
[—C(0,[n/2])] = 0. If n is odd, then S, = (Lné%) when b > 1 and Sy = 0; hence by

Lemma (with i = 7 =0),

[n/2]
H_((n)) = €@, |n/2])+ > Cb,|n/2) —l’)(tné%)
b=1

[n/2]
S (Lnéﬂ)O(b, /2] —b)

b=0
92ln/2]
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Moreover, we have 2|n/2] =n — 1 since n is odd.

Case 2. Suppose that a # (n). If § and « are non-empty compositions and v denotes
their concatenation, then p_(5vy) = v(5) + u(¥), where 7 is the reversal of 4. Using this
observation we may write

H_(a) = > (=)= (p_(8y), [n/2] = p- (7))

= Y (O Y (D O(B) + u(3), Inf2] — v() — u(3)
BZak—1 YEay,
lax/2]
= ) (=D)FOTE N (1) C(u(B) + b, [n/2) = o(B) = b)Y (1)) (22)
BZag_1 b=0 —

u(7)=b

By Lemma BA(b), the second sum in () equals

lax /2]
(D)™ > (Lak/zJ)O(v(ﬁ)+b, (n/2] —v(3) —b) if a is odd,

b=0 b
0 if a;, is even
(=222 (u(B), [n)2) — v(B) — |ak/2]) if ay is odd, (23)
N 0 if a;, is even.

The last step uses Lemma It follows that H_(«) = 0 if ay, is even.
Assume from now on that ay is odd. For any composition 5 = (by,...,b,), let |3/2] =
|b1/2] + -+ |bs/2]. We will show that for 0 <i < k,

H_(a) = (=112 203 2 (1) OO C(0(8), [n/2] — [o'/2] —0(B).  (24)

Bz

This holds for i = k — 1, as can be seen by substituting the first alternative of ([23)) into
the second sum in (22). Suppose by induction that (24]) is true for some i such that
k—1>i>1. Since k(8v) = k(B) + k(v) and v(5v) = v(B) + v(7y), we may rewrite (24
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as

Ho(a) = (=1)™22e 2 32 ()R 0D O(u(dy), [n/2] - (o' /2] = v(67))

6>y 1
= (cp)eig2et 2§ (L)) (L))
0> 1 YFa;
C(v(8) +v(y), [n/2] = |a'/2] = v(8) —v(7))
lai/2]
= (=1)ll92le'/2] Z (—1)kO)+00) Z (=1)°
52041-,1 b=0
C(v(8) +b, [n/2] = [a'/2] = v(6) =b) D> (=1}
o
_ ( 1 ot~ 1|22La1/2j Z k(5 +ov(6) (25)
0>y 1

lai/2]

" C(8) +b,n/2 — [a'/2] — v(3) — b) (L‘“bm).

The last step uses Lemma BE4(a). Now apply Lemma B3 with i = v(d) and j = [n/2] —
la=1/2| — v(d), to simplify the second sum in (ZH). The resulting formula is

H_(a) = (=1)* 1221203 7 ()R OO 0(5), [n/2] - [0 /2] = 0(9)).

0>
This completes the proof of [4]). Setting i = 0 in ([Z4]) gives the formula stated in the
lemma.

O

Lemma 5.7. Suppose that n is even and o = (ayq,...,ax) En. Then

2k @O (1, ko(a)/2 — 1) if ay and ay, are odd,
Hiy(a)=q 2" if a=(n),
0 if ay or ay, is even and oo # (n).

Proof. We will consider the cases o = (n) and a # (n) separately. In this proof, the
notation ~yi, 7, and [3/2] will have the same meaning as in the proof of Lemma B0l

Case 1. Suppose that o = (n). Using the fact that p,(vi) = 1 + u(7), a calculation
similar to the first part of the proof of Case 1 in Lemma B0 yields

n—1 [(n— z)/2J
H.((n) = C(O0,n/2)=> Co+1,n/2—b—1) > (1),

u(v)=b

THE ELECTRONIC JOURNAL OF COMBINATORICS 11(2) (2005), #R00 18



Make the substitution j = |[(n —4)/2] and apply Lemma BA|(b) to get

n/2—1 j
H.((n) = C(O,n/2)+ > Z() (b+1,n/2—b—1)

nj/2—1 n/2—-1 ,.

