CANONICAL CHARACTERS ON QUASI-SYMMETRIC FUNCTIONS
AND BIVARIATE CATALAN NUMBERS

MARCELO AGUIAR AND SAMUEL K. HSTAO

ABSTRACT. Every character on a graded connected Hopf algebra decomposes uniquely as
a product of an even character and an odd character [2]. 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)!
C(m,n) = 7( m)!(2n) )
ml(m + n)n!
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.
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1. INTRODUCTION

The numbers
_ Cem)en)t GG
() Clm,n) = m!(m +n)ln! (™)

appeared in work of Catalan, [, pp. 14-15], [5, p. 207], [6, Sections CV and CCXIV], [0, pp.
110-113], von Szily [25, pp. 89-91], Riordan [19, 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) - n—ll-l(Q:)

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 Ges-
sel [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 com-
positions o of n. Two important bases are given by the monomial and fundamental quasi-
symmetric functions M, and F,; for more details, see [I1], [I7, Chapter 4], or [2I), 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

2) COL) = ((F) — {1 if = (n) or (),

0 otherwise.

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

p(ab) = p(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 . QSym
k

For this reason, we refer to ( as the universal character on QSym. There are other characters
on QSym canonically associated to  that are of interest to us. In spite of the simple definition
of (, these characters encompass important combinatorial information. Some of these were
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explicitly described and studied in [2], and shown to be closely related 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
0, H—kis

HAHoH 2 kok ™k,

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 p is ¢! := ¢ 0o 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. 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

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

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

¥ =P+p-

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

The main purpose of this paper is to obtain explicit descriptions for the canonical char-
acters (; 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 BEJI). 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 prop-
erties 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 bino-
mial coefficients (Section Hl) and for bivariate Catalan numbers (Sections @ and [d). As one
should expect, some of these identities may also be obtained by more standard combinato-
rial arguments, at least once one is confronted with them. 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)ke(@) /9] ko () /2
@) T (Lko()a)m( o)/ J):o;
2 4 ifa)/2]
a1 odd
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@ > C)CHh ~3) =23 GG~ 1 )

(av1) Y (=1PDC(p-(0), [n/2] = p-(0)) = 4"/

O'ESn

s

1 1
(n) 2C(r) = EC(T,5+1)+;EC(T+1,9>.

In (@), k.(a) and k,(a) are the number of even parts and the number of odd parts of a
composition a, 5 = (by,...,b) is any fixed composition such that k.(3) = 0 and b = by
mod 2, and the sum is over those compositions a = (ay, ..., a;) whose first part is odd and
which are strictly refined by 5. The numbers C;(j) appearing in ([{T) are central Catalan
numbers; see (BY). In (&1]), p_(o) denotes the number of interior peaks of the permutation
o; see Section [ Equation (f7) 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 (E7).

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
o~ ! is determined by the recursion

(0=~ Z il s

with initial condition (p~!)y = €. The right hand side denotes the convolution product of
@; and (¢71),_;, viewed as functionals on H which are zero on degrees different from 7 and
n — 1, respectively.

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

(a) p(1) =(1) =1,

(b) p is even and v is odd,

(c) v =pv.

Moreover, if v is a character then so are p and 1.

Proof. Ttems (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 . U
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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 )ile )k,

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

and p_ by

n

(‘p—)n = ¥n — Z(‘P-l—)i(sp—)n—i

i=1
with initial conditions (¢ )o = (¢—)o = €o-

Lemma 2.2. Suppose H and KC are graded connected Hopf algebras, ¢ : H — k and 9 :
IC — k are characters, and ® : H — K is a morphism of graded Hopf algebras such that

P

NS

k

commutes. Then the diagrams

2 K H i K
k k

H

commute as well.

Proof. Composition with ¢ gives a morphism from the character group of K to the character
group of H which preserves the canonical involution ¢ +— @. Thus ¢ = ¥ ¢_ implies
Yod = (1y o®)(¢_o®), 1y 0P iseven, and ¢_ o ¢ is odd. By uniqueness in Lemma 2],
Yyob=p;and p_od=p_. U

When ‘H = QSym and ¢ = ( is the universal character (&), we refer to (, and (_ as the
canonical characters of QSym.

Let p and 1 be arbitrary characters on QSym. For later use, we describe the convolution
product py explicitly. Given a composition a@ = (ay,...,ax) of a positive integer n and
0<i<mn,leta;=(ay,...,a;) and @' = (a;y1,...,a;). We agree that oy = o = () (the

empty composition). The coproduct of QSym is

k
A(My) = My, ® M,
i=0
where My denotes the unit element 1 € QSym. It follows that

3) () (Ma) = 3 p(Ma )t (M)
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The counit is

E(Ma):{1 if o = (),

0 otherwise.

3. THE CANONICAL CHARACTERS OF QSym ON THE MONOMIAL BASIS

For any non-negative integer m, let

B(on) = C0m) = () and ) = 00m) = 1 (7).

m m+1\m

these are the central binomial coefficients and the Catalan numbers.

Lemma 3.1. For any non-negative integer m,

(4) B(m) = 220(@ —1)B(m —1),

(5) 2%m — Z B(i)B(m —1).

