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AN EXTENSION OF THE WHITTAKER FUNCTION

JUNESANG CHOI, KOTTAKKARAN SOOPPY NISAR, AND GAUHAR RAHMAN

ABSTRACT. The Whittaker function and its diverse extensions have been
actively investigated. Here we aim to introduce an extension of the Whit-
taker function by using the known extended confluent hypergeometric
function ®, , and investigate some of its formulas such as integral repre-
sentations, a transformation formula, Mellin transform, and a differential
formula. Some special cases of our results are also considered.

1. Introduction and preliminaries

We begin by recalling the classical beta function (see, e.g., [9, p. 8])

/0 1 -t ar (min{R(p), R(v)} > 0)

I(w) ()

(1t ) (n,v€C\Zy).

Here and elsewhere, let N, Z;, R*, R, and C, be the sets of positive inte-
gers, non-positive integers, positive real numbers, real numbers, and complex
numbers, respectively. Also put Rf := R* U {0} and Ny := NU {0}.

The Gauss hypergeometric function o F; and the confluent hypergeometric
function 1 ®; are defined by (see, e.g., [8]; see also [9, Section 1.5])
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and

n
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09)n 2

Ug)n n!
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1Fi(02;03;2) = D(0;0832) = D
(1.3) n=0

(O’QE(C,O'?,E(C\ZE;ZE(C),

—~

where (\),, denotes the Pochhammer symbol (see, e.g., [9, Section 1.1]). The
well known integral representations of the hypergeometric function and the
confluent hypergeometric functions are recalled (see, e.g., [9, Section 1.5])

1
(1.4) oFy(01,09;03;2) = IY@)I;‘(ET;)—@/O t72 (1 —)73 7727 (1 —2t) 77  at
(R(o3) > R(02) >0, |arg(l — 2)| < 7)
and
1
(1.5) D(09;03;2) = F(Ug)i((z?;)— ) /o o271 — )72 gt gt
(R(o3) > R(o2) > 0)
In last several decades, various extensions of some well-known special func-

tions have been investigated. For example, Chaudhary et al. [1] introduced the
following extended beta function

1
(1.6) B(o1,02;p) = Bp(o1,02) = / tor (1 — ¢yt e TATH 4t
0

(min {R(p), R(o1), R(o2)} > 0).
Obviously B(o1,09;0) = B(o1,02). Also, by using (1.6), Chaudhry et al. [2]
introduced the extended hypergeometric function F, and the confluent hyper-
geometric function @,

> B (02+n 0'3—0'2) 2"
1.7 F jogiz) =y L : ne
(L7) p(01,02i03:2) ~  B(oz,03—02) (1) n!

(p=>0, |z| <1, R(o3) > R(o2) > 0)

0o B _ n
(1.8) B, (09;03;2) = Z p(02 +n,03 —09) 2

n=0
(p > 0,R(03) > R(02) > 0).
They [2] presented the following integral representations
1
B(og,03 — 09)

1
x [ 721 — )73 (] — o) ( P )dt
|ttt - e (s
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F,(01,09;03;2) =
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(p e RE, R(o3) > R(oz) > 0, |arg(l — 2)| < 7r)

and
1

B(02,J3 - 02)

1
og—1 _ 4\yo3—o2—1 _ p

X/o t (1—1) exp(zt t(l—t))dt
(p e RE, R(o3) > R(0ow) > o).

Clearly, (1.7)—(1.10) when p = 0 reduce to (1.2)—(1.5), respectively.
Choi et al. [3] have introduced and investigated the following extended beta
function

P, (02;03;2) =
(1.10)

1

(1.11)  B(o1,02;p,q) = By g(o1,02) = / 71— )7 e T at

0

(min{R(p), R(¢)} > 0, min{R(s1), R(02)} > 0).