= C(0,n/2)+ Y Clb+1,n/2-b-1) > @
b=0 Jj=b
n/2—1

B o n/2

= C(0,n/2) + bz;C(bJrl,n/Q b 1)(b+1).

The last step uses the basic identity Z"/ ot (1) = (;‘ﬁ) We have shown that H,((n)) =

2 (") C(b,n/2 — b), which equals 2" by Lemma 3.

Case 2. Suppose that o # (n). Using the fact that p,(6y) = 1 + u(B) + u(¥) for
non-empty compositions 5 and ~, by calculations similar to ([22) and (23]), we have

H(a) = (=1)®2?lew/2 N = (—)RODH O (u(8) +1,n/2 — [ar/2) — u(B) — 1) (26)
B>ak—1

if ay is odd, and H, («) = 0 if ay is even.

Assume from now on that a, is odd. Note that u(dvy) = u(d) + v(v) for non-empty
compositions, § and . Using (20) as the base case, an inductive calculation similar to
the proof of ([l shows that for 0 <i <k —1,

Hy(a) = (=1) 1221203 2 () OO O () + 1,n/2 — [af /2] — u(B) = 1). (27)
B>a;
The formula in the lemma follows by setting ¢ = 0 in (21).
U

Proof of Theorem [l Let p,v : QSym — k be the linear maps defined by the proposed
formula for ¢, and (_, respectively. In view of (), to conclude p = (; and ¢ = (_, it
suffices to show that

D ()OO (Fy) = ¢ (Ma)  for aF n; (28)
B>a
D (1M p(Fy) = (4 (M) for aFn, n even, (29)
B>o

According to ([Zl) we can rewrite ([25) as

k(a
Ca S (O 00(p_(8). [nf2) ~ p-(3) (30)
B>«
( l)ke(a) ' '
_ ) @O0 Ke(@)/2]) if ay is odd,
0 if a;, is even.
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Note that the left-hand side of [B0) equals (—1)*®+1H_(a)/22/2), Furthermore, using

the facts k(a) + ke(a) = ko(a) =n (mod 2) and [n/2] — |ko(a)/2] = (n — ko())/2, the

first alternative in (B0) reduces to the equation H_(a) = (—1)"12" % (0, | k,(a)/2]);

the second alternative is equivalent to H_(«) = 0. These formulas for H_(«) agree with
the ones from Lemma B0 This proves (Bl) and hence ([25).

By similar considerations, (29) reduces to the formulas for H, («) given in Lemma B

U

Remark 5.8. The fact that formulas ([8) and ([[d) define characters is not obvious, and
consequences are derived in Section [l Assuming this, however, the fact that (_ is odd
(which we know from Theorem B2)) can be seen in the light of (IJ) as follows. First, since
(_ is a character, ((_)™* = (_ o S. For any composition a F n, the antipode of QSym is
given by [I7, Corollaire 4.20]

S(F,) = (—1)"F,, (31)

where the ribbon diagram of the conjugate composition o’ is obtained by reflecting the
ribbon diagram of « across the line y = x. For instance, if a = (2,3,1,2,2) then o/ =
(1,2,3,1,2,1), as illustrated below:

It is clear that the number of upper corners in the ribbon diagrams of o and o' are the
same, so p_(«a) = p_(«’). Therefore, by (),

(C)7HF) = (¢ 0 8)(Fa) = (—1)"¢(Fo) = (=1)"((Fa) = (- (Fa)

which shows that (_ is odd. On the other hand, expressing this condition in the form
(_(_ = eleads to interesting identities involving bivariate Catalan numbers; see Section 6l

Remark 5.9. Formula () reveals an analogous property of the character (,, which
is not obvious from its definition. Recall that if o = (ay,...,a;) then & = (ay, ..., a;)
denotes its reversal. The ribbon diagram of & is obtained by reflecting the ribbon diagram
of o across the line y = —x. Consider the linear map 7" : QSym — QSym defined by

T(F,) = Fj. (32)
Since a — & preserves refinements, the map 7T is also given by
T(M,) = Mj . (33)

From either formula it follows easily that 7" is an antimorphism of coalgebras, a morphism
of algebras, and an involution (properties which are shared by the antipode S of QSym).
Moreover, we have

GoT =¢y.
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This property follows from (@) and the fact that py(a) = p.(&), which is obvious
from (IB). Another proof of this fact is given in Proposition B2

Remark 5.10. Let o = (aq,...,a;). As mentioned in the preceding remarks,
p-(a') =p_(a) and pi(a) =p4(a).