Proof. These are well-known identities. They appear in [I4, Formulas (3.90) and (3.92)],
and [T9, 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(a)) the number of parts of
a, ke(c) the number of even parts of o, and k,(«) the number of odd parts of «. Note that

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

( (_1)ke(a) ‘ ‘
(7) (M) = WC(Q [ko()/2]) if ax is odd,

(0 if ag is even;

¢ (_1)ke(a)+1

WC’(L ko(a)/2 — 1) if a; and ap are odd and n is even,

(8) C+(Ma) = 1 if « = (n) and n is even,

L 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 BTl to conclude p = (, and ¥ = (_, it suffices to
show that pi) = ¢, p= p, and ¢ = ¢~ L.

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

We show that pyp = (. Let k. := k.(a) and k, := k,(«).
Case 1. Suppose that £ = 1, so o = (n). We have p(M,y) = 1 if n is even and 0 if n is odd;
also Y¥(M,y) = 0 if n is even and 1 if n is odd. Thus (pv)(Mpu)) = p(M@uy) +(Mp)) =1 =
(M)
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In all remaining cases k > 1 and ((M,) = 0 by @).

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

N
—

(P)(Ma) =} p(Ma )9 (Mai) + p(Ma) = 0

i

i
o

by the second alternative of () applied to a’ and the third alternative of () 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, so by B
(p0)(Mo) = »(Ma) + p(May))V(Mas,....a1)) =

%C(O, ko/2)) + %cm, ko/2]) = 0.

Case 4. Suppose that k£ > 1 and ay, a;, and n are odd. By (), we have p(M,,) = 0 unless
i =0or a; is odd and |oy| is even. Hence

(12 o) (Ma) = (=12 (w(Mo) + D (M) (M)

We used (@) and the fact that /2] = 21 when h is odd.

Deleting the even parts of o and changing every odd part of a 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,

(=1)"25 " (o) (Ma) = B(m) =23 C(j = 1)B(m = j) = 0,

by Lemma Bl

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

(—1) 25 () (Ma) = (~1)"2% (0(Mo) + D p(Ma (M) + p(Ma))

5 (ko;oz)) B 21<;a;;?k0(2ai) B 1) B (ko(zo/)) Y (kogoz) B 1) '

a; odd
|ovi| even
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As before, it suffices to consider the special case o = (1,1,...,1) F 2m. In this case,

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

= B(m)—2Y C(j —1)B(m—j) =0,
j=1
again by Lemma B1]

It remains to show that ¢~* = 4. Since 1 is invertible (¢(1) = 1), it suffices to show that
Y = €.

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

Case 2. Suppose a; and n are odd. In this case 1(M,) = —(M,), so (Vb)(M,) =
S (Mo ) (Myi). By (@), kolei) + ko(a) = ko(a) is odd. Hence

i ko -1

o) /2] + Lkolad)j2) = el) =1
It follows that

(~D)HO2RO N ) (M) = Y (D) IB([ko(ar) /2])B([ko(a) /2])

and k(o) + k() + |o'| = k() + |a;] mod 2.

1<i<k—1
a; odd
As before, we may assume o = (1,1,...,1) F n = 2m + 1, in which case the above sum
becomes ,
Y (=1 B(li/2])B([(2m + 1 —14)/2]).
i=1

As j runs from 1 to m, the terms in this sum corresponding to ¢ = 25 and ¢ = 2m — 2j + 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 ay is odd and n is even. Similar considerations lead to

(DM () (M) = | |
2p(My) X B(M)p() -2 T s( s

—~

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

Once again, we may assume a = (1,1,...,1) F n = 2m. Then showing that (y1))(M,) = 0
is equivalent to showing that

Z B(i)B(m — i) = 2? z_: B(#i)B(m —1—1).

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

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 coefficients from
this property. To this end, we first describe the product of two monomial quasi-symmetric
functions. This result is known from [8, Lemma 3.3], [15], [16], 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,...,{s) 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=¢qg,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,v,d) \p—d,q—d,d)’

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 a = (ay,...,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):

(p,q) as
by by
bg as aq £ bg
by ag A by
by ‘ " by

(0’()) a1 Qs as ay as

Then we obtain a composition gr,(«, 3) by reading off the labels along the path L in order.
In the example above,

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

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

min(n,m)

(10) Z 4L((—1)65 n+m—2d( n+m—d )(2L(n+m—2d)/2j)

pars ntm=2d)/2] 4 m —d \n—d, m—d,d)\ |(n+m—2d)/2]

B 1 2\n/2|\ (2|m/2]

= a2\ ng2) )\ (m/2] )
Proof. Let a« = (1,1,...,1) Enand § = (1,1,...,1) Em. The set of lattice paths L(n,m)
splits as

L(n,m) = Ly(n,m)U 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.(a, 3).
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 (),

C08) = SV, [(n+m - 24)/2))

— 92[(n+m—2d)/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—d,m—-1—d, d n+m—d \n—d,m—d,d)’
Therefore, by ({),

min(n,m)

