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A FURTHER INVESTIGATION OF GENERATING
FUNCTIONS RELATED TO PAIRS OF INVERSE
FUNCTIONS WITH APPLICATIONS TO GENERALIZED
DEGENERATE BERNOULLI POLYNOMIALS

SEBASTIEN (GABOURY AND RICHARD TREMBLAY

ABSTRACT. In this paper, we obtain new generating functions involving
families of pairs of inverse functions by using a generalization of the Sri-
vastava’s theorem [H. M. Srivastava, Some generalizations of Carlitz’s
theorem, Pacific J. Math. 85 (1979), 471-477] obtained by Tremblay and
Fugere [Generating functions related to pairs of inverse functions, Trans-
form methods and special functions, Varna ’'96, Bulgarian Acad. Sci.,
Sofia (1998), 484-495]. Special cases are given. These can be seen as gen-
eralizations of the generalized Bernoulli polynomials and the generalized
degenerate Bernoulli polynomials.

1. Introduction

In 1977, motivated by the work of Srivastava and Singhal [27] on the Ja-
cobi polynomials, Carlitz obtained the following generating function for the
Laguerre polynomials [2, p. 525, Eq.(5.5)]:

e 1+w)a+1 e TwW
1.1 L(a+)\n) tn — (
(1.1) Z " (z+ny) 1-dw+wl+wy’

n=0
where a, A are arbitrary complex numbers and w is a function of ¢ defined by
(1.2) w=t(1+w) Mt e
with w(0) = 0.
In the same paper, Carlitz [2, p. 521, Theorem 1 and Eq.(2.10)] extended
these results to the forms
(etAn) (at+An,B+pn) L
cho‘ " p and Zdna TR -
n=0

n=0
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respectively, where c,({lH‘n) and de‘JrM’ﬁ +Hm) are general one- and two-para-

meter coefficients. Srivastava [23] proposed a generalization of Carlitz’s theo-

rem for the sequence of functions { () (z)} and extended the result to the

multivariable and multiparameter sequence of functions
(G ar) o }OO )
{gn (1'17 7$s) ne0
Explicitly, Srivastava obtained the following generating function [23, p. 472,
Eq.(1.7)]:

Zn

nl

(1.3) AG) [[{Bi@ Y exp | D 2,Ci(2) | =D gl (1, x5)
i=1 j=1 n=0

implies, with suitable conditions on variables and parameters, the following
multivariable and multiparameter generating function [23, p. 472, Eq.(1.11)]:

n

o0
Z glen e ) () oy + nys>ﬁ
n=0 :

AT ABAQI exp (S5 2564(0))

(1.4) = A, Ay, s C 7

where
r BI S

(15) Ay Ayt ey = [ 1=C DO N (BZ.ES) + 2490
i=1 ' Jj=1

and

(1.6) C=t]T{IBAO pexp | D_wsC5()

A large number of interesting papers treating many special cases of Srivastava’s
theorem exist in the literature [4, 24, 25, 30].

The proofs of these results are essentially based on the Lagrange’s expansion
theorem in the form [22, p. 146, Problem 207]:

(1.7) > gD? {f(2) [6(2)"H.=o = %

where the functions f(z) and ¢(z) are analytic about the origin, and ¢ is given
by

(1.8) ¢=t¢(¢) and ¢(0) # 0.

Recently, Tremblay and Fugere [33] gave a further generalization of Srivas-
tava’s theorem by using a result due to Osler involving the fractional derivatives
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[18, p. 290, Eq.(3.1)]:

2)g'(2) (h(z) — h(w)\
00 st o, {110 (M)

In particular, they considered the specific form:
(1.10)

Doy T (2)|._o = Dlus {f (2) (ggiﬁ/i})) (g((j)))nH}

They also gave many special cases. For further details on fractional derivatives,
the interested reader should read [8, 9, 19, 20, 21, 34, 35, 36].