We also have the following formulas:

p—(a) ifa; =ap=1oray,a, # 1,
p_(@)=<p_(a)—1 ifa; #1and a, =1, (34)
(p—(a) +1 if a1 =1 and a; # 1;
(p4 (@) if exactly one of a; and ay is 1,
p(a') = < py(a) =1 if both a; and ay, are 1, (35)
(p+(a) +1 if neither a; nor ay, is 1.

These formulas follow easily from (IH) and ([d), but they can also be visualized in terms of
ribbon diagrams. We illustrate the second alternative of (BH) below, for o = (1,3, 1,2, 1).
Recall that py(«) is the number of upper corners in the augmented ribbon diagram of «.

pi(a) =3 p+(a’) =2

The statistics p_(&) and p, (') enter in some of the formulas in Section

6 Application: Identities for bivariate Catalan num-
bers

The first applications we propose stem from evaluating products of characters on the basis
F,, of QSym. This requires knowledge of the coproduct of QSym on this basis. Consider
all ways of cutting the ribbon diagram of « into two pieces along the common boundary
of two squares. We include the two trivial cuts along the first and last edges. Thus, if «
is a composition of n, there are n + 1 ways of cutting its diagram. For o = (2,3,1,2,2),
two non-trivial cuts are shown below.

L4(Oé) = | -
a = =
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Label the edges between adjacent squares from 0 to n from left to right and top to bottom,
including the first and last edges. Let L;(a) and R;(«) be the compositions whose ribbon
diagrams are the resulting pieces after cutting the ribbon diagram of « along edge 7, with
L;(a) corresponding to the left piece and R;(«) to the right one. The two trivial cuts
result in Lo(a) = (), Ro(a) = a, and L, (o) = o, R,(a) = (). The coproduct of QSym
is [I7, Corollaire 4.17]

A(Fa) = Fro) @ Frya) - (36)

o(F) = {1 if a = (),

0  otherwise.

The counit is

We abbreviate

Proposition 6.1. For any composition o of a positive integer n,

[n/2] o ' '
ST (-)F @@ (a), § — 7 () C (17 (a), [n/2] — § — Y (a)

j=0
B {4Ln/2J if a = (n),

= . (37)
0 otherwise.

(1) (@)t ()i ‘ ‘ ‘ |
> liL;iJﬂ"Q"J C((a), [i/2] = £L(@))C(r(a), L(n = §)/2] = r(a)) = 0. (38)

1=0

Proof. Since ( and (_ are the even and odd parts of {, we have
C(Fo) = (¢:¢0) Z<+ Fri)¢- (Fri@) -

Note that |L;(«)| = i. Hence, by (), only the terms corresponding to even ¢ contribute

to this sum. We evaluate these terms using ([[¥), (), and ). The power of 2 that

results in the denominator is constant and equal to 2|n/2|. Identity B1) follows.
Identity (BX) follows similarly from (¢_(_)(F,) = €(F,) = 0. O
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Various identities for bivariate Catalan numbers may be obtained through special
choices of « in Proposition Bl We discuss two particularly nice cases.
The first case involves central Catalan numbers, by which we mean the numbers

Cu(h) = %C(2h+ Lh41), Colh) = %C(2h,h+ 1) (39)
Cy(h) = %C(%, B, Co(h) = %C(Qh 1R,

It follows from () that

4h + 2 2h+1 [4h +1
am = (%), catn = 51 (M)

Culh) = %(4:) | Culh) = (4hh+ 1) |

We have the following wonderful convolution formulas for central Catalan numbers. Note
that on each side of each equation, the total sum of the subindices r in C, is constant
(equal to 6, 7, and 8 in each case). Ira Gessel has shown us how one may derive these
identities via generating functions [I3.