(-4 n+m-2d/ n+m-—d
C_(MQM5>: Z 22L(n+m—2d)/2j n_|_m_d n—d’m—d’d C(O, L(n+m—2d)/2J)

d=0
On the other hand,
1 1
(—(Ma) - (- (Mp) = WC(O’ [n/2]) - WC(Q [m/2]).
Since (_ is a character, the last two quantities are equal. Equating them results in (). O

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

n+l (2((m+1)/2)\  n-1 (2((-1)/2)\ _ 1 (2[n/2
AT ( [(n+1)/2, ) =7 ( [~ 1)/2, ) ( (/2] )

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

S () - ()

d=0
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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 thatn =m mod 2.
Then

(11)
min(n,m)
1)d+19 ga_1(m+m—2d) (n+m—-2d—1)( n+m-—d o
dZ:O m+m—-d) m+m—-d—1) \n—d,m—d,d C((n+m)/ d )

C(n/2—-1)C(m/2—1) ifn and m are even,
0 if n and m are odd.

Proof. Let « = (1,1,...,1)Enand g = (1,1,...,1) E m. As in the proof of Corollary ET],
we analyze which lattice paths L € L£(n,m) contribute to ((M, - Mg). 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
CH(Myy0.9) = Gmga C (0 +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-—d 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 )

 (n+m—d) m+m—-d—-1) \n—d,m—d,d
Applying ¢, to both sides of (@) leads to ([[Tl). O
Suppose m = 1, n = 2k + 1, k > 1. In this case ([0I) boils down to the simple identity
2(2k — 1)
k)=———C(k—1).
e =22 =Vop )

If n = m, the last term in the sum ([J) 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

—d = _1\2 . .
(—1)d+14d(2n—2d—1)(2n d 2)C(n—d—1)2:{§(n/2 1)?  if n is even,

—_

n—

d if nis odd, n > 1.

&
Il

0

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

(12) S(Mp) = (=1)" Y "M,

a<p
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where 3 = (bk, ..., ba,b1) is the reversal of 5 = (b, bs,...,b;) and o <+ indicates that 7 is
a refinement of « [8, Proposition 3.4]; [I7, Corollaire 4.20].

Corollary 4.3. For any composition 3 = (b, ..., bg),

1 (2 [ko(3)/2]

3 S () = & a2

) if by, is odd,
4@\ (ko () /2]

a<p 0 if by, is even;
a1 odd
the sum being over those compositions o = (ay, . .., ap) whose first part is odd and which are
refined by (3.
Proof. Since (_ is an odd character, we have
CoS=(c)"=C.

Therefore, for any composition 3 of n we have, by (2,
(=1)FE " (M) = (=1)"(-(Mp) .

a<p
Hence, by (@),
_1\ntke(B)
_q)kel@) (=1)mre® e
(=DM > éiLk_)(a_)/iJ'C(Oa ko(a)/2)) = { ~ormmmar OO Lke(8)/2]) if by is odd,

a< ’ 0 if by is even.

ap, odd
By @), k(8) = ko(8) + ke(B) = n + k(). This is equivalent to (I3). O

Suppose that k.(3) = 0 mod 2 and b; = by mod 2. In this case, the summand in (I3
corresponding to o = (3 cancels with the right-hand side. We deduce that for any such
composition [,

(14 (2] (0)/2]) _
) Zﬁ it ity ) =

5. THE CANONICAL CHARACTERS OF QSym ON THE FUNDAMENTAL BASIS

For a composition « = (ay, ..., a;) of a non-negative integer n, define
(15) p_(a) = #{i#k:a; > 1},
_ 1+#{i#Lk:a; > 1} ifk>1,
(16) p-i-(a) - { 0 if k S 1.

A combinatorial interpretation for these two statistics in terms of peaks of permutations is
given in Section [1

A composition o« = (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 7 + 1 directly below the last square in row . For instance the diagram
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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,(«) one may augment the
ribbon diagram of o 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
(17) My =Y (=1)MAHe)
B>a

where, as before, for compositions a and (5 of n, 3 > « indicates that (3 is refinement of a.

Theorem 5.1. Let o be a composition of a non-negative integer n. Then
(—1)P-(

(18) C(Fa) = o C (p-(a), [n/2] = p-(a);
(_1)p+(0¢) . ‘

(19) C(Fy) = TC (pr(@),n/2 —pi(a)) if n is even,
0 if n is odd.

Remark 5.2. Up to a sign and a factor of 7, the above are values of Legendre’s beta function
at half-integers. Indeed, as already remarked by Catalan [, p. 15], [0, Section CV],

1 1 1 1 I L[t (1—u)Pud
20) ———C(p, Z—B( o _):_ in? @ cos®? 0 df = — ———du.
(20) T (p,q) - p—l—2q+2 7T/0 sin“’ 6 cos e N =T u
This specializes to an integral representation for the Catalan numbers, equivalent to the one
given in [I8] and [22, Problem 6.C12].

Remark 5.3. Catalan shows [0, Section CCXIV], [, pp. 110-113] that C(p, ¢) 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 pt+yq
22(p+q) i J )

C(p,q) = ng with N odd and k = ZL
i>0

(21)
The proof of Theorem BTl is given below. We need two more statistics. For o as above,
let

u(la) =#{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

@ 3 (1) = oy (1),

YEmM
v(v)=J

0 if m is even,

(b) > (=)' = (_1)m+j<tm,/2J) if m is odd.

