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Abstract

It is well known that the numbers (2m)! (2n)!/m!n!(m + n)! are integers, but in
general there is no known combinatorial interpretation for them. When m = 0 these
numbers are the middle binomial coefficients (27?), and when m = 1 they are twice
the Catalan numbers. In this paper, we give combinatorial interpretations for these
numbers when m = 2 or 3.

1 Introduction

The Catalan numbers

are well-known integers that arise in many combinatorial problems. Stanley [[I}, pp. 219-229]
gives 66 combinatorial interpretations of these numbers.
In 1874 Catalan [[] observed that the numbers

(2m)! (2n)!
m!n! (m+n)!

(1.1)

are integers, and their number-theoretic properties were studied by several authors (see
Dickson [fl, pp. 265-266]). For m = 0, ([]) is the middle binomial coefficient (*"), and for
m =1 it is 2C),.
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Except for m = n = 0, these integers are even, and it is convenient for our purposes to
divide them by 2, so we consider the numbers
1 (2m)!(2n)!
T(m,n) = - 2@
2 m!n!(m+n)!

Some properties of these numbers are given in [[J], where they are called “super Catalan
numbers”. An intriguing problem is to find a combinatorial interpretation to the super
Catalan numbers. The following identity [[], Equation (32)], together with the symmetry
property T'(m,n) = T(n,m) and the initial value 7'(0,0) = 1, shows that T'(m,n) is a
positive integer for all m and n.

Z op—2n (;;) T(m,n)=T(m,m+p), p=>0. (1.2)

Formula ([.) allows us to construct recursively a set of cardinality 7'(m,n) but it is difficult
to give a natural description of this set. Shapiro [[[(J] gave a combinatorial interpretation to
([22) in the case m = 1, which is the Catalan number identity

o0 (2)e o

A similar interpretation works for the case m = 0 of ([L2) (when multiplied by 2), which is

the identity
(1) () - (7
- 2n) \ n p)

Another intriguing formula for 7'(m,n), which does not appear in [[J], is

o] o] —1
1+ Z CpCrax™y" = (1 — Z T(m,n)xmy”) : (1.3)

m,n=1 m,n=1

which can easily be proved using the the generating function for 27°(m,n) given in formulas
(35) and (37) of [{]. Although ([[.]) suggests a combinatorial interpretation for T'(m, n) based
on a decomposition of pairs of objects counted by Catalan numbers, we have not found such
an interpretation.

In this paper, we give a combinatorial interpretation for 7'(2,n) = 6 (2n)! /n! (n + 2)! for
n > 1 and for T'(3,n) = 60 (2n)! /n! (n + 3)! for n > 2. The first few values of T(m,n) for
m = 2 and m = 3 are as follows:

m\n| 012 3 45 6 7 8 9 10
2 [ 323 614 36 99 286 858 2652 8398
3 ]10 5 6 10 20 45 110 286 780 2210 6460

We show that T'(2,n) counts pairs of Dyck paths of total length 2n with heights differing
by at most 1. We give two proofs of this result, one combinatorial and one using generating
functions. The combinatorial proof is based on the easily checked formula

T(2,n) = 4C, — Coia (1.4)
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which we interpret by inclusion-exclusion.

Our interpretation for 7'(3,n) is more complicated, and involves triples of Dyck paths
with height restrictions. Although we have the formula T'(3,n) = 16C,, — 8C\,41 + Chia
analogous to ([[.4)), we have not found a combinatorial interpretation to this formula, and
our proof uses generating functions.

Interpretations of the number 7'(2,7n) in terms of trees, related to each other, but not,
apparently, to our interpretation, have been found by Schaeffer [[], and by Pippenger and
Schleich [[], pp. 34]. A combinatorial interpretation of ([.J) for m = 2, using Pippenger and
Schleich’s interpretation of 7'(2,n), has been given by Callan [[.

2 The main theorem

All paths in this paper have steps (1,1) and (1, —1), which we call up steps and down steps.
A step from a point u to a point v is denoted by u — wv. The level of a point in a path
is defined to be its y-coordinate. A Dyck path of semilength n (or of length 2n) is a path
that starts at (0,0), ends at (2n,0), and never goes below level 0. It is well-known that the
number of Dyck paths of semilength n equals the Catalan number C),. The height of a path
P, denoted by h(P), is the highest level it reaches.

