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Abstract

Using the notion of composita and the Lagrange inversion theorem, we present
techniques for solving the following functional equation B(x) = H(xB(x)™), where H(x),
B(x) are generating functions and m € N. Also we give some examples.
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1 Introduction
In this paper we study the coefficients of the powers of an ordinary generating function
and their properties. Using the notion of composita, we get the solution of the functional
equation B(x) = H(xB(x)"), which is based on the Lagrange inversion equation, where
H(x), B(x) are generating functions and m € N.

In the papers [1-3], the author introduced the notion of composita of a given ordinary
generating function F(x) =), f(n)x".

Suppose F(x) = Y, ,f(n)x" is the generating function, in which there is no free term
f(0) = 0. From this generating function we can write the following equation:

[F)] =3 Fn, k. (1)

n>0
The expression F(n, k) is the composita, and it is denoted by F2 (n, k).

Definition 1 The composita is the function of two variables defined by

FAmk) = ) fOa)f (o) f (1), 2)

ﬂkECn

where C, is a set of all compositions of an integer 7, 7y is the composition Y%, A; = 7 into

k parts exactly.

The expression F2(n, k) takes a triangular form
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2 Lagrange inversion equation

First we consider a solution of the functional equation
Ax) = xH(A(x)), 3)

where A(x) and H(x) are generating functions such that H(x) = > _, h(n)x" and A(x) =
D o alma.

In the following lemma, we give the Lagrange inversion formula, which was proved by
Stanley [4].

n>0

Lemma 2 (The Lagrange inversion formula) Suppose H(x) = ano h(n)x"™ with h(0) # 0,

and let A(x) be defined by

Ax) = xH(A(x)). (4)
Then

n[x"JA@)* = k[x"JH@)", 5)

where [x"]A(x) is the coefficient of x" in A(x)X and [x"¥|H(x)" is the coefficient of x"~* in
H(x)".

By using the above Lemma 2, we now give the following theorem.
Theorem 3 Suppose H(x) = ano h(n)x" is a generating function, where h(0) # 0, H> (n, k)
is the composita of the generating function xH(x), and A(x) = )", o a(n)x" is the generat-

ing function, which is obtained from the functional equation A(x) = xH(A(x)). Then the

following condition holds true:
A ko a
A%(n, k)= —H, (2n -k, n). (6)
n

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

we can write
n[x”]A(x)k = k[x"’k]H(x)”.

On the left-hand side, there is the composita of the generating function A(x) multiplied
by n:

n[x"]A(x)k =nA®(n, k).
We know that

(xH@) =Y HA (k)2

n>k
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Then

(H@) =Y HA(n, k)x" .

n>k

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

(H@) = > H2m + kb

m=>0

Substituting # for k and #n — k for m, we get
[x"*|H(x)" = HE 2n - k, ).
Therefore, we get

k
A% (n,k) = ZHxA(2n —k, n). O

According to the above theorem, for solutions of the functional equation A(x) =
xH(A(x)), we can use the following expression:

[A(x)]k = ZAA(n, k)x" = Z ngA(Zn —k,n)x",

n>k n>k

where H2 (1, k) is the composita of the generating function xH (x). Therefore,

A=) %Hf@n -1, ma". (7)

n>1

Since the composita is uniquely determined by the generating function, formula (6) pro-
vides a solution of the inverse equation A(x) = xH(A(x)), when A(x) is known and H(x) is
unknown. Hence,

k ALk, 2k — n).
-n

HE2(n,k) = %
It should be noted that for # = k,
HxA(n, n) = A%(n, n).

Next we give some examples of functional equations.

Example 4 Let us find an expression for coefficients of the generating function A(x) =
> 0 a(m)x”, which is defined by the functional equation

Ax) = x + xA(x) + xA(x)? + 2xA(x)>.
The generating function xH (x) has the form

xH(x) = x + 2% + 25 + 2x*.
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The composita of xH (x) is
k n-k+j . .
k stiif ] k—j
A — n-3(k—j)—i
w00 -3 () S (L), i)
VW e ] ]

Jj=0

According to formula (7), the coefficients of A(x) are
Lo
a(n)=—H,(2n-1,n).
n

Therefore, we get
1 (n\"~ [ ) n-j
- = o—n+3j-i-1 - .
a1 1 D2 ) el A

Example 5 Let us find an expression for coefficients of the generating function B(x) =
> =0 @(n)x”, which is defined by the functional equation (see A064641 [5])

1-x—+/1-6x—3x2

Blx) = 2x(1 + x)

Next we introduce the following generating function A(x) = xB(x). Considering the func-

tional equation, we can notice that

1+A(x) + A(x)?