~YEmM
u(v)=j J

We thank Ira Gessel for supplying this proof.

Proof. The generating function for the left-hand side of (a) multiplied by y?z™ 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 1 1—2z

1—(—x—yx2—yx3+~-~):1+x+% 1= (1-y)a?

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

of z in (a). O
Lemma 5.5. Let i, j, m be non-negative integers. Then
L (m
22mC (i, §) = Cli+bm+j—0).
=3 (7 )et -t

Proof. In view of (20), the proposed equality is equivalent to

/0 sin? @ cos® 0 df = Z <7Z) / sin?(H) g cog2(m+i=b) g 4 .

b=0 0
This holds since

Z (:’;) sin? 0 cos?™ =) 9 = (sin® @ + cos’ )™ = 1.
b=0

To facilitate the proof of Theorem Bl we define
H (o) = Y ()00 (p (8), [n/2] —p-(8)) forakn;

Bz

Hi(o) = Z(_l)k(6)+p+(ﬁ)+lc (p+(8),n/2 = p4(B)) for aF n, n even.

Bza
Lemma 5.6. Suppose that o = (ay,...,a;) En. Then

(=Dl Re (0, [ko()/2]) if ay is odd,
e ={ i
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Proof. We will consider the cases o = (n) and « # (n) separately.

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

H_((n) = Y (1040 (8), [n/2] - p-(8))

BEn

— 0 lf2) 4 S Y (DG (i), 2] — p(r0)

i= 1—yl:n 7
= C(0,|n/2)) + Z > (=D)FOTOIC(u(v), [n/2) = v(y))
i=1 yFn—i
n—1 [(n—1)/2]
= C(0,|n/2]) + Z Z > (—D)FOTC(b, [n/2] —b)
= -
n—1 [(n—i)/2]
= 0, [n/2))+) Z b, [n/2] —b) Y (—1)F.
s “oh
Make the substitution m = n — i and apply Lemma [B.4l(a) to get
n—1 |m/2] m/2J
HAw) = cOn2)+ X Y o (e 2 -0
m=1 b=0
_ [m/2]
— 00, [n)2)) Z Clb, (/2] — mz ( 2.
Let Sy = Z;;ll(—l)m(tmbm). Note that when m is even, (—l)m(tmb/zJ)—l—(—l)m“(L(mJ’bl)/zJ) =

0. So 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, = (L"fj) when b > 1 and Sy = 0; hence by
Lemma B0 (with i = j = 0),

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

[n/2]
> (1) et 121 -0

b=0
92ln/2]

Moreover, we have 2|n/2] =n — 1 since n is odd.
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Case 2. Suppose that a # (n). If § and v are non-empty compositions and (v denotes
their concatenation, then p_(37y) = v(5) + u(¥), where 74 is the reversal of 7. Using this
observation we may write

H (o) = Y (=D)M0-00C(p_(8y), [n/2] - p-(87))

= Y ()OO S (R OOC(E) + u(d), Inf2] — o(8) — u()
B>ak_1 YFag
lax /2]
(22) = > (=)D N ()P CW(B) + b, [n/2) —v(B) = b) Y (—=1)FD.
BZap_1 b=0 Vray,

u(5)=b

By Lemma BA(b), the second sum in (Z2) equals

lax /2]
(=)™ > (La’fm)cw(ﬁ)m, [n/2] —v(B) —b) if a is odd,

b=0 b
0 if a;, is even
(23) _ [ (=nm22e2Aow(B), [n/2) — v(B) - |ar/2]) if ax is odd,
0 if ay, is even.

The last step uses Lemma It follows that H_(«a) = 0 if ay, is even.
Assume from now on that a; is odd. For any composition § = (by,...,b), let [5/2] =
|b1/2] + -+ |be/2]. We will show that for 0 <i <k —1,

(24)  Ho(a) = (=112 Y 2 (1) OO 0((B), [n/2] - [o'/2] - v(8)).

B>

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 > > 1.
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Since k(8v) = k(B) + k(v) and v(5v) = v(B) + v(7y), we may rewrite (24]) as

Ho(a) = (=)™ 37 ()00 O (u(dy), [n/2] - (o' /2] = v(67))

6>a;_1
= (=1)lIg2le"/2] Z (_1)k(6)+v(6)Z(_l)k(v)w(v)
0> 1 YFa;
C(v(d) +v(v), [n/2] = [a'/2] = v(d) = v(7))
Lai/2]
= (=1)llg2le'/2] Z (—1)F@+v0) Z (=1)
0>ai—1 b=0
C(0) +b,[n/2] = [a'/2] = v(8) =) D (=)
o
(25) — (1)l g2lat2 Z 1)+@+0)
6>O¢1 1

las /2] |
3" Co(8) +b,n/2 — [ai /2] — v(6) — b) (L“Zb/QJ).
b=0

The last step uses Lemma B4(a). Now apply Lemma BA, 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)* 12223 7 ()R OO0 0(5), [n/2] — [0 /2] = 0(0)).