Corollary 6.2. For any positive integer h,

> Cli)Cslh — ) = zijcxj)cl(h— 1-j), (40)
> GO~ 3) = Y GG ) + Y GG -1-3), ()
Z Cy(j)Cu(h — j) =2 _Z C3(7)Ci(h — j). (42)

Proof. Let k be a positive integer and a = (2,1)F = (2,1,2,1,...,2,1). Formula (B0
gives

k k=1 k—1
A(Fa) == Z F(271)i ® F(271)k7i + Z F(271)i’2 ® F17(271)k717i + Z F(271)i71 ® Fl,l,(2,1)k*1*i .
=0 =0 =0
Equation (B7) then leads to
k k—1
Y CGLi/2)C0k — i, [(k—4)/2]) = > CG, [i/2) + )O(k =1 — i, [k/2] - [i/2]).
i=0 1=0

1 even

When k = 2h this is ([@0); when k£ = 2h + 1 this is (EII).
Similarly, equation ([B) for a = (2,1)* leads to () when k = 2h (and to a trivial
identity when k = 2h + 1). O
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The second application was suggested by one of the referees. In ([l), we adopt the
convention that C'(1, —1) = —1. This is in agreement with (&9).

Corollary 6.3. For any positive integers m and n,

=

m— n—1

ZC(O,j)C(n,m— 1—j) = ZC’(O,j)C(m,n— 1—3j), (43)
3" 03¢0 m =) =3 01,5~ 1)C(mn ). (44)

Proof. Equations [#3) and ) follow from Bd) applied to a = (2m,2",1) and o =
(2m, 2™), respectively. O

More identities may be derived from ([[§) and () by imposing the fact that (_ and
(4 are morphisms of algebras. The multiplication of two basis elements F}, and Fj is most
easily described in terms of permutations. It is thus convenient to work on a larger Hopf
algebra SSym, of which QSym is a quotient. This is the object of the next section.

7 Identities for bivariate Catalan numbers via the
Hopf algebra of permutations

The Hopf algebra of permutations SSym has a linear basis { F,,} indexed by permutations
o € S,, n > 0. The multiplication of two basis elements is as follows. Given o €
Sn, and 7 € S, let S(o,7) be the set of all shuffles of the words o(1),...,0(n) and
n+7(1),...,n+7(m). Then

F, F,= Y F,. (45)

pES(0,7)

For example,

Fiy - Fy9 = Fliassq + Fisess + Fissoa + Fissae + Friesa
+ Fsi304 + F1302 + Fs3124 + Frg1a2 + Fsza1o.

For more information on the Hopf algebra structure of SSym see [3].
The descent set of a permutation o € S, is

Des(o) :={ien—1]]o(i) >c(i+1)}.

Let D(o) = (ay, ..., ax) be the composition of n such that {a;, a1 +az, ..., a1+ +ax_1} =
Des(o). The map
D : SSym — QSym

(46)
F, — FD(O’)

is a surjective morphism of graded Hopf algebras [I7, Théoremes 5.12, 5.13, and 5.18].
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Let (s denote the pull-back of the universal character ¢ of QSym via the morphism
D:

(s :=CoD.
According to Lemma Z2 the even and odd parts of (s are

(¢s)+=CroD and ((s)-=( oD. (47)

We describe these characters directly in terms of permutations.
As in [I], consider the following two slightly differing notions of a peak set of a permu-
tation o € S,;:

Peak’(0):={icn—1]|i#1, o(i—1) <o(i) > (i +1)},
Peak(c) :={i€n—-1]|o(i—1)<o(i)>o(i+1)},

where we agree that ¢(0) = 0. For instance, if ¢ = 312546 then Peak’(c) = {4} and
Peak(c) = {1,4}. The study of peak enumeration has a long history, but the connections
between peaks and quasi-symmetric functions originate in work of Stembridge [23].

Note that Peak”(¢) and Peak(o) depend only on Des(o). In fact,

i € Peak(c) <= i € Des(0) and i — 1 ¢ Des(0),
i € Peak’(0) <= i€ Peak(c) and i # 1.