Every nonempty Dyck path R can be factored uniquely as UPDQ, where U is an up
step, D is a down step, and P and @ are Dyck paths. Thus the map R — (P,Q) is a
bijection from nonempty Dyck paths to pairs of Dyck paths. Let B,, be the set of pairs of
Dyck paths (P, @) of total semilength n. This bijection gives |B,| = Cy+1, so by ([]), we
have T'(2,n) = 4C,, — |B,,|.

Our interpretation for 7'(2,n) is a consequence of the following Lemma P-1. We give two
proofs of this lemma, one combinatorial and the other algebraic. The algebraic proof will be
given in the next section.

Lemma 2.1. For n > 1, C,, equals the number of pairs of Dyck paths (P,Q) of total
semilength n, with P nonempty and h(P) < h(Q) + 1.

Proof. Let D,, be the set of Dyck paths of semilength n, and let E,, be the set of pairs of
Dyck paths (P, Q) of total semilength n, with P nonempty and h(P) < h(Q) + 1. We first
establish a bijection from E,, to D,,.

For a given pair (P, Q) in E,, since P is nonempty, the last step of P must be a down
step, say, u — v. By replacing v — v in P with an up step u — v’, we get a path F;. Now
raising () by two levels, we get a path F,. Thus F' := F|F5, is a path that ends at level 2
and never goes below level 0. The point v' belongs to both F; and F5, but we treat it as a
point only in Fy, even if F; is the empty path. The condition that h(P) < h(Q) + 1 yields
h(Fy) < h(Fy), which implies that the highest point of F must belong to F,. See Figure []
below.

Now let y be the leftmost highest point of F' (which is in F3), and let x — y be the step
in F' leading to y. Then x — y is an up step. By replacing x — y with a down step x — v/,
and lowering the part of Fy after y by two levels, we get a Dyck path D € D,,. See Figure
below.



Figure 2: Second step of the bijection

With the following two key observations, it is easy to see that the above procedure gives
a bijection from E,, to D,,. First, x in the final Dyck path D is the rightmost highest point.
Second, u in the intermediate path F' is the rightmost point of level 1 in both F' and F}. [

Theorem 2.2. For n > 1, the number T'(2,n) counts pairs of Dyck paths (P, Q) of total
semilength n with |h(P) — h(Q)| < 1.

Proof. Let F be the set of pairs of Dyck paths (P, Q) with h(P) < h(Q) + 1, and let G
be the set of pairs of Dyck paths (P, Q) with h(Q) < h(P) + 1. By symmetry, we see that
|F| = |G|. Now we claim that the cardinality of F is 2C,,. This claim follows from Lemma
P and the fact that if P is the empty path, then h(P) < h(Q) + 1 for every @ € D,,.
Clearly we have that F U G = B,,, and that F N G is the set of pairs of Dyck paths
(P,Q), with |h(P) — h(Q)| < 1. The theorem then follows from the following computation:

IFNG|=|F| +|G| - [FUG| = 4C, — [B,| = 4C,, — Cyy.



3 An algebraic proof and further results

In this section we give an algebraic proof of Lemma PI. Although not as simple or elegant
as the proof given in section [], this proof generalizes to a larger class of paths with bounded
height, while the combinatorial proof of Lemma does not seem to generalize easily.

Let ¢(z) be the generating function for the Catalan numbers, so that

S

n+1l\n N 2x

n=0

Then c(x) satisfies the functional equation c¢(z) = 1 + zc(x)?. Let C = xc(x)? = c(z) — 1
and let G be the generating function for Dyck paths of height at most k. Although Gy is a
rational function, and explicit formulas for it as a quotient of polynomials are well-known, a
formula for GG;, in terms of C' will be of more use to us. An equivalent formula can be found
in [, Equation (16)].