6>O¢1 1
This completes the proof of (24]). Setting i = 0 in (24]) gives the formula stated in the lemma.
U

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,
Ho(a)={ 2 ifa=(n)
0 if a1 or ag is even and a # (n).

Proof. We will consider the cases & = (n) and a # (n) separately. In this proof, the notation
vi, 7, and [3/2] will have the same meaning as in the proof of Lemma 0.

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

n—1 [(n— z)/2J
H.((n) = C(0.n/2)=> Cb+1,n/2-b—1) > (1)

i=1 b=0 yEN—1
u(y)=b
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Make the substitution j = |(n —4)/2] and apply Lemma BA|(b) to get

n/2—1 j i
Hi((n)) = CO,n/2)+ Y Z() (b+1,n/2—b—1)

nj/2—1 n/2—-1 ,.

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

B L n/2

= C(0,n/2) + 3 Clb+1,n/2—b 1)(b+1).

The last step uses the basic identity Z"/Q ! (1) = (g‘ﬁ) We have shown that H,((n)) =
n/2

b0 ("éz) (b,n/2 —b), which equals 2" by Lemma B3

Case 2. Suppose that « # (n). Using the fact that p, (87) = 1+ u(8) +u(7) for non-empty
compositions (§ and 7, by calculations similar to (22) and (23]), we have

(26)  Hi(a) = (=1)m22l2 % 7 ()M O C () + 1,n/2 — [an/2] = u(B) — 1)

BZag_1

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

Assume from now on that a; is odd. Note that u(dy) = u(d) + v(y) for non-empty
compositions, § and . Using (20) as the base case, an inductive calculation similar to the
proof of (24]) shows that for 0 <i <k — 1,

(27)  Hy(a) = (—1)1 22"/ > (=) C(u(B) + 1,n/2 — [0 )2] — u(B) — 1).

BZa;
The formula in the lemma follows by setting i = 0 in (21).

0

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 = (4 and ¥ = (_, it
suffices to show that

(28) D (—1)FOHOY(Fy) = ¢ (Ma)  for aF n;
B>a
(29) D (=1)MITHO p(Fy) = (4 (M) for a Fn, n even,

B>a
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According to (), we can rewrite (28) as
(1)

(30) o S (DO (), [n/2] - p-(8)
B>a
(—1)ke(@ | |
= WC(O> |ko(ar)/2]) if ay is odd,
0 if a;, is even.

Note that the left-hand side of (B0) equals (—1)* @+ H_(«a)/22l"/2) Furthermore, using the
facts k(o) + ke(@) = ko(a) = n (mod 2) and |n/2] — [ko(a)/2] = (n — ko(c))/2, the first
alternative in (B0) reduces to the equation H_(a) = (—1)""12n k(I C(0, | k,(a)/2]); the
second alternative is equivalent to H_(a) = 0. These formulas for H_(«) agree with the
ones from Lemma B This proves [B0) and hence ([25).

By similar considerations, (29) reduces to the formulas for H, («) given in LemmabE7l O

Remark 5.8. The fact that formulas ([¥) and ([[d) define characters is not obvious, and
consequences are derived in Section [ Assuming this, however, the fact that {_ is odd
(which we know from Theorem B2)) can be seen in the light of (I8) as follows. First, since
¢_ is a character, ((_)™! = (_ o S. For any composition o F n, the antipode of QSym is
given by [I7, Corollaire 4.20]

(31) S(Fa) = (=1)"Fu,

where the ribbon diagram of the conjugate composition o’ is obtained by reflecting the ribbon
diagram of a across the line y = z. For instance, if « = (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_(c’). Therefore, by ([J),

() THF) = (¢ 0 8)(Fa) = (=1)"C(Fo) = (=1)"C(Fa) = (- (Fa),
which shows that ¢ is odd. On the other hand, expressing this condition in the form
(_(_ = € leads to interesting identities involving bivariate Catalan numbers; see Section 6.

Remark 5.9. Formula ([[d) reveals an analogous property of the character (,, which is not
obvious from its definition. Recall that if o = (ay,...,ax) then & = (ag, ..., a;) denotes its
reversal. The ribbon diagram of & is obtained by reflecting the ribbon diagram of « around
the origin. Consider the linear map T : QSym — QSym defined by

(32) T(F,) =F;.

Since o — & preserves refinements, the map 7" is also given by

(33) T(Ma) — Md .
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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 =¢.
This property follows from ([d) and the fact that p, (a) = p4 (&), which is obvious from ([IH).
Another proof of this fact is given in Proposition B2

Remark 5.10. Let a = (aq,...,a;). As mentioned in the preceding remarks,

p-(/) =p_(a) and pi(@) =pi(a).

We also have the following formulas:

p_() ifa; =a,=1oray,a #1,
(34) p_(@)=<p_(a)—1 ifa; #1and a, =1,

(p-(a) +1 ifa; =1and a; # 1;

(D () if exactly one of a; and ay, is 1,
(35) pr(a) =< pi(a) —1 if both a; and a4, are 1,

| p+(a) + 1 if neither a; nor ay is 1.