The aim of this paper is to further investigate the generalization of Sri-
vastava’s theorem given by Tremblay and Fugere related to pairs of inverse
functions. In Section 2, we recall the theorems recently obtained by Tremblay
and Fugere. Section 3 is devoted to the obtention of new generating functions
for the generalized degenerate Bernoulli polynomials introduced by Carlitz [3].
Finally, in Section 4, we introduce families of pairs of inverse functions by us-
ing a theorem of Donaghey [5], and we give some special cases of generating
functions involving these pairs of inverse functions which can be seen as gener-
alizations of the generalized Bernoulli polynomials and generalized degenerate
Bernoulli polynomials.

w=z

z=0

2. Main theorems

In this section, we recall the generalization of Srivastava’s theorem as well
as others theorems obtained by Tremblay and Fugere [33, Theorems 3.1 and
3.2].

Theorem 2.1. Let the sequence of functions

h(al ,,,,, ar) . Y A e
n (zla"'azsayla"'ays, I I T|U

n=0

be defined by means of the generating function

A() Tl {Bi(=)] exp (252 25C5(2))
A1y A Y1, Uss 2]

n

— (a1,...,ar) . . Z_
(21) - HZOhn (1‘15'"azsaylv"'ayS,Ala"'aAT|O—)n!

with

T B/ Py S
i=1 N j=1

where the parameters o, o, A (1 < <r) and z;, y; (1 <j <s) are arbitrary
complex numbers independant of z (with suitable conditions on variables and
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parameters). The functions A(z), B;i(z), 27 *Cj(z) are analytic in the neigh-
borhood of the origin, and assume that
(2.3) A0) =Bi(0)=Ci(0) =13 i=1,...,7; j=1,...,5.
Then we have
(2.4)
e tn
Z pler O s Om) (1 Ly g MW YL, - Ysi A Ar|o 4 O0)

n!
n=0

AT AIBAQI Y exp (Z5-y 25C5(0))
o AL, A Y1 Us CIQUA L, - A 01, O Y, s W, - ws; 03]

where

QA1 A 01,005yt Ys; W, -, W 05
(2.5) = Alb1,...,005w1,. .., ws; (] — 5@“(% In(A[AL, - o A9t U5 €))
and

(2.6) CZfH{[Bi(Q]Gi}GXP ijCj(C) A Ay, - Y €

with all parameters 6, 6; (1 <i<r) and w; (1 <j <s) are independant of C.

Remark 2.2. f 6 =0, 60; = X\ (1 <i <7)and w; =y; (1 <j <s), the
generating function (2.4) becomes

oo tn
(2.7) Zhﬁf”'”l" """ AN () oy T A DY YL s Ysi AL - A 0) =

n!
n=0

A T B Yexp (X521 25C5(0))
AT Ay U € ’
where ¢ = ¢ [Ty {[Bi(O1 Fexp (2521 95C5(0)).

In addition, if ¢ = 0, all variables y; and parameters A; become irrevelant
in (2.1) and (2.7). The sequence of functions

(0417~~~aO‘T) . . o
hn (xla--'a$57y15'"ay57)\1)"-7)\7‘|0

n=0

(O¢17~~~10¢T)(

o0
can be simply identified as { In T1y... ,zS)} . The generating func-
0

n=
tion (2.7) would evidently reduce to Srivastava’s theorem (1.4).

Tremblay and Fugere [33, p. 490, Eq.(3.10)] gave another interesting special
form of Theorem 2.1. They obtained the following theorem.
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Theorem 2.3. If the sequence of functions { (@100, ,7) (1. .., :I:s|a)}

is generated by a function of the form

H (B exp Z e (Eiz))ﬂw B

where the parameters oi; (1 <i <), 8, v and z; (1 <j < s) are independent
of z, the functions A(z), B;i(z), z71Cj(2) and E(z) are analytic at the origin
and such that

and
E
lim 22 _ .
z—0 VA
then the following generating function holds
(2.9)
- 0 0, t"
Z k(alJr 1N, 0 +0.n, B+ ¢n,y+En) (1,1 + w1, ..., T + nws|0_ + 5TL) ﬁ
n=0