Lemma 3.1. For k > —1,
1— Ck:-i—l
1 — Okt2°

Proof. Let P be a path of height at most £ > 1. If P is nonempty then P can be factored as
UP,DP,, where U is an up step, P; is a Dyck path of height at most & — 1 (shifted up one
unit), D is a down step, and P; is a Dyck path of height at most k. Thus Gy = 1+ 2G_1Gy,
so Gy = 1/(1 — 2Gy_1). Equation (BZ]]) clearly holds for £ = —1 and k£ = 0. Now suppose
that for some k > 1,

Gr=(1+0) (3.1)

1-C*
1 — Ck+1”
Then the recurrence, together with the formula z = C/(1 + C')?, gives

Gr1=(1+0)

-1

1 — Okl 1+ C1-CkH
1_Ck+2
B [(1 +O)(1— CFH

1—ck 7t 1—C*k
Gk:[l—x(l—I—C) C} :{1 ¢ ¢

1 — Ck—i—l
1 — Ck+2°

)}_1:(1+O)

O]

We can prove Lemma by showing that Y " G,41(G, — Gpo1) = 1+ 2C; this is
equivalent to the statement that the number of pairs (P, Q) of Dyck paths of semilength
m > 0 with h(P) < h(Q) + 1 is 2C,,.

Theorem 3.2.

(e e}

D (Go = Go)Grgr = 1+ 2C.

n=0



Proof. Let

o C”
W=D 1—Cn
n=k
Thus if j < k then
k-1 "
\pj:;l—C”Jr‘Ijk'
We have 1 _ o+t
GnGn—i-l - (1 + C)QW
and
(1-C™)(1— C”“)
Gpo1Gny1 = (14 C)? (1= Crt)(1 = Cnt3)
Let 41
> /1-C"
Sl:;(l_cn+3 _1>
and

= /(1= Cm)(1 - )
5= (0ot om 1)

Then ZZO:O(GTL — Gn—l)Gn—H = (1 + 0)2(51 — SQ) We have
L-cm - cme

1 — (Cnt3 o 1—(Cnt3
so S = —(1 - C*HC2T3, and

1-cHya-cm=  g-ocr (1=
(1—Crt))(1—Cr+3)  — (1+C)(1—CrH)  (1+C)(1—Cnt3)’
% 1-C 1—C3
-~ W, - 2y,
52 1+CC R G 3
Therefore
1-C 1—C3 ) .
Sy = —(1— )}
S — S 1+CC \Ifl+(1+c (1—-C?) ) C20,
1-C
- ./
1+CC (lj[ll 3)
_1—00_1 C N C? 1420
1+C 1-C 1-C%2) (1+0)*

Thus (1 + C)2<Sl — SQ) =1+ 2C.



By similar reasoning, we could prove Theorem P.J directly: The generating function for
pairs of paths with heights differing by at most 1 is

[e.9]

Z(Gn - Gn—l)(Gn-H - GTL—2)7

n=0

where we take G_; = G_5 = 0, and a calculation like that in the proof of Theorem B.J shows
that this is equal to

clz) =1

1420 = € = de(2) — cfz)® ~ 2= defa) - =~

2

=1+ Z(4Cn —Chypp)a" =1+ ZT(Q, n)x

n=1 n=1

Although the fact that the series in Theorem telescopes may seem surprising, we shall
see in Theorem that it is a special case of a very general result on sums of generating
functions for Dyck paths with restricted heights.

In the following lemma, the fact that C' = ¢(x) — 1 is not used, and in fact C' may be
completely arbitrary, as long as the series involved converge.

Lemma 3.3. Let R(z,C) be a rational function of z and C' of the form

zN(z,C)
[[2,(1 = 2Ca)’

where N(z,C) is a polynomial in z of degree less than m with coefficients that are rational
functions of C, and the a; are distinct positive integers. Let L = —lim, ., R(z,C). Then

5" RIC".C) = Q(C) + Ly

where Q(C) is a rational function of C, and ¥y =5 >° C"/(1—C").

Proof. First we show that the lemma holds for R(z,C) = z/(1 — 2C®). In this case, L =
—lim, o R(z,C) = C~* and

a—1

00 . o} cn _aoo Cna .
z;}z(c,c)zzg—l_cnﬂ:o Zl_Cn:_z oo,

Now we consider the general case. Since R(z,(C')/z is a proper rational function of z, it
has a partial fraction expansion

1 — Ul(0)
R0 =) T

=1



for some rational functions U;(C'), so

z

R(z,C)=>_ Ui T
=1

The general theorem then follows by applying the special case to each summand. |
Theorem 3.4. Let iq,1s,...,1, be distinct integers and let ji, ja, ..., Jm be distinct integers.
Then -
Z (Gn-i-il Gn-‘riz e Gn—i—im - Gn+j1 Gn-i-jz T Gn+jm> (32)
n=0

1s a rational function of C.