These formulas follow easily from ([H) and (IH), but they can also be visualized in terms of
ribbon diagrams. We illustrate the second alternative of ([BH) below, for a = (1,3,1,2,1).
Recall that p, («) 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 B

6. APPLICATION: IDENTITIES FOR BIVARIATE CATALAN NUMBERS

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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L5(Oé) = |
a = =
|

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;(«) and R;(«) be the compositions whose ribbon
diagrams are the resulting pieces after cutting the ribbon diagram of « along edge 7, with
L;(«) corresponding to the left piece and R;(«) to the right one. The two trivial cuts result
in Lo(a) = (), Ro(a) = o, and L,(a) = o, R, () = (). The coproduct of QSym is [17,
Corollaire 4.17]

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

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

0  otherwise.

The counit is

We abbreviate

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

n/2] i 2j . . .
(37) Z(—l)zij(“”“ @C (6 (), j — () C(r¥ (), [n/2] —j —1¥(a))
_[a ipa= )
o otherwise.

n (_1)Zi () +rt (a)+i

(38) C(0 (), [i/2] = 0 (a))C(r" (), [(n —1)/2] — 7" (a)) = 0.

=0

Proof. Since (y and (_ are the even and odd parts of (, we have

C(Fo) = (&) Z<+FL<a (Friw) -

Note that |L;(a)| = . Hence, by (I9), only the terms corresponding to even i contribute to
this sum. We evaluate these terms using ([8), (I9), and ). The power of 2 that results in
the denominator is constant and equal to 2|n/2]. Identity (B) follows.

Identity (B8) 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 We discuss two particularly nice cases.
The first case involves central Catalan numbers, by which we mean the numbers

1 1
(39) Ci(h) := 5(7(2h +1,h+1), Cy(h) = 5(7(2h, h+1),
Cy(h) = %C(%, B, Culh) = %C(Qh 1R,
It follows from () that
4h + 2 oh+1[4h+1
Cl(h)_< 3 )> Cz(@-m( L ),
1 (4h 4h +1
axth =5 ). an = ("),

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 7 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,

@) GGG ) =2Y GU)Ch-1-),
@) YOG ) =Y GHICR i)+ Y GHICGR 1),

h

h
(42) Z Cy(§)Cy(h—j) =2 _Z C3(j)Ci(h — j).

Proof. Let k be a positive integer and « := (2,1)* = (2,1,2,1,...,2,1). Formula (B8) gives

k k-1 k-1
A(F.) =) Fouy ® Faap—+ Y Fonyiz ® Fropm-+ Y Foiin ® Fiypip-i-:
=0 =0 =0

Equation (B7) then leads to

Ed
—_

> /20 =i [(k = i)/2]) = 3 CG0. Li/2] + DOk —1 i, [k/2] — |i/2]).

i

Il
o

When k = 2h this is ([@[); when k£ = 2h + 1 this is (EII).

Similarly, equation (BS) for a = (2, 1)* leads to ({@Z) when k = 2k (and to a trivial identity
when k£ =2h +1). O

The second application was suggested by one of the referees. In ({dl), we adopt the
convention that C'(1, —1) = —1. This is in agreement with (E9).
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Corollary 6.3. For any positive integers m and n,

() > O30 =15 = T C0.3C(mn 1)

3

(44) C(0,7)C(n,m — j) ZClj—l (m,n—7).

J
Proof. Equations ([{3)) and #4)) follow from (B7) applied to a = (2m,2",1) and o = (2m, 2"),
respectively. U

More identities may be derived from ([[§) and ([d) by imposing the fact that (_ and (, 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.

Il
=)

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 ¢ € S,, and 7 €
S, let S(a, 7) be the set of all shuffles of the words o(1),...,0(n) and n+7(1),...,n+7(m).
Then

(45) = > F,.
peS(0,7)
For example,
Fiy- F312 = Fiasss + Fisasa + Fissas + Fiszae + Friaza
+ F513210 + Frizaz + Fszi21 + Fs3a2 + Fzanz -

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

Des(o) == {i € [n— 1] | o(i) > o(i + 1)} .

Let D(o) = (a1, ..., ax) be the composition of n such that {a,a;+as,...,a1+---+ar_1} =
Des(o). The map
D : SSym — QOSym
(46) ) )
F, — Fp

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

CS = CO D.
According to Lemma Z2 the even and odd parts of (s are
(47) (Cs)+ =¢+oD and ((s)- =(-oD.

We describe these characters directly in terms of permutations.
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As in [, consider the following two slightly differing notions of a peak set of a permutation
o€E€S,:
Peak(c):={icn—1]]i#1, oi—1) <o(i)>a(i+1)},
Peak(o):={i€n—1]|o(i—1)<o(i) >0o(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’(c) and Peak(c) depend only on Des(c). In fact,
i € Peak(c) <= i€ Des(o) and i — 1 ¢ Des(0),
i € Peak’(0) <= i€ Peak(c) and i # 1.