We write p_(c) := #Peak’(0) and p,(c) := #Peak(c). Let a := D(c). It follows
from ([&), (IH), and the above that

p-(0) =p_(a) and pi(o)=pi(a). (48)
Proposition 7.1. Let o € S,, be a permutation. Then

(=1)P-()

-5 = 0 o). n/2) —p-(0)). (19)
—1)p+(@)
(Cs)s(Fy) = %C (ps(0),n/2 —py(0)) ifnis even, (50)
0 if nis odd.
Proof. This follows at once from Theorem Bl together with [#d), D) and EI). O
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We may now deduce the identities for bivariate Catalan numbers announced at the
end of Section

Corollary 7.2. For any non-negative integer n,

Y (=1C(p-(0), [n/2] —p-(0)) = 221", (51)

O'ESn

and for any even positive integer n,
> (=) (pi(o),n/2 = pi(0)) = 0. (52)
0ESRH

Proof. Consider the n-th power of the basis element indexed by the permutation 1 € Sy
in the algebra SSym. Since S(1,1,...,1) =S5, EH) gives

(Fl)n: ZFJ-

gE€Sy

Applying ((s)_ to both sides, using that it is a morphism of algebras and ), we de-
duce ([B&)). Similarly, applying ((s)+ we obtain (B2). O

Let 1, denote the identity permutation in S,,. Note that S(1,,1,,) is the set of those
permutations o € S,,1,, such that

o)< <o tn), ot n+ 1)< <o (n+m).

Corollary 7.3. Let n,m be non-negative integers. Then

Y. (F1C(p-(0), [(n+m)/2] = p-(0))

c€S(1n,1m)
_ {C’(O, In/2)C(0,[m/2])  if n or m is even, (53)
4C(0, |n/2])C(0,m/2])  if n and m are odd.
Y. (=0OC(pi(o), (n+m)/2=pi(0))
o€S(1n,1m)
_ {C(O,n/2)C(O,m/2) if n and m are even, (54)
0 if n and m are odd.
Proof. By (E3),
P, -F,= > F.
c€S(1n,1m)
Applying ((s)- we deduce (B3)) and applying ({s)+ we deduce (B&4). O
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8 Inverses of canonical characters and more applica-
tions

The set of characters of a Hopf algebra H is a group under the convolution product
(Section [). The inverse of a character ¢ is ¢ 0 .S, where S is the antipode of H.

Proposition 8.1. The inverse of the universal character ¢ of QSym 1is explicitly given
by
(=Dl ifa=(1,1,...,1),

0 if not. (55)

CHM) = (=DM, R = {

Proof. This follows at once from the explicit formulas for the antipode of QSym (I2)

and (B1I). O

Inverting the canonical decomposition ( = (. (_ we obtain

= (T = () (G e ™) = )T (Gl e

The set of even characters is a subgroup of the group of characters, and the set of
odd characters is closed under conjugation by even characters [2, Proposition 1.7]. In
particular, (¢;)~ ! is even and (,¢_(¢; )" is odd. According to Lemma BTl these are the
even and odd parts of (7%

(e =(¢)™" and (1) =¢C(¢) (56)

We provide explicit descriptions for these characters below. First, we analyze the behavior
of the map T : QSym — QSym (Remark [d) with respect to the canonical decomposition
of ¢.

Proposition 8.2. We have

-1

GoT=¢ and CoT = (")) (57)

Proof. Both S and T are antimorphism of coalgebras and morphisms of algebras Q.Sym —
QSym. In addition, (oS = ¢! and (oT = (; the latter being an immediate consequence
of [@) and [B2). Therefore, T'0 S : QSym — QSym is a morphism of Hopf algebras such
that (oT oS = (~!. According to Lemma 2 we have

((TNe=¢oToS and (("')-=( oToS.