A T ABAOI Yexp (X5 565(0) ( §>) (B'(()
Aoy, Onswi, o wei (] + (64 0) = C (64 0) S — (s — 0) T8

3

where

r s o+9
210 = J[{BP e [ L uo© | (B2 @or

and

(2.11)

A[ela"'aeT;wlv'- WS,C 17 Ze |: :| Z C/(C)
Jj=1
Finally, another important theorem for the sequel, given also in [33, The-

orem 3.2, p. 491], involves generating functions of pair of inverse functions.
Specifically, we have the following result.
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generated by a functwn of the form

H{ “exp ij 9) (22) oy

(2.12) — Z flonarB) (2w ) 2

where the parameters o; (1 <i <), 8, v and z; (1 <j < s) are independent
of z, the functions A(z), B;i(z), 271Cj(2) and E(z) are analytic at the origin
and such that

A0) =B;i(0)=Cj(0)=1; i=1,...,r; j=1,...,8

and

z—=0 z

then we have the following generating function

A(E'(2)) H { [B; (E_l(z))}ai}exp Zachj (E71(2))
i=1 =1
E71(2) b ra . 1=y
<(5=2) (&)
_ - (G ar,f—n—1,7) i
(2.13) T;)kn 1 (1, 78)
and we also have that
(2.14)
Z k/,’goq+)\1n,...,ozr—i-ATn,B—l—n—i-d)n,'y-i-nn) (-Tl +ny, ... Ts 4 nys) ;n'
n=0

aw) ()

) L B Yexp (S5, 2,C5(w)
1— ¢+ oY + gl |

7<d§ {ZT: Ai {gg)} +Z] 14iC (‘I’)}

% IS

%IA

where

§=t(%)_¢ (%W)_KE{[&(‘I’)]M}@XP ilyjcj(q/) ;

U = E~Y() and E71(2) denotes the inverse function of E(z).
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3. Applications to generalized degenerate Bernoulli polynomials

The generalized degenerate Bernoulli polynomials

B\, p )

which contain, as special cases, the Norlund polynomials [17] and the general-
ized Bernoulli polynomials [6, 10], have been introduced by Carlitz [3]. These
polynomials are defined by the following generating function:

(31) <m> 1+AZ Zﬂ a) A s U3 T —|

where Ay =1 and o € C.
By taking the limit as A — 0 in (3.1), we have

1 (@) - z Ii __ 1 X
nofi%{ﬁ (Ux)}n! fi“o{(amz)% SRR
< z >O‘ vz
= e
er —1
Z’Il
_'7

(32) Y B
n=0

where BY) () denotes the well-known and largely investigated generalized
Bernoulli polynomials [7, 11, 12, 13, 14, 15, 26, 28, 29, 31, 37].

The generalized degenerate Bernoulli polynomials satisfy the next properties
[3]:

(33) ﬁ’fza) ()‘a M, ‘T) = (_1)7167(104)(_)\’ —H, 0 — -T)a
(3.4) B oz +y) = Zﬂ(“) (A 11, 2) B (A, 1, y),
k=0
(3.5)
B O +y) = (k)A PR OV ) BT O ),
k=0
and
(3.6) BN x4+ 1) = BN px) = 0BT (O ).

Another interesting property for the degenerate polynomials 57(11)()\,#;0)
that has been proved by Carlitz in [1] is the analog of the Staudt-Clausen
theorem [16, Chap. 13]. Especially, Carlitz obtained the following result:
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Let A = a/b with a, b relatively primes integers. Then for n even

(3.7) B, 1 0) Z =

p— 1\71
pla

where A,, is a rational number whose denominator contains only primes occur-
ring in b. For n odd, 69)()\,”; 0) = % and

1
(38) 67(11)()"”; 0) =An — 5 (n > 1)

provided 2 | a, 41 a; if 2ta or 4 | a, then ﬂ,(ll)()\, u;0) = A,,. In particular when
A is a integer then A,, is also an integer.