Proof. By (E),

Gn+i1 Gn+i2 e Gn+lm — 1 = R(Cn C)

(1+C)m
where Cir+l Clim+1
1—2z0" 1 —zC"
k(= 0) = 1— 20042 1 — zCimt2 L

Then by Lemma .3,

f: (Gn+i1 Gn+i2 T Gn—i—im N 1)

n=0 (1 + C)m
is a rational function of C. Similarly,

i (Gn+]1 Gn+j2 e Gn+jm _ 1)

n=0 (1 + C)m
is a rational function of C, and the result follows easily. [

4 A combinatorial interpretation for 7'(3,n)

It is natural to ask whether the super Catalan numbes 7'(m, n) for m > 2 have combinatorial
interpretations similar to that of Theorem P.2. Using the partial fraction procedure described
in the proof of Lemma B3, it is straightforward (with the help of a computer algebra system)
to evaluate as rational functions of C' the sums that count k-tuples of paths with height
restrictions when Theorem [.4] applies. By rationalizing the denominator, we can express
any rational function of C' in the form

A(x) + B(z)V1 — 4z, (4.1)

where A(z) and B(x) are rational functions. Such a formula can be related to the super
Catalan numbers with the help of the following formula.



Lemma 4.1.
(1 —da)m1/2 = 2_:(—4)’“ (m _]{:1/2> o+ 2(=1)™ ) " T(m,n)a™ ", (4.2)

Proof. Tt is easily verified that T'(m,n) = 3(—1)"4™*" (mq;:éz) Thus

o R () ()

km

|
S ()
|

O

3 ?r

_I_

0

m—1/2
(—4 ( / ¥ 4+ 2(— ZTmn mEn,

e
Il
o

3

o

=0

O]

Thus if in ([[])) we expand the numerator of By(z) in powers of 1 — 4z, we will get an
expression involving rational functions and generating functions for super Catalan numbers.
For example, the sum

[e.e]

Z(Gn - anl)(Gn+2 - Gn+1)(Gn+4 - Gn+3> (4'3>

n=0

counts triples of paths whose heights are n, n + 2, and n + 4 for some n. It can easily be
expressed in terms of sums to which Theorem B4 applies, and we find that ([[) is equal to

Co(14+C*H(1+2C*+C* — C° + C® — 207 + C?)
1+ C22(1+C+C?)(1+C+C%+C3+ C1)?
(1 —=3x)(1 — 132 + 632 — 1402° + 1422 — 562° + 62°)
B 2(1 — 2)2(1 — 22)2(1 — 3z + 22)2
(1 — 4a)5/?
(1 —2)(1—22)(1 — 3z +22)

(4.4)

The rational functions that appear in ([[.]) can be simplified by partial fraction expansion,
and we can write down an explicit formula involving T'(3, n) for the coefficients of ([.4]). What
we obtain is far from a combinatorial interpretation of 7'(3,n), but the computation suggests
that perhaps some modification of this set of paths might lead to the desired interpretation.
We note also that sums with m paths instead of three empirically give similar expressions
with (1 — 42)™ /2 instead of (1 — 42)%/2

Our strategy for finding a combinatorial interpretation for 7'(3,n) is to consider more
general paths that give us counting formulas that generalize (B]), in the hope that this
additional generality may lead us to a combinatorial interpretation for 7'(3,n). In this we
are partially successful: we do find in Theorem [[] a set of triples of paths, not too different
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from the set counted by ([J) whose generating function is ) >, T'(3,n+1)z™ plus a rational
function, and moreover we can interpret the coefficients of the rational function in terms of
paths. Although the set of paths is not very natural, the result does suggest that there
is some hope for this approach to give a nice combinatorial interpretation of 7'(3,n) and
perhaps even for T'(m,n).

For our interpretation of 7'(3,n), we need to consider paths that end at levels greater
than 0. Let us define a ballot path to be a path that starts at level 0 and never goes below
level 0.

In the previous section all our paths had an even number of steps, so it was natural to
assign a path with n steps the weight 2™/2. We shall continue to weight paths in this way,
even though some of our paths now have odd lengths.

