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WHITTAKER’S EQUATION-BASED FORMULATION OF A NEW
CLASS OF ANALYTIC FUNCTIONS COMBINED WITH GEOMETRIC
ANALYSIS

RABHA W. IBRAHIM!, §

ABSTRACT. A special function is a function with a particular use in mathematical physics
or another branch of mathematics and is often named after an early scientist who re-
searched its characteristics. A few noteworthy instances exist, such as the hypergeometric
function and its distinct species. By using k-calculus, this sort of special function is made
more generic. K-symbol calculus is utilized in this study to develop the k-convoluted op-
erators associated with the k-Whittaker function (confluent hypergeometric function of
the first kind). Through the use of this recently created operator, we propose a new
geometric formula of normalized functions in the unit disk. Our strategy is to mod-
ify the theory of differential subordination, thus we geometrically investigate the most
well-known characteristics of this new operator, including subordination features and co-
efficient bounds. We draw attention to some notable corollaries of our main conclusions
as exceptional examples.

Keywords: univalent function, fractional calculus, the open unit disk, analytic function,
subordination and superordination

AMS Subject Classification: 30C45

1. INTRODUCTION

An investigation of the many classes of operators done by function spaces is called op-
erator theory. The features of the operators can lead to the formation of non-figurative
organizations. In recent years, this principle has found considerable interest in presenta-
tions not merely in mathematics but also in other scientific fields, particularly physics.
Currently, the operators in fractional calculus [1], fractal calculus, quantum calculus [2, 3]
and k-symbol calculus [4] play a significant role in the development of applications in the
fields of engineering, medicine, involving the dynamics of recent pandemics, economics,
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and computer sciences. Additional presentations of this theory emerged when certain
classes of differential and integral operators convoluted with well-known analytic func-
tions or special functions were protracted to the complex plane. The class of Whittaker
functions [5] is generalized by using the concept of quantum calculus (g -deformed frac-
tional calculus) by Kostant [6]. Recently, Schrader and Shapiro [7] established an integral
transform using the theory of b -Whittaker functions which can be utilized to formulate
certain hyperbolic hypergeometric integral evaluations. In a complex domain, the class of
Whittaker functions is applied in the study of wave theory [8]. A novel method for the
Whittaker function-based incomplete gamma function-based temporal discretization of the
new Caputo-Hadamard fractional derivative is proposed in [9]. We extend our study in
this direction by constructing the k-convoluted operators coupled to the k-Whittaker func-
tion. Utilizing this freshly created operator, we present a brand-new subclass of analytic
functions for the open unit disk. Our strategy was motivated by the idea of differential
subordination, and as a consequence, we geometrically studied the most well-known char-
acteristics of this new operator, such as the subordination features and coefficient bounds.
We highlight a few notable corollaries of our central conclusions as exemplary cases.

2. METHODS

Whittaker (1903) developed an adapted description of the confluent hypergeometric
equation, recognized as Whittaker’s equation, which is a special instance of the resolution
[5], in order to create the prescription encompassing the resolutions more symmetric. The
arrangement of Whittaker’s equation is as tails with the Whittaker’s function €2:

2 —’U2

where the solutions are

s = expl=¢/2C 12y (L) o 2

n=

= exp(— v+1/ S (v=7+1/2), n
= exp(=¢/2)¢" 2§<F(n+l)(2v+1)n>g

1/24v—-19

y (1/24+v—9)(3/2+v—17)
= exp(—¢/2)¢" <1+ 2o+ T 2 e+ 2) C2+"')
B ; 1/240—0  (1/24+v—0)(3/2+v—0)
= exp(—¢/2)¢ <1 Tt T Teeee@esy C T >
and
B v 1/2—v—19 (1/2—v—=9)(3/2—v —19)
Qg0 = exp(=¢/2)¢ 2 <1+F(2)(12v)<+ T(3)(1 = 20)(—20 + 2) CQ*"‘)’

where (w),, presents the Pochhammer symbol. Fig. 1 shows the 3D-plot of the function
for different values of its parameters.