The following theorems are obtained by suitably applying Theorem 2.3 and
Theorem 2.4.

Theorem 3.1. The following generating function holds for the generalized de-
generate Bernoulli polynomials ﬂ,(ﬁ)(A,u, x):

ey ) (14 XM

) "

S S S L Z BT O+ my)
hOr—T ~ TH =0

where

(=t <m>r (1+ xz)H¥

Proof. Setting A(z) =Bi(2) =1, 2, =w; =0(1<j<s),0=0=0,0,=0

(I1<i<r)and E(z) = %, we thus have

E'(z)=0+X)""1  and  E"(2) = (p— DAL+ A2)* 2

Finally, by making the appropriate substitutions in conjunction with Theorem
2.3, the result follows easily. O

Theorem 3.2. The following generating functions hold for the generalized de-

generate Bernoulli polynomials 6,({1)()\,/1, x):

(310) ((1 +Z)E — 1) (1 + Z)171+i — Zﬁgl-i-oz-l-n)()\ L, )ﬁ

Az
n=0

and

1o\@ I
(7(”3){ 1) g™ "
(3.11) =D BT - my)

PRV (NCEZS L BT
pove ((1+<>ﬂ e
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where
1 ®
1 =1
(3.12) (=t (L (14¢)Y.
AG
Proof. Setting A(z) = Bi(2) =1, 2, =y, =0(1<j<s),0==0,\=0
(1<i<r)and B(z) = 122721 e thus have

LA

(1+z)i—1 d

E7(2) = 3 ,EE_l(z) = (1—i—2:)ﬁ71 and

&2 1—p)(1+2)r2

—E_l(z): ( M)( +Z) .

dz? 1
Finally, by making the appropriate substitutions in conjunction with Theorem
2.4, the result follows easily. O

It is worthy to mention that taking the limit as A — 0 (Ax = 1) in (3.10), we
have

= 1 2" (1+2)*=1\° _
1 (a+1+n) . Z 1 RS z—1+A
n:())l\g% {ﬂ" (A’ )\,z)} n! )1\%{( Az ) (1+2) }

= (M)a (1+ Z)z—l

z
3.13 _ B(aJrlJrn) ﬁ
(3.13) 3BT

where B (z) denotes the well-known generalized Bernoulli polynomials. This
last generating function is a well-known result for the Bernoulli polynomials.

4. Applications to special pairs of inverse functions

In this section, we first introduce some families of pairs of inverse functions
with the help of a result given by Donaghey [5]. These families are listed into
two tables. Next, we give some applications of Theorem 2.4 to some of these
pairs of inverse functions which can be seen as extensions of the generalized
Bernoulli polynomials and the generalized degenerate Bernoulli polynomials.

First of all, let us recall a result obtained by Donaghey [5].

Theorem 4.1. Let fr(z) = 2Fi(2) and gi(z) = 2Gr(z) be functions generated
by Fi(2) = i Fo (e
Gi(z) = % (k-th star transformation of a series [32]) with fo(go(z)) =
go(fo(2)) = z, then fir(z) and gip(z) are two families of inverse functions with
k=0,+1,42,....

(k-th Euler transformation of a series [32]) and
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TABLE 1. Pairs of inverse functions with 1 index