We write p_(0) = #Peak’(c) and p,(0) := #Peak(s). Let o := D(o). It follows
from (I3), (M), and the above that

(48) p(0)=p_(a) and pi(o) = psla).
Proposition 7.1. Let o € S,, be a permutation. Then
(=1)P-(

(49) (Cs)-(Fo) = “mpupmrC (p-(0), [n/2] = p-(0)).

(—=1)P+(@) o
(50) (Cs)4(F) = { o CWp+(0),n/2=pi(0)) ifnis cven,

0 if nis odd.
Proof. This follows at once from Theorem Bl together with (H6), ([E7) and [ES). O

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,

(51) Y (=1 C(p-(0), [n/2] = p-(0)) = 217,

UESn

and for any even positive integer n,

(52) D (=1)POC(pi(0),n/2 = py(0)) = 0.

O'ESn
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Proof. Consider the n-th power of the basis element indexed by the permutation 1 € S} in
the algebra SSym. Since S(1,1,...,1) =5, [@Q) gives

(F)"=)_F,.
gESy

Applying ((s)_ to both sides, using that it is a morphism of algebras and ([#d), we deduce (&1l).
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,,.,, such that

o' <---<otn), o' n+ 1) <--- <o (n+m).
Corollary 7.3. Let n,m be non-negative integers. Then
(53) Y (=10 (p-(0), L(n +m)/2] —p_(0))
c€S(1n,1m)

_ (0, |n/2])C(0, [m/2]) if n or m is even,
4C(0, [n/2])C(0, [m/2]) if n and m are odd.

(54) Y (=1 DC(pi(0), (n+m)/2 = py(0))

c€S(1n,1m)
~ ) C(0,n/2)C(0,m/2) ifn and m are even,
~]o if n and m are odd.
Proof. By (E3),
P, -F,= > F.
0€S(1n,1m)
Applying (¢s)- we deduce (B3)) and applying ((s)+ we deduce (B4). O

8. INVERSES OF CANONICAL CHARACTERS AND MORE APPLICATIONS

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 is explicitly given by

(=Dl ifa=(1,1,...,1),

(55) CHMa) = (=DM, (TN F) = {0 if not.

Proof. This follows at once from the explicit formulas for the antipode of QSym (I2) and B1).
U

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

= (T = ()G ™) = ()T (6™ -
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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,
(¢4)tis even and (¢ (¢;)"!is odd. According to Lemma BT, these are the even and odd
parts of (71
(56) (4= ()™ and (T = ()7
We provide explicit descriptions for these characters below. First, we analyze the behavior

of the map T : QSym — QSym (Remark B9) with respect to the canonical decomposition
of .
Proposition 8.2. We have

_ -1
(57) GGoT=( and (_oT = ((( 1)—) :
Proof. Both S and T are antimorphism of coalgebras and morphisms of algebras QSym —
QSym. In addition, ( oS = (! and ¢ o T = (; the latter being an immediate consequence

of @) and BA). Therefore, T'o S : QSym — QSym is a morphism of Hopf algebras such
that (oT oS = (~!. According to Lemma 22 we have

((Hy=¢oToS and ((T1)-=( oToS.
Composing with S we find ¢, o T = ((71), 0§ = ((§_1)+)_1 = (4, by (BH), and (_ o T =
(CH-oS=((¢H) ™ O
Remark 8.3. The fact that (; o T = (, was observed in Remark The fact that
(_oT = (((‘1)_)_1 may be rewritten as follows:

(58) (CH-=CoT.
Indeed, any morphism (or antimorphism) preserves inverses, so
_ ~1 _ =
(H-=(CoT) =) oT=(oT,

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

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

((—1)k(a)
CU™ 00, [ko(a)/2))  if ar is odd,

(59) (CY_(M,) = { 22Wke(@/2]
(0 if a1 1s even.
4 (_1)k(a) . |
(60) (¢4 (M) = WC(O’ ko(@)/2) if n is even,
+ a) —
0 if n is odd;

\

Proof. According to (B) and (B3),
(CH)-(Ma) = (- (T(Ma)) = (—1)"C-(Ma) ,

which we can evaluate with (). To see that this results in (B9), note that since @& is the
reversal of «, the last part of & is ay, k(&) = k,(«), and by (@)

n+ke(a) =n+ ke(a) = ko(a) + ke(a) = k(o) .
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To settle the remaining identity we give a direct argument. Let ¢ : QSym — k be the
linear functional defined by (G0). We show that (¢ = €, which implies o = ({,)™t = (¢71) .

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

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

If n is odd then for each i one of |a;| and || is odd, so every term in the expansion (B)
of (C+p)(M,) is 0, by () and (E0). Assume from now on that n is even.

If k=1 (ie, a=(n)), then (¢to)(Mu)) = o(My)) + <+(M(n)) =-1+1=0.

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

(C+)(Ma) = o(Ma) + C(M(ay)) p(Mar) = ©(Ma) + ¢(Mar) = 0.
Suppose finally that £ > 1 and a; is odd. Using (@) and (8) we compute

—1)k() —1)kel(as)+1 — ! .
o) = S ki) + Y S ez - 1) S Bk (e 2

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

= U B(()/2) + Sl S Clkulad/2 - 1)B(k(a)/2).

