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Abstract

We present techniques for obtaining a generating function for the central coefficients
of a triangle T(n, k), which is given by the expression [zH (x)]* = 3, ., T(n, k)z",
H(0) # 0. We also prove certain theorems for solving direct and inverse problems.

1 Introduction

In [1] the second author introduced the notion of the composita of a given ordinary generating
function G(z) =" _,g(n)z".
Definition 1. The composita is the function of two variables defined by

GA(n,k) = Y g(M)g(Na) - g(Me), (1)

TEECH

where C), is the set of all compositions of an integer n, m is the composition Zle Ai=n
into k parts exactly.

Comtet [2, p. 141] considered similar objects and identities for exponential generating
functions, and called them potential polynomials. In this paper we consider the case of
ordinary generating functions.

The generating function of the composita is equal to

[G@)]F =) GA(n k)" (2)

n>k
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For instance, we obtain the composita of the generating function G(z,a,b) = ax + bz
The binomial theorem yields

k
k
k _ _k k _ _k k—mim _.m
G(z,a,b)]" =2"(a+bx)" =z mE:O (m)a b,

Substituting n for m + k, we get the following expression:

2k 2k

k
(G(x,a,b)] = Z (n - k) a?Fryn TRyt = Z G (n, k,a,b)x".
n=~k n=k
Therefore, the composita is
k
G2 (n, k,a,b) = (n - k) a?rpnh (3)

Now we show the compositae of several known generating functions [2, 3] in Table 1.

Generating function G(x) Composita G*(n, k)
—nin— k
ax + bx? a?k k(R )
br n—1\ n—kpk
Ta (iop)a™
In(1+ 2) % [
e 1 w{i

Table 1: Examples of generating functions and their compositae

The [7] are the Stirling numbers of the first kind (see [2, 4]). The Stirling numbers of

the first kind count the number of permutations of n elements with k disjoint cycles.
The Stirling numbers of the first kind are defined by the following generating function:

V() = ; m Z—T = %lnk(l + ).

The notation {7} are the Stirling numbers of the second kind (see [2, 4]). The Stirling
numbers of the second kind count the number of ways to partition a set of n elements into
k nonempty subsets.

A general formula for the Stirling numbers of the second kind is given as follows:

AR EON

The Stirling numbers of the second kind are defined by the generating function

NOESY {Z}i—f _ %(ﬁ _

n>k



2 Main results

In this section we present the main results of the paper:

e The method of obtaining a generating function for central coefficients of the given
triangle (Theorem 3).

e Inverse problem. The method of obtaining a unique triangle, when we know only the
generating function for the central coefficients of this triangle (Theorem 9).

In tabular form, the composita is presented as a triangle as follows:

A
A Gl’l A
N G2,1 N G2,2 N
N G3,1 N G372 N G3,3 N
G4,1 G4,2 G473 G4,4
A A A A
Gm1 Gm2 . . Gnm_1 Gn,n

Considering the triangle, we see that the central coefficients are represented by the fol-
lowing sequence:
A A A
GLI, G3727 ey GQTL—L?’L’ e
The generating function for the central coefficients is given as follows:
F(z) =Gy + Giha' + - + Gy 2™ 4 -
In the following lemma we give the Lagrange inversion formula, which was proved by
Stanley [5].

Lemma 2 (The Lagrange inversion formula). Suppose H(z) =) ., h(n)z"™ with h(0) # 0,
and let A(x) be defined by
A(x) = zH(A(x)). (4)
Then
nla"|A(w)" = kl2" "M H ()", ()
where [z A(x)* is the coefficient of ™ in A(x)F and [x"*]H (x)" is the coefficient of z™ "
in H(x)".

By using the above Lemma 2, we now give our main theorems.

Theorem 3. Suppose H(x) =) ., h(n)z" is a generating function, where h(0) # 0, and
G(x) = zH(x) with [G(z)]F = Z@;GA(TL, k)z", and A(z) = >_,.,a(n)x" is the generating
function, which is obtained from the functional equation A(x) = xH(A(x)). Then the gen-
erating function F(x) for the central coefficients of the triangle G*(n, k) is equal to the first
derivative of the function A(x):

F(z)=Alx) =) G*2n—1,n)z"". (6)

n>1



Proof. According to Lemma 2, for the solution of the functional equation A(x) = xH(A(x)),
we can write

n[z"|A(z)* = k[z"F|H (2)".