Composing with S we find (, o T = ((*!); 08 = ((C‘1)+)_1 = (4, by (BH), and (_oT =
(¢-08=((¢)-) " O
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Remark 8.3. The fact that (, o T = (, was observed in Remark B9 The fact that
(_oT = ((C‘l)_)_l may be rewritten as follows:

(CH-=(-oT. (58)

Indeed, any morphism (or antimorphism) preserves inverses, so

(CH-=(¢CoT) =) oT=CoT,

since ¢_ is odd. We use this formula to calculate ((~!)_ below.

Theorem 8.4. Let o = (aq,...,a;) be a composition of a non-negative integer n. Then

( (=D L

(CH-(M,) = oty C (0 Lho(@)/2]) - if an is odd, (59)
L0 if ay is even.
((—1)" L

(¢, (M,) = Wc(ov ko()/2)  if n is even, 60)

+ a) —

0 if n s odd;

\

Proof. According to (BY) and (B3)),

(CH)-(Ma) = C(T(Ma)) = (—1)"¢-(Ms) ,

which we can evaluate with (). To see that this results in (Ed), note that since & is the
reversal of «, the last part of & is ay, k(&) = k,(«), and by (@)

n+ k(@) =n+ ke(a) = ko(a) + ke(a) = k(a) .

To settle the remaining identity we give a direct argument. Let ¢ : QSym — k be the
linear functional defined by (B0). We show that ;¢ = ¢, which implies ¢ = (¢, )™ =
(€4

Since ¢(M(y) = 1, we have ((49)(M()) =1 = e(M)).

Assume from now on that n > 0. We need to show ((;¢)(M,) = 0. Write a =
(ai,...,ax) and recall the notations a; and o from (B).

If n is odd then for each i one of |a;| and || is odd, so every term in the expansion (B)
of ((1¢)(M,) is 0, by () and (B0). Assume from now on that n is even.

If k=1 (ie, a=(n)), then ((+¢)(Mw) = p(Mw)) + (M) = -1 +1=0.

If K > 1 and a; is even, then p(M,) = —p(M,) (since o' has one less part than a
and the same number of odd parts), and (;(M,,) = 0 when i > 1 by (). Thus,

() (Ma) = p(Ma) + G (May))p(Mar) = ¢(Ma) + 9(Mar) = 0.
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Suppose finally that £ > 1 and a; is odd. Using ([B) and (§) we compute

o = G n(“52) + 3 Gl () —) a5 (457)

1<i<k

o oven
) AT (b

1<i<k
a; odd
|a;| even

To combine the signs in the last step we used k = k(a) = k(o) + k(a*) mod 2, which
holds by (@) and since |a;], [a’|, and || are all even. The argument may now be completed
as in the proof of Theorem B2 Case O

We present some applications. The first one is an identity which appears in [T9, Section
4.2, Example 2| (near the bottom of page 130).

Corollary 8.5. For any positive integer m,

iy 2m

> omuic() =z - (1)), (61)
=0 mn

Proof. We have (71 = (§_1)+(§_ ) = (C)™H¢H, 0 (CTHo = ¢t We evaluate
both sides on M, with o = (1, , 1) E 2m. Equations (§)), (B3), and (B9) lead to

2m
1 -1 ,
Letting j = 2i 4+ 2 we obtain (&1). O
The following identity is analogous to (I3]).

Corollary 8.6. For any composition (3 of an even integer,

S (1)@ O () /2 - 1) = 250 — ( o (0) ); (62)

2 ka(9)/2
ai,ap odd
the sum being over those compositions o = (aq, ..., ay) whose first and last part are odd
and which are refined by (3.
Proof. By (&8),

(roS=(¢) " =Yy
Therefore, for any composition (3 of n we have, by ([2),

g Z C+(Ma) = (C7)+(Mp).

a<p
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Hence, by ([8) and (B0), and since n is even,

—1)ke(a)+1 —1)k)
04 o Y BN e ka2 - ) = S 00 k(9)/2).

a<p
ay,ap odd

The above sum remains unchanged if we replace 3 by 3. Multiplying by 2F(%) gives ([62).
O

On the fundamental basis, the even and odd parts of (! are most easily described in
terms of the statistics py(a’) and p_(&) (Remark BI0). They may be described directly
in terms of p, («) and p_(a) by means of formulas ([B4) and (B3).