Obviously, B(o1,02;p,p) = B(o1,02;p) in (1.6) and B(o1,02;0,0) = B(01,02)
n (1.1). They [3] have introduced the following extended (p, ¢)-hypergeometric
function and extended (p, g)-confluent hypergeometric function defined, respec-
tively, by

>~ B (02+7’L 0'3—02) "
1.12 F ogr2) = P ) o
( ) p,q(01ﬂ0270372) ngo B(0_270,3 — 0,2) (01) nl

(p, q < RS’_, §R(O’3) > %(02) > 0)
and
(o)
By 4(02 +n,03 — 09) 2"

(1.13) ®, ,(02;03;2) = Z —

B(0'270'3—0'2) n!

n=0

(p, ¢ € RS, R(03) > R(a2) > 0).

They [3] presented the following integral representations
1

F -
B(o3,03 — 032)

p,q(017 02,03; Z) =

(1.14) 1
os—1 _ 4\o3—o2—1 _ —01 _ B _ qf

x/ot (1—1) (1 2t) exp( - 1_t)dt

(p, ¢ € R, R(o3) > R(oz) > 0, |arg(l — 2)| < )
and

D, . ( 2) !
p,q\ 025033 = 5 - -
B(oy,03 — 0

(1.15) (02,03 = 02)

t 1—t
(p, ¢ € R, R(o3) > R(02) > 0).

1
X / t727 (1 — )77z L exp (zt b L) dt
0
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Parmar et al. [6, Eq. (1.13)] introduced the following extended beta function

2p o1—%5 U -3 p
(1.16) By(o1,09;p \/7/ o1 2 ZKU% (m) dt

for R(p) > 0, where K,(-) is the modified Bessel function of order v. By
recalling the following identity (see, e.g., [5, Entry 10.39.2])

s

(1.17) Ki(z)=4/—e %,

2 2z

it is obvious that By(o1,02;p) = B(o1,02;p) in (1.6). They [6] defined the
following extended hypergeometric function £}, , and extended confluent hy-
pergeometric function @, ,,

n

- By (02 + 1,03 — 09;p) 2
118 Fyo(01,02105:2) = Y (01)a .
(1.18) PATh T2 082 ;::O(Ul) B(og,03 —03)  n!

(p, v ERYT, R(os > R(o) > 0, |2] < 1)

and

= By (02 + n,03 — 09;p) 2"
1.19 P U(O’;J;Z): —
( ) pu\"2: 73 ng() B(og,05 — 02) n!

(p, v e RS, R(oz) > R(o2) > O)
and presented their integral representations
2p 1

F (O g9, 0. 'Z) —
DV 1,02,03, B
7 (02703 02)

(1.20) X
0'2—§ _ 03_02_§ _ —01 b
></0 t72=3 (1 — 1) 21— 2t) Ker%(t(l_t))dt
(p, v € RS, R(oz) > R(02) >0, |arg(l — 2)| < 77)
and
2 1

<I>p,v<02;a3;z) - ?pB(a 03 — 09)

(121) 2,03 2

1
go—2 o3—02—3 p
X/o 17272 (1 — )73 702 2exp(zt)Kv+%(t(1_t))dt

(b v € RS, Rlos) > R(ow) > 0)).

They also obtained the following transformation formula for the extended con-
fluent hypergeometric function

(1.22) D, ,(02,03;2) =e* P, (03 — 09;03; —z).

Obviously, due to (1.17), equations (1.18)-(1.21) reduce, respectively, to (1.7)-
(1.10).
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Whittaker [11] introduced the so-called Whittaker function

1 1
(1.23) My,p(2) = 2% exp (- %)fb(p —At g2+ )

(mp) > L R(pEN>-LizeC) (—oo,m) ,

where @ is the confluent hypergeometric function in (1.3) and which is a mod-
ified solution of the Whittaker’s equation so that formulas involving the so-
lutions can be more symmetric (see, e.g., [12, Chapter XVI]; see also [10, p.
39)).