Fo(2) Go(2) fe(2) 9k (2)
e —1 In(1+ 2) eﬁ 1 In(1 + 2)
z z 1 —Fkln(1l+ 2)
In(1+ 2) e —1 1n<1+ z ) e —1
z zl 1+ kz 1+k—1kez
(14 A2)" — 1 (A+2)w —1 (1+ Az )u (A+z)m —1
_ —_—
z Az 1+ kz )\+k7k(1+z)ﬁ
T
1 z m
1+2)r —1 (1+X2)* —1 (1+m)“—1 (1+A2)* —1
Az z by 14+k—Ek(d4+X2)*
1 In(1+2)—Inz 1 In(1+2)—Inz
z(ez — 1) z oTTRz _ 1 1—k(ln(l+2) —Inz2)
In(1+2)—Inz 1 1
In(1 kz) —1 _
. o -1 n(l+z+kz)—Inz e —
TABLE 2. Pairs of inverse functions with 2 indices
For(z) Go.k(2) fik(z) 9j.k(2)
In(1+ 2) eTFEE — 1 In (1+ ﬁ et — 1
z(l—kln(1+z)) z 1—]4}11’1(1—0—1_5) 1+]—]6ﬁ
iz
o — 1 In (1 + Tsz) e — 1 In <1 + 71-fk2>
2(1+k — ke?) z 14k — keTi= 1_'7-111(1_'_1;]”)
T
1 14 22)" 14+ —2-)" —1 1+ 22)"
(I4+2z)w —1 T+kz T+jz T+kz
L 1 . . z H
z(A+k—k(1+z)~) N /\+k7k<1+1jjz)“ 1+J—ﬂ(1+1iw)

For example, let fo(z) = e* —1 and go(z) = In(1+ 2), we generate the family
of pairs of inverse functions
_ In(1+2)
C1—kIn(l+2)
which can also produce the pair of inverse functions with two indices
In (1 + 37 .Z)
ri(2) = Akl and
1=k (14 %)

z
el+kz — 1

fr(z) = eT#r — 1 and 9k(2) (k=0,+1,£2,...)

sk,5(2) (k,j=0,£1,£2,...).

1+4j — jemi®

The following tables contain a list of other possibilities of pairs of inverse
functions (with k,j7 =0,4+1,£2,...).

It is worthy to mention that applying the same procedure to obtain pairs of
inverse functions with 3 indices or more is irrelevant. By doing this, we recover
the cases with one index.
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Let us examine two examples of the application of Theorem 2.4 to a pair of
inverse functions with 1 index and another with 2 indices.

Example 1. Setting A(z) = Bi(z) =1,z; =y; =0 (1 <j <s) and

Az "
BE(z)=(1 —1
(2) < +1—|—kzz>

(A = 1), we thus have

<1+ Az )H— 1 = 1
F)=~ ) gy = 1R
(1+kz)* A+ k—k(l+z)n
1
diE’l(Z): M1+ 2)* 2
# u()\—i—k—k(l—i—z)ﬁ)
and
2 A1 4 2)u 2 ((u+1)k(1+z)}7+k(1—u)+)\71)
FEil(Z):
z

w2 (A= k(1 +z)i)3

Let us consider the sequence of functions {hgf "7)(0, . ,0)} generated by
0

n=

Az K A Az poIN T
(1 + 1+kz) -1 (1 + 1+kz) 2"
z (1+ k=2)? .

(4.1)

According to Theorem 2.4, we obtain the following generating function:

—B 1—y
1 1_q
142 -1 A1+ 2)w
1 N 2
Z(/\+k*k(1+2)“) ,u()\—l—k—k:(l—i-z)ﬁ)
N (B z"
(42) = > 7(0,...,0) =
n=0
We also find that
oo tn
4.3 pB—n=lténayten) (g Q)
(4.3) ;O ( (0,---,0)—
-B 1—v
1 1y
Ok -1 A(A+Q) ]
<</\+k—k(1+<)ﬂ> u(/\-q-k—k(l-l-C)i)
= T
1—¢+ SAA+O) H "¢ <1+H>k<1+<>u+k(1,#>ﬂ,1)

u((1+C)‘17 71) <A+kfk<1+<> 37) L (A+kfk<1+c> i)
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where
1 —¢ 1 -
(1+ ¥ —1 AL+ Q)w!

(A k— k(1 +QF) p (At —k1+ 0

Especially, if we set k =0, 8 = —a, ¢ = —¢p, v = % and Kk = % in (4.1),
(4.2) and (4.3), we recover (3.10) to (3.12).