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

To combine the signs in the last step we used k = k(a) = k.(a;) +k(a’) mod 2, which holds
by (@) and since |o;], ||, 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,
m—1
. 2
(61) > omwic() =2 - (1)),
m
§=0

Proof. We have (7! = (™Y, (¢7Y)_ = (¢)7H¢™Y) -, so (¢TH_ = ¢, ¢t We evaluate both
sides on M, with a = (1,1,...,1) FE 2m. Equations (§)), (B3), and (£9) lead to

2m
1 -1 .
5o C(0.m) =1+ Z S C(Lif2—1).
Letting j = 2i 4+ 2 we obtain (&1). O
The following identity is analogous to ([3]).
Corollary 8.6. For any composition 3 of an even integer,

(62) S (— 1)@k @) k@O (k () /2 — 1) = 209 — (kk(ow) ) |

asp
a1,ap odd
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the sum being over those compositions o = (ay, . .., a) whose first and last part are odd and
which are refined by (3.
Proof. By (BG),

(yoS=(¢) " =(CNy.

Therefore, for any composition 3 of n we have, by ([2),
(=MD (Ma) = (T (Mp).

a<p
Hence, by (8) and (@), and since n is even,
(—1)ke(@)+1 (—1)k®
(=) 4 (—1)k®) Z WO(I, ko(a)/2 —1) = WC(O, ko(8)/2).
alzfidd

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 BEI0). They may be described directly in
terms of py («) and p_(«) by means of formulas (B4) and (BH).

Theorem 8.7. Let o = (aq,...,a;) be a composition of a non-negative integer n. Then
B (_1)n+p7(54) ~ ~
63) ()R = T Co-(@), /2] ~ p- (@)
MC( (&), n/2 — pi(a))) ifn is even
61 (Ce(R)=q 2z AR |
0 if n is odd.

Proof. Assume that n is even, n # 0. We have, by (Bl) and (Bdl),
(D4 (Fa) = (¢4) 71 (Fa) = (G4 0 8) (Fa) = ¢4 (Fur) -
Formula (64]) now follows from (Id). Formula (G3]) follows similarly from (I¥) and (). 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,

(65) C(b,a+c)=4C(ba) = > 47C(b+1,a+j—1).

=1
Proof. We evaluate both sides of ((7')_ = (,.¢(~! on F, with

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

2a+1 b 2c

According to (BA),

n

(G Fa) =D G (Frie)C T (Fri) -

=0
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Several terms in this expansion vanish, in view of ([[d) and (BI): all those for which the size
of L;(«) is odd and all those for which R;(«) # (1,...,1). We are left with

(CGCHF)=CGEFL .12, 21 (Fa, . 1y)
N — N — ——
2a+1 b—1 2c+1
2c—1

+> G(Fa,. 12,21 1)< Fa 1)
i—1 ——— N — ——

i odd 2a+1 b i 2c—i

(b i N (=D .
= S C b a) (=1 + > snr CO+ Lat (i+1)/2-1)(-1)
=1
i odd

(~1y (-1 .
= WO((),G)—FZWC([?—FLG—FJ - 1)
Jj=1

We used that py(1,...,1,2,...,2,1)=band fori > 1,p,(1,...,1,2,...,2,1,...,1) =b+1.
—— —— —— ———

2a+1 b—1 2a+1 b 7

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

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

Equating (¢71)~(F%) to (C+¢™")(Fa) gives (GH). m

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,

(66) <2bb) = %C(b, ¢) + ; %C(b +1,5—1),
(67) 20(b) = %O(b, e 1)+ Z %C(b +1.5).
j=1
Proof. These follow by choosing a = 0 and a = 1 in (G3). U
Corollary 8.10. Let H(a,b,c) := C(a,b+c) — C(b,a+¢). Then
(68) %H(a, b,e) :;%H(bJrl,aJrl,j—Q).
Proof. This follows from (BH) since C(a,b) = C(b, a). O

APPENDIX. BIVARIATE CATALAN NUMBERS AS BINOMIAL COEFFICIENTS

Using the easily verified formula

(69 Clom,m) = (-vrame (" 712,

m-+n
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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
a = (ay,...,a;) be a composition of n.

ol —1/2
(_1)]@6(06)""\_%(” ( / ) lf Qe iS Odd,

(70) (- (My) = | ko) /2]
if ay, is even;
ol 1 2
(—1)ke(a)+kTU (k (/)/2) if a; and ay, are odd and n is even,
ol

(71) C+(My) =

1 if « = (n) and n is even,

0 otherwise;

Y

(72) C(Fo) = (=D (p-<§3/;J1/2)

(=1)% <p+(02/; 1/2) if n is even,

\ 0 if n is odd;
( o ko(a) —1/2 . .
(_1)k( )+17% J(Lk (a§/2j) if a; is odd,

L0 if a; is even;
) (—1)k(a)+k°Tw <k:_1/22> if n is even,
(75) (7N (Ma) = o)/
0 if n is odd;

) (- = (e (D V),

(—1)% <p+(0‘2/; 1/2) if n is even,

0 if n is odd.

We mention that the convolution powers of the universal character are

(7 ot = ()

(79) erim) = ("),

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