Nagar et al. [4] defined the following extended Whittaker function

1 1
(1.24) My p(2) = 2°F2 exp <_ g)q)l’ (p — A+ 2’ 2p+ 15 Z)

(P e REs R >~ 5 Ro£2) > — 52 € C\ (00,01

where @), is the extended confluent hypergeometric function in (1.8).
Rahman et al. [7] have introduced and investigated the following extended
(p, ¢)-Whittaker function

1
(1.25) My () = 2T Hexp (- 2 )@y (p— A+ 5320+ 132)

1
(b9 € RS R > 53 RN > —53 2 €\ (-0,0]).
where ®,, , is the extended (p, ¢)-confluent hypergeometric function in (1.13).
Here we introduce the following extended Whittaker function

1
(126)  Mypoay(2) = exp ()0, (0= A+ 520+ 1:2)

1 1
(b0 RS R0) > 53 RO £ N > 5 O\ (0,01

where @, , is the extended confluent hypergeometric function in (1.19). Then
we investigate certain formulas involving the extended Whittaker function
(1.26) such as integral representations, a transformation formula, Mellin trans-
form, and a differential formula. Some special cases of our results are also
considered.

It is remarked in passing that My, o x,,(2)=Mp (%) in (1.24) and My o,x,,(2)
= M) ,(2) in (1.23); From (1.22), the extended (p, v)-Whittaker function (1.26)
can also be expressed in the following form

1
(1.27) My p(2) = 2777 exp (g) Op0 (p A+ 520+ —z).
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2. Formulas involving the extended Whittaker function (1.26)

Here we establish certain formulas involving the extended Whittaker func-
tion (1.26) such as integral representations, a transformation formula, Mellin
transform, and a differential formula. Some special cases of our results are also
considered.

Theorem 1. Letp, v € Ry, R(p) > R(p£A) > —1, and z € C\ (—o0,0]. Also
let a, b € R with b > a. Then each of the following integral representations

holds.
2Pt3 exp(—2)v2p

M, ., z) =
21) paoe(2) VIB(p—A+ 1 p+ A+ 1)
’ 1
p=A—1(1 _ p\p+r—1 X p )
x/o A1 — 1) exp(zt)KU+§(t(1_t))dt,
(2.2)
o 2+ exp(3)v2p

poe(2) = VIB(p—A+ 35,0+ A+3)
1
% A up+>\71(1 _ U)P*Afl exp(*Zu)Kv_i_% (ﬁ) du;
(b— a)72p+1zﬂ+% exp(—%) /2p
VaBlp—A+3,p+ 1+ 1)

(2.3) % /b(u _ a)pf)‘fl(b o u)p+>\—1

#(u—a) p(b—a)? .
P (ﬁ)KWr% (m) du;
= 27+3 exp(—2)y/2p ST
(2.4) Mpoal?) = \/?B(p—A+§,p+/\+;)/0 (1+u)

zZu p(1 + u)?
xeXp(l—ku)K”J“%(%) du;

Mp,unp(2) =

(2.5)

(14 u)P 211 — )Pt

272p+lzp+%\/% 1
Mp,o,30(2) = 1 1 /
VTB(p—A+5,p+A+35) /1

X exp (%)KH% (%) du.

Proof. By using the integral representation (1.21) in the definition (1.26), we
obtain (2.1). Now, by setting t =1 —u, t = y=2, and t = iy in (2.1), we get
(2.2), (2.3), and (2.4), respectively. Setting @ = —1 and b = 1 in (2.3) yields

(2.5). O
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Theorem 2. The following transformation formula for the extended (p,v)-
Whittaker function (1.26) holds.

1
(2'6) Mp,v,k,p(_z) = (_1)p+2Mp,v,—)\,p(Z)

(p,vERg; %(p)>—;;%(pi)\)>—;;z€C\R).

Proof. Replacing z by —z in (1.26) and using (1.27) , we get the desired result.
O
Theorem 3. The following Mellin transformation holds.
DMy .2,(2);p = 1}
23 exp(—2)2 T D (ISP (A B(p+r — A+ L p+r 4+ A+ 1)
27) = VIB(p—A+35,p+ A+ 3)

1
><(I>(p+7"—)\+§;2p+2r+1;z)

1
<§R(T—v) >0, R(r+v)>—-1, R(p+r+A) > 30 2 G(C\(—oo,O]) .
Proof. Using the integral representation in (2.1) and changing the order of
integrations, we get
M{Mp,0.0,p(2);p = 7}
(oo}
= / p7_1Mp,v,/\,p(Z) dp
0

(2.8) _ 2Ptz exp(‘%)\/i /1 tp7>ﬁ1(1 _ t)p+)\71 o7t
VTIBlp—=A+ 1 p+X+1) /o

x {/OOOPT—EKH; (t(l%t)) dp} at.