2.1. K—symbol notion. This notion is presented by Diaz and Osler in [10, 11], as tails:

Definition 2.1. The resulting formula assumes the influence gamma function, occasion-
ally known as the k-symbol gamma function:
n!k”(nk)%_l

(€)= lim T Omn (3)
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FIGURE 1. 3D-plot of Whittaker function for (J,v) =
{(2,1/2),(1,1/4),(4,1),(2,2)} respectively. ~ Note that 91/5(¢) =

2 3¢3 4 5¢5 6 7
G- S0 ()

where
(Onyk = ¢+ E) (¢ +2k)...(C + (n— 1k)
and
o Pk(( + nk:)
(C)n,k - Fk(C)

Note that T'y(¢) — I'(¢) when k — 1, and

Lr(C+k) = CTx(C), Ti(k)=1.

2.2. K—symbol Whittaker’s function. Whittaker’s function for k—symbols can be
modified as given below, utilizing the k—symbol description:

(W=0+1/2ps \ .n
(n+1)(2v + 1)n,k> ¢ ()
(/240 =0) (/20 =0 +k) )

0, = exp(-¢/2¢ 1Y (-
n=0

1/2+v -1
I'x(2)(2v+1)

= exp(—(/2)¢" T2 (1 + ¢+
Obviously, for £ = 1, we have the traditional formula of the Whittaker’s function (2).
Generally, the coefficients of the k—symbol Whittaker’s function are calculated in the
following proposition:
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Proposition 2.1. The general formula of the n—th coefficient of the k—symbol Whit-
taker’s function is

wor =1 (5)
1/24+v—19

YLET T, 2)(20 + 1)
(124+v—-9)(1/)2+v—-0+k)

Y2k T T B) 2o+ )20+ 1+ k)
o= (124+v—-9)124+v—-94+k)...(1/24+v -0+ (n—1)k)
T T e+ v+ D)(2v + 1+ k). (20 + L+ (n— 1)k)
Proof. The proof is occurred by using Eq.(4). O

2.3. Convoluted operators. In this part, we proceed to define the k—symbol convoluted
operator by using the k—symbol Whittaker’s function. The following definition can be
found in [12].

Definition 2.2. Suppose that A is the subspace of analytic functions in the open unit disk
O :={¢ € C: (| <1} owning the power series

=C+ ) m¢" (€0, n0)=7(0)—1=0.
n=2

The normalized functions n,1 € A are convoluted ( nx1)) if they have the following product

(n*¥)(C) = (HZM") <<+Z¢ncn> —¢+Znnwnc”
n=2

n=2

Definition 2.3. Define two classes of analytic functions in A: the starlike subclass Sx
and the convex subclass C. Finally, the class P := {p: p(¢) = 14+ p1( + @2 + ..., € O}
is a special class of analytic functions in O with positive real part in O and p(0) = 1.

The next concept can be located in [13] and [14]

Definition 2.4. Two analytic functions x1, x2 in O are subordinated denoting by x1 < X2
or x1(€) < x2(€), ¢ € O if for an analytic function «,|a| < |¢| < 1 achieving the equation
x1(¢) = x2(a(¢)),¢ € O.

The k—symbol Whittaker’s function can be normalized as follows:

W Q) == exp(¢/2)¢' 0120k |
= 2+v-9 (1/2+v—=9)(1/2+v -9 +k)
N <C+Fk( )(2v+1)C2+ Te(3)(20+1)(20 + 1+ k) ¢? )

. (V=U41/2),_ 1,k
<+Z< 2U+1)n 1k>€

= C+Z¢n('ﬁ,v;k)<", Yn(0, 05 k) = (
n=2

(V—="U+1/2)p_1k )
Ie(n)(20+1)-14
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Thus, by using the definition of the convolution product, we formulate the following nor-
malized k—symbol convoluted operator in O :

(W5, *n)(¢) = (g +) (9,05 k) <") x (c + 4") (6)
n=2

n=2
=C+ > a0, vk, "
n=2

When k = 1, we obtain the convoluted Whittaker’s operator (see Fig.2)