Example 2. Let A(z) =Bi(2) =1, 2; =y; =0 (1 <j <s) and

(=t

e 1
E(z) = e—#
145 — jeTHr=z

Then we have

T In (1 + = )

T+kz z

E'(2) = © — and E7Y(z2) = I .
(14 k)2 (14 j — jeTaw) 1=k (14 57
Now consider the sequence of functions {k,(f ’7)(0, e ,0)} generated by
n=0

(4.4)

= B = ki oo
T+kz — ] T+kz n
P : ) =SSR, 07
z(1+j — jeTsr=) (1+kz) (1+j — jem =) = n!
Using the fact that

d 1
—E7(2) = 2
dz . . P
1+4+jz+2)(1+jz2) (1 —klIn (1 + 1+jz))
and
e k[2j(1+z+jz)+1]ln(1+ Z.)—Qj(l—l—z—i—jz)-i—%—l
LB (z) = Sk
dz? ’

3
(14 jz + 2)2(1 + jz)2 (1 —kln (1 + 1+ij))
we have the following generating function
(4.5)

(Z< (14 1252)

B
1—kln (1+ 1ijz>>) (1+jz+2)(1+j2) (1 —kn (1+ 1sz>)2

— Zkgf—"—lﬂ)(o,...,0)ﬁ
n=0

n!

1—ry

and we also have
SR, o)L

n!
n=0
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8 1-
In(1+ 555 ) 1 !
C(1=kIn(1+55)) (1+3¢+0) (1+50) (1-k In(1+ 15¢ ) )

) = 1— ¢+ ——— - +Q
(45O (1+i¢+0) (14 =557 ) (1-k (1415557 ))
where
0K [£(2) + 2% +2i¢+ Dn (14 157 ) = 21+ ¢ +50) + 2% — 1]
N (L+4¢+ 00 +50) (1 kI (1+ 5) )
and

—K

§t< m@+ﬁ%) )¢ 2
C(-mm(i45%))) \a+icroa+io(—km(1+ &)

Setting k = j =0, 8 = —a and v = « in (4.4), (4.5) and (4.6), we find
respectively

2 « o0 Zn o0 Zn
4. v =Y kTO(0,...,005 =Y B (@)=
(4.7) (ez — 1) e 2 k@90, 0)— 2B (@)

(4.8)

1 1 a 00 n oo n
(n(—+@) (L+@%4:§:k§uﬂhL@@““,miT:E Bt ()
n.
n=0

z n!
n=0

and replacing ¢ by —f and « by y

1n(1+4))0‘ 14 )t oo N

( ¢ ( Q) . Z k(7a717n7ﬁn,m+ny)(0 o O)t—

145 —BC i« n v
1+O W1+  (A+¢)  n=0

oo tn
4.9 = 3 plottenton) "
(4.9) n=0 " (@ +mny) nl’

Ct(ln(1<+C))ﬁ ((1io)y'

These generating functions (Equations (4.7) to (4.9)) have been given in [33,
p. 493].

where

In light of these two examples, it is obvious that the functions given in Tables
1 and 2 can be seen as generalizations of the generalized Bernoulli polynomials
and generalized degenerate Bernoulli polynomials. For example, it could be
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interesting to study the following extensions:

(4.10)

«a (1 A p—=1N\ =1
+ =22 ) o0 n
z 1+kz (a) z
M p) :Zﬂn (k;A,M,Z’)—,
(1 + 1i7€z) —1 (1 + /{/’Z) n=0 n!

with Ay = 1, and
(4.11)

z

[e3%

(1+j — jor#) erTE

[1]
2]
3]
[4]
[5]
[6]

7]

(8]

[9]
(10]
(11]
(12]
(13]
(14]
(15]
[16]
[17]
(18]

19]

J = Bff‘)(k,j;z)ﬁ.
eTirE — 1 (14 k2)2 (14 j — jerse=)’ ,;J n!
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