Using a known integral formula involving K, (see, e.g., [5, Entry 10.43.19];
see also [6]), we have

(2.9) :t”%(l—t)““%/ U
0

(R(r —v) >0, R(r+v) > —1).
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Using (2.9) in (2.8), we obtain
1 z\or— r—v r4v
2T3 exp(—§)27 D (5gH)P (M)
VTIB(p—A+ L1 p+ A+ 1)

1
x / PTTTAT I (1 — )P AT o7t gy
0

ML Mpvrp(2);p =1} =
(2.10)

Using (1.5), we find

1
/ tp—ﬂ—r—)\—%(l _ t)p—i—r-‘r)\—% ezt dt
0

(211) F(p+rf)\+%)r(p+r+)\+%) )
B L(2p+2r—1) q)(p+r_)‘+§;2p+2r+1;z)
<§R(P+Ti)\) > ;) .
Applying (2.11) to (2.10), we obtain the desired result. O

Theorem 4. Let p,v € R}, 20 > p, R(6 + p) > —3, and R(p £ ) > —1.
Then

-

e 1

/ 20t emow Mpoap(px) do =T (5 +p+ 2) pftz

(2.12)  7° o . / )
SR L)
= F,,(0 - p— A+ =2 1; .

x<a+2 po(0F Pt 5P gt 200+

Proof. Let L be the left side of (2.12). Using the integral representation (2.1)

and changing the order of integrations, which can be verified under the condi-

tions here, we obtain

(2.13)

2 Pty !
L= \/7]? 1% - 2 - / tp7A71(1 _t)p+)\*1Kv+l< p )
T B(p—A+3.0+2+3) Jo 2\t(1—1t)

X [/ 20tP—3 exp {— (a + g - ut) 1’} d$:| dt.
0

Using the Euler’s gamma function (see, e.g., [9, Section 1.1]), we get

(2.14) /OOO u* exp(—Bu)du=B""T(a) (R(a)>0,B€RT).

Applying (2.14), we have

o0 1 ILL
/ 2°1P72 exp {— (a + 5 ut) x} dx
0

B no —(0+p+3) 1
- (a+2 ut) r(0+p+3

(2.15)

(2a>,u, R+ p) > —;)
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Substituting the integral formula (2.15) for the inner integral (2.13) and using
(1.20), we obtain the desired result. O

Theorem 5. Let p, v € Rj, R(p) > —3, R(p£A) > —1, and z € C\ (-0, 0].
Also let n € Ng. Then

" z _,5, 1
dz—n{ezz ? ZMp,v,A,p(Z)}
_)\—*'l n Zz n 1
_ ueéz

(20 + 1),
Proof. Applying the following known formula (see [6])

dn
%{q)p)v(ag;ag; z)} = ) @, (02 +n;03+n;2)  (n€Ny)

to (1.26), we obtain the desired result. ]

(2.16)

3. Special cases and remarks

The results presented here, being very general, can be specialized to yield a
number of relatively simple identities. We demonstrate only two examples in
the following corollaries.

Setting v = 0 in Theorem 3, in view of (1.17) and (1.23), we obtain:

Corollary 1. Let R(r) >0, R(p+r=£A) >3, and z € C\ (—00,0]. Then
DY Mp,xp(2)ip = 7}
(3.1) 2T Blp+r—A+5,p+7+A+3)
Blp=A+5,p+2+3)

My, pir(2)-

Setting v = 0 and then p = 0 in the result in Theorem 4, we get:
Corollary 2. Let 2ac > pi, R(6+ p) > —3, and R(p£ ) > —L1. Then

o 1
/ 2~ e™ M, ,(ux)dx =T (5 +p+ ) ,uer%
O 2
(3:2) pu\ P13 1 1 2u
" (5ot ooas g %)
x (a+2) (S +p+ g p= A+ i+
The main results presented here when (v = 0) and (v = 0 and then p = 0)
are reduced to yield the corresponding results in [4] and the identities for the

Whittaker function (see [12]), respectively.
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