[Ty % n)(Q) =C+ D thn(¥, 05 1) ¢

n=2

Since the Whittaker’s function is a a modified types of the hypergeometric function,

FIGURE 2. 3D-plot of convoluted Whittaker operator [¥y, * n](¢) for
(9,v) ={(2,1/4),(1,1/2),(2,3/4), (2,1)} respectively, with n(¢) = ¢/(1 —
Q)-

then the proposed operator [\Iffg’v *1](¢) involves different types of well-known convoluted
operator, like Carlson and Shaffer convoluted operator [15], Salagean differential operator
[16] and Ruscheweyh product [17], for the case k = 1; and it involves the k—symbol [18, 19].
Our aim in this illustration is to study the proposed operator [\II§ » * 1](¢) geometry.
We shall present a collection of results involving sufficient conditions for stralikness and
convexity.

2.4. New classes of analytic functions. In this part, we propose new classes of analytic
functions owing the structure of Whattaker equation Eq. (1). Therefore, from Eq. (1),
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we have the structure

CQ”(C)> 2 (_1 v 1/4U2> 1 _
(o) e (i e e ) [ag | =
Consequently, we obtain

<1+ CQH(O) - (§—2ﬁ+ \/W) (g—w— \/W)

()
1
oo | T
()
Dividing by ngg), we obtain
(1 . m"(o)
i (c= 20 VAT =) (20 - VA0 1)
2(0)
2
1 1
QO | T WO
2(0) 2(0)

We proceed to define the Whittaker’s class of analytic function by using the subordination
concept or its equivalent inequality. Then the analytic function n € A is called in the class
O if and only if v* # 1/4 and

(145719 Y
0= {n:] CUZC()C . (U2a_(<1)/4) G | | <#eeoBe@n) @
n(¢) n(¢)
R :
:{n;‘< Cﬂg)>p(g) <n'1<o |<p.ceopen)
n(¢) n(¢)

where

4

:<§_219+\/W) (g-%-W).

a(¢) = <<2 —9C—1/4+ U2>
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And an analytic function 7 € A is called in the k—symbol Whittaker’s class of analytic
functions W{;’v(p) if and only if v? # 1/4 and

e 0
CN’%*W(C)) 2
14+ —> — "
. [\Ijlvg,v * 77]/(() B U(C) 1
U, e @ | Qg | 00
[, +1l(0) @5, *11(0)
<[5, *Tl]”(()) 2
14 —0 - 7
— . [\Ijg,v * 77]/(0 _ ;
o O | @ | €0}
(5, () @5 Q)

where (0) = 0. Note that the geometric feature of o(() is a parabola. Therefore, it is
defined in the set ¥ := {( = z +iy € O : y < 2%}. We request Jack lemma in our
investigation [20)]

Lemma 2.1. Assume that w is analytic in |(| < 7 satisfying the properties that w(0) =
0, [@w(Co)l =max|¢|— [@(C)|- Then (o' (Co) = kw((o), ~ > 1.

3. RESuULTS

We go through some of the geometric habits of the class ©4 and @S’Z.

3.1. The class ©g.

Theorem 3.1. Consider the class ©g such that o (¢) < <C77/(<)>2 (e O If
) ’ W =14 "\ 0@ )" '

557 d € [1/2,1) then ©g C S*(J) (the class of starlike of order

v#=£1/2 and p =
9)
Proof. Let n € ©3. By using the analytic function w(n) € O with w(0) = 0, the real
R (1 + (1 —20)w(¢)
1 —w(C)

if and only if |w(¢)| < 1 (Schwarz function). Moreover, the Schwarz function satisfies the
equality

)>5, CeO

(Uza_(cl)/@ = (p(w(¢)?, ¢e€O,

where

plufe)) = 2,

Also, we have
¢r'(Q) _ 1+ (1 20)u(Q)
n(¢) 1—w(()
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consequently, we obtain

" (