Let G}, U) he the generating function for ballot paths of height at most k that end at level

j.
Lemma 4.2. For 0 < j < k+ 1 we have

1 -

T (45)

GY) =CiP(1+0)
Proof. The case j = 0 is Lemma B-]]. Now let W be a ballot path counted by G,(Cj), where
j > 0, so that W is of height at most k& and W ends at level j. Then W can be factored

uniquely as W UW,, where W is a path of height at most k£ that ends at level 0 and W,
is a path from level 1 to level j that never goes above level k nor below level 1. Using

VI =+/C/(1+C)2=+/C/(1+C), we obtain

. 1— Ck-‘rl \/5 . 1— Ck;—‘rl .
3 _ Gk\/EGS_f) _ (1 + 0)1 —C . e 'Gl(c]_11) — \/61_—6%“(;]?—11)’

and ([[7]) follows by induction on j.

We note an alternative formula that avoids half-integer powers of C,

1 — Ck—i+l

which follow easily from () and the formula v/z = v/C/ (1 —|— C)

There is a similar formula for the generating function G ) for paths of height at most

k that start at level 7, end at level j, and never go below level 0: for 0 <i<j<k+1we
have , .

1 — Cz+1)(1 _ Ck‘*]‘i’l)

(1—-C)(1—Ck2) 7

with G (i.9) G ) for i > j. Although we will not use ([L() in this paper, it may be
helpful in further applications of this method. We have not found ([[.J) or ([L.0) in the
hterature although they may be derived from the known rational generating function for

G 49 described below.

Gl = 00921 4 ) (4.6)
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We note two variants of ([.(]), also valid for 0 <: < j < k+ 1:

1— Cz—i—l)(l o Ok—j-i—l)
(1—C)(1—Cr2)
/2 (1 _ Ci+1>(1 _ Ck—j+1)
(1—C)(1 - C*+2)

Gg‘,j) _ m(j—i)/z(l + C)jfiJrl(

_ 120G

It is well known that G,(f’j ) is 20=9/2 times a rational function of x, and it is useful to
have an explicit formula for it as a quotient of polynomials. (See Sato and Cong [f and
Krattenthaler [[].) Let us define polynomials p, = p,(x) by

o= X (")

0<k<n/2
The first few values are
po=1
p1=1
p=1l-x
P3 = 1— 2x

py=1—3z+2?
ps =1 — 4z + 322
ps =1 —bx + 62 — 2

These polynomials can be expressed in terms of the Chebyshev polynomials of the second

kind U,(z) by
1
et TL/Q _—
puli) = e (2\/5) .

It is not difficult to show that
1-Ccrt
= 0oy om

and thus we obtain ‘ .
Gg’j) _ w(j_i)/zpzpkﬁ’

Pr+1
for 0 < i < j <k, and in particular, G,(Cj) = 292py_;/pr1 and Gy, = pi/Prt1-

We can now describe our combinatorial interpretation of T'(3,n): T'(3,n) counts triples
of ballot paths whose heights are k, kK — 2, and k — 4 for some k, ending at levels 4, 3, and
2, together with some additional paths of height at most 5. (Note that if a path of height
k — 4 ends at level 2, then k£ must be at least 6.) More precisely, let H ,ﬁj ) be the generating
function for ballot paths of height k that end at level j, so that H ,gj ) = G,(cj ) G,(Ql. Then
we have:
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Theorem 4.3.
1+ZT3n+1x _\/_ZH O HP, 4+ 2G +2G, + G5 + Gs. (4.7)
Proof. With the help of Lemma [[-]] we find that

(1—42)>? 10 15
_T_?+ﬁ__+@ ZTBnJr (4.8)

Using the method described in Lemma -] and Theorem B4, we find, with the help of Maple,
that the sum

4 3 2
VES BB,
k=6

is equal to
(1—4z)%% 10 15 5 1 2 1—x 1 -2z 1 — 4z + 322
I v ekt e S v L —2 - 2~ g
2z x  x¢ P 2z l—x 1-2x 1-3x+2* 1-5x+6z°—x
Then ([7) follows from ([.§), the formula Gy = pg/pr+1, and the formulas for py, k =
1,....6. 0
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