AW =2——

Then we get the following functional equation:
A(x) = xH(A(x)),

2
where H(x) = “1"%;

Now we obtain the composita of xH (x). The composita of F(x) = x + x> + x> is

5,4 ))
pn n-k—-j)\j

The expression of coefficients of the generating function [R(x)]* = (ﬁ)

n+k-1
k-1 )

Then we obtain the composita of xH (x),

K is equal to

n-k

AR - 3 k+i—1)2k: j )(k)
w VBES= </<—1 j=0<n—k—j—i i)

i=0
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Hence, using Theorem 3, we get the composita of A(x),

= Kren-kn K5 (NS (T (
n, T n-Kkn _ZZ< n-1 );:Zo(”_k—j—i><‘>'

i=0 J
The coefficients of B(x) are
b(n) =A%(n+1,1).
Therefore, we obtain

1 " n+i e j n+1l
b<n>=n+1Z< n >Z(n—i—i>< j )

i=0 j=0

3 The generalized Lagrange inversion equation
Next we generalize the case A(x) = xH(A(x)).
Replacing A(x) by xB(x) in the functional equation (4), we get

B(x) = H(xB(x)). (8)
Let us introduce the following definitions.

Definition 6 The left composita of the generating function B(x) in the functional equa-
tion (8) is the composita

X
HA(n,k) = ﬁBﬁ(k, 2% —n),

where H2 (1, k) is the composita of the generating function xB(x).

Definition 7 The right composita of the generating function H(x) in the functional equa-
tion (8) is the composita

Bf(n, k) = SHxAQn —k,n),

where H2 (1, k) is the composita of the generating function xH (x).

There exists the left composita for every left composita and there exists the right com-
posita for every right composita.

Formula (6) can be generalized for the case when a generating function is the solution
of a certain functional equation. Let us prove the following theorem.

Theorem 8 Suppose H(x) = ano h(n)x" and B(x) = ano b(n)x" are generating functions
such that B(x) = H(xB(x)™), where m € N; H> (n, k) and B2 (n, k) are the compositae of the
generating functions xH (x) and xB(x), respectively. Then

B2 (n,k) = LHxA(im,im_l), 9)

im—l

where i,, = (m + 1)n — mk.
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Proof For m =0, we have
B(x) = H(xB(x)°) = G(x), im-1 =Ky =n.
Then we obtain the identity
A koA
B, (n,k) = EHx (n,k).
For m =1, we have
Bi(x) = G(xBl(x)), i1 =My by =21 — k.
Then we obtain
A koA
By (n, k) = ;Hx (2n -k, n)

that satisfy Theorem 6.
By induction, we put that for m the solution of the equation

Bu(x) = H(xB(x)™)
is

k
Bﬁ,m(n’ k) = l—HxA(lmr im—l)'
m-1

Then we find the solution for m + 1,

Bm+1 (x) = H(xBWl+l (x)md)‘

For this purpose, we consider the following functional equation:

Bus1(%) = By (xB a1 ().
Instead of B,,(x), we substitute the right hand-side of (10)
Byus1 (%) = H(%Byys1 (%) [ B (%Bi1 (%)) | )5
from whence it follows that
By (%) = H (2B (x)).

We note that B2, (1, k) is the right composita of B,,(x),

BA

x,m+1

(n,k) = kam(Zn -k, n),
e’

A
where B,

(1, k) is the composita of the generating function xB,,(x).
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Table 1 Table of functional equations

Equation Function B(x) Composita B2(n,k)  OEIS
BX)=1+xB%) 1+x (nfk)

BO)=1+x8'00 - () A000012
B)=1+xB820) 1= k(nky A000108
B(X) = 1+ XxB3(x) LG A001764

Then

k

B2 k)= ————
w1 (1:K) (m +1)n — mk

HxA ((m +2)n—(m+1)k,(m+1)n - mk).
Therefore, for the functional equation
By (x) =By (me+1 (X)),

we obtain the required condition

k S
Bﬁerl(n,k) = l._HxA(lerl»lm);
m

where i, = (m + 1)n — mk. O

In Table 1 we present a sequence of functional equations for the generating function
H(x) =1 + x, where OEIS means the On-Line Encyclopedia of Integer Sequences [5].
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