In the left-hand side, there is the composita of the generating function A(z) multiplied
by n:
n[z"|A(z)* = n A% (n, k).

We know that

(wH(x)" = G*(n, k)z".

n>k

Then

(H(x)" =Y G*(n, k)a"".

n>k

If we replace n — k by m, we obtain the following expression:

(H(x)" =) G*m+k k)z™

m>0

Substituting n for k and n — k for m, we get
(2" MH(z)" = G*(2n — k,n).

Therefore, we get (cf. [1])
k
AP (n, k) = EGA(QTL —k,n). (7)

Hence, for solutions of the functional equation A(x) = 2 H(A(x)), we can use the following
expression:

k
kE A n __ VA o n
[A(x)]" = E A% (n, k)a" = E nG (2n — k,n)z".
n=k n=k
Therefore,

Ax) = Z %GA(?H —1,n)x".

n>1
Differentiating A(x) with respect to x, we obtain the required generating function:

F(z)=A'(x) = ZGA(QTL —1,n)a™ .

n=1

The theorem is proved. O]

For applications of Theorem 3 we give some examples.



Example 4. Consider the expression that generates Pascal’s triangle

uﬂwmz(lijZEj@j{ﬁm

n>k

1 4 6 4 1

Let us obtain a generating function for the well-known central binomial coefficients

A000984 in [6, 7]:
1,2,6,20, 70,252, 924, 3432, 12870, 48620, . . .

The n'" central binomial coefficient is defined by

()

The functional equation has the form

The solution of this equation is

1—+v1—4x

Az) = 5

Now we compute the derivative of A(z). Therefore, we obtain the generating function

for the central binomial coefficients:
1

Al(z) =

See A000984 in [6].

Example 5. Let us consider the generating function H(x) = 11_2’; . Then

EH@)E =3 G k)

n=k

where
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The composita G2 (n, k) defines the following triangle A105306 [6]

8 12 9 4 1

Let us now compute the generating function for the central coefficients of this triangle.
For this purpose we solve the following functional equation:

1— A(x)

Az) = xm

Therefore,

14+2—+1—06x4+ 22

Ax) = 1

which generates the sequence A001003 in [6],
z+a®+32° + 112" +452° +1972° + 903 2" + - --

Now we compute the derivative of A(x). Therefore, we obtain the generating function

for the central coefficients: 3
x J—

1
T (9)
4 42T —6r+1

Al(z) =
This is the sequence A176479 [6]
1422492 +442° +2252" + 11822° 4 - -

Example 6. Let us consider the generating function H(z) = zcot(z). Then [zH(x)]* =
(2% cot(z)]* defines the following triangle A199542 [6]

k
GA(n k) =22k (~1)" T 3210 (ll“)
=0

n—2k-+l m! [lﬁm} {nf'IQ:Jrl}

Z I+m)(n—2k+1)V

m=0
1
0 1
1
-1 0 1
0 —2 0 1
L 0 -1 0 1

45
The functional equation has the form

A(z) = zA(x) cot(A(x)).

Then
A(z) = arctan(z).
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Therefore, the generating function for the central coefficients of the triangle A199542 [6]
is
1

(10)

Now we are ready to consider the inverse problem. We know the generating function for
the central coefficients, and we need to find a triangle with given central coefficients.
First we consider the notion of reciprocal generating functions [3].

Definition 7. Reciprocal generating functions are functions that satisfy the condition:
H(z)B(x) = 1.

In the following lemma we give the formula of the composita of a reciprocal function,
which was proved in the paper [1].

Lemma 8. Suppose H(x) = ) -,h(n)z" is a generating function, where h(0) = 1, and
B(z) = 3,50 b(n)a™ is the reciprocal generating function, where b(0) = 1, and B2 (n,m) is
the composita of xB(x). Then the composita of the function xH (z) is equal to

1, ifn =k;
n—k

H>(n, k) = Zl(_l)mcﬁkrfll) i(_l)j (T)Bﬁ(n —k+y4,9), ifn>k

(11)

By using the above Lemma 8, we are now able to prove the following theorem.