Theorem 8.7. Let o = (ay,...,ax) be a composition of a non-negative integer n. Then
. (_1)n+p7(07) ~ ~
(CT)-(Fu) = WC(P—(OK% [n/2] —p_(a)) (63)
U Cpata).nf2 = pata)) ifn i
- ————C(p(a'),n/2 = pi(a if n is even,
(CH+(Fa) = 2 (64)
0 if nois odd.

Proof. Assume that n is even, n # 0. We have, by [BI) and (B8,

(CH)+(Fo) = ()71 FL) = (G0 S)(Fa) = C(Fuw)-
Formula (64]) now follows from ([d). Formula (&3)) follows similarly from ([¥) and (£8). O
As an application we derive a recursive formula for the bivariate Catalan numbers.
Corollary 8.8. For any non-negative integers a, b, and c,
C(b,a+c)=4C(ba) =Y 4°7C(b+1,a+j—1). (65)
j=1

Proof. We evaluate both sides of ((7')_ = ¢,(~! on F, with

a=(,...,1,2,....21,...,1).
(H/—/H/—/H/—)

2a+1 b 2c

According to (B4,
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Several terms in this expansion vanish, in view of ([d) and (BH): all those for which the
size of L;(«) is odd and all those for which R;(a) # (1,...,1). We are left with

(G Fa) = ¢ (Fa, . 12,
H/—/

2a+1 b—1 2c+1
2c—1
-1
+> GFa, 1220 1) FL 1)

_ =D C(b,a)(—1)**! +CZ 72( ) Clb+1,a+(i+1)/2—1)(—1)*"

92(atb) 2(atb)+itl
zodd
(—1)v+! 1)b
:WCba —|—ZQ2(+b+ Clb+1l,a+j—1).
We used 1,...,1,2,...,2,1) = b and 1,....0,2,....2,1,....1)=b+ 1 fori > 1.
B

On the other hand, p_(«) = b, so by (E3),

. (_1)2(a+b+c)+1+b
(C- >_(Fa) = 22(a+b+c) C(b7 a _'_ C) N

Equating (¢7')-(Fa) to (¢ (Fa) gives (B3). 0

A few special cases of Corollary are worth stating. We obtain formulas expressing
a central binomial coefficient or a Catalan number in terms of bivariate Catalan numbers.

Corollary 8.9. For any non-negative integers b and c,

<2bb):—0bc +Z —C(b+1,j-1), (66)

1
20(b) = ;Cb.c+1 +;4jc b+1,5) (67)
Proof. These follow by choosing a = 0 and a = 1 in (GH). O

Corollary 8.10. Let H(a,b,c) := C(a,b+c) — C(b,a+c). Then

C

1 1 :
Proof. This follows from (BX) since C(a, b) = C(b, a). O
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Appendix. Bivariate Catalan numbers as binomial co-
efficients

Using the easily verified formula

Clmm) = (-vpamee (M 712, (69)

m-+n

one may restate all results in this paper in terms of binomial coefficients. This allows for
simplifications in some of the formulas. We list here our main results in this notation.
Let o = (aq,...,a;) be a composition of n.

ole —1/2
(_1)ke(a)+|_kT()J ( / ) lf Qe iS Odd,

(- (Ma) = | ko(e) /2] (70)
if ay, is even;
bo (o 1 2
(—1)ke(a)+%() (k: (é)/2> if a; and ay are odd and n is even,
(+(M,) = ’ (71)
1 if @« = (n) and n is even,
0 otherwise;

r) = (- (P22, (72)

(-1)% <p+(a) R 1/2) if n is even,
C+(Fo) = n/2 (73)
\ 0 if n is odd;
(1 k<a>+v“°+*>J< —1/2 ) if ap is odd,
() (M,) = (—1) ko(a)/2] ifa;iso -
L0 if a; is even;
(1 k(a>+koT(“>< —1/2 ) £ s |
hoam={"" kafe)2) 2T @
0 if n is odd;

(- = e (P, (76)

(=1)2 <p+(0‘2/; 1/2) if n is even,

0 if n is odd.
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We mention that the convolution powers of the universal character are

for any integer m [2, Formula (4.4)].
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