Theorem 9. Suppose F(x) = »_ ., f(n)z" is a generating function, where F(0) # 0.
Then there exists a unique generating function H(x) = ~,h(n)z" such that the triangle
G2(n, k) defined below has the central coefficients f(n),

[xH (z)]" = Z G2 (n, k)"

n=k

Proof. To prove this theorem, we consider the proof of Theorem 3 in the reverse order.
Integrating F'(x) in x, we obtain the generating function A(x)

A@y:/F@meE:ﬂn—n%l

n>0

where a(0) = 0.
To find H(x), we solve the following inverse functional equation

Az) = 2H(A(z)). (12)
Suppose A(x) =t, then x = A71(t). And we get

t=A"t)H(t)



or

(13)

We solve this equation using the notion of compositae.
-1
The generating function B(x) = AT(t)
to H(t)

is the reciprocal generating function with respect

According to Lemma 8, the composita of tH (t) is equal to

1, if n==k;
n—k

Al k) =
M I

=

(=17 (7) B (n —k+3,5), ifn>Fk
1

J

In our case, the composita B2 (n, k) is equal to the composita of A71(t).
For obtaining the composita of A71(t), we use the following algorithm:

1. calculate the composita A% (n, k) of the generating function A(z);

2. using formula (11), calculate the reciprocal composita A% (n, k) of the composita of

A3 (x);
3. using the reciprocal composita A%(n, k), calculate the composita of the inverse function
A7)
k
AR (n k) = —AR(2n — k,n).
n
Therefore,
H(z)=> G*n,1)a"".
n>1
The theorem is proved. O

Using Theorem 9, we can obtain a triangle T'(n, k) given by the generating function H (z),
h(0) # 0 such that

[H(@))* =Y T(n k)",

n>k

when we know only the central coefficients of the triangle.
Now we give the following example. We find a triangle T'(n,k) such that a central
coefficients are the Catalan numbers.

Example 10. The generating function for the Catalan numbers is defined by A000108 in

[6],
1—m'

Flx) = 2x
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Let us obtain the required triangle and its expression. First we compute the integral of

1- V11
/Q—xdajzlog(\/l—élx—i—l) —V1—4u.
T

The first elements of the obtained generating function are shown below:

| 4 log2 4 +x2+2x3+5x4+14x5+7 6+132x7
—1+1o T+ — T
& 23 T4 T 7

Since a(0) = 0, we have

Alz) =1-log(2) +log (V1 —4dz+1) —V1—4dz =

:log(l—ﬂ)_i_Q(ﬂ).

Now we obtain the composita of A(x).
A(x) =log(1 — C(z)) + 2C(x),
where

1—+vV1—-4zx

C(z) = )

The composita of log(1 — =) + 2z is

Serw() =27

=0
E(2n—Fk—-1
n n—1 '
Therefore, the composita of A(x) is equal to the product of compositae C'(z) and log(1 —
x) + 2z

The composita of C(z) is

k

ay =2 (30 )y o () B ]

Using formula (11), the reciprocal composita of the composita of A(z) is
1, if n=~k;

Ag(n,k) = (’”k’fl’l) i(_l)j (T) A¥n—k+3,7), ifn>k.

Using the reciprocal composita A% (n, k), we obtain the composita of the inverse function

[A(z)] !
AA

Inv

(n, k) = EAA(Qn —k,n).
n
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Therefore, we obtain the reciprocal composita of the composita of the inverse function
L, ifn==k,
n—k '

(=1)7 () AR (n =k +j.j), ifn >k

e

This is the required composita.
The required triangle has the following form

G2(n, k) =

IR

1

J

1
1
5 2 !
3 1 1
1 13 3 1
551 2 17 12 2
sl I 2 2 1
1 529 23 19 5 1
8 240 8 6 2
16657 2831 1111 5 55 3 1
6048 720 240 12
4289 46999 1329 6059 95 25 7 1
720 6048 160 720 12 4 2
16491599 501353 246787 1841 14 47 49 4 1
1209600 30240 15120 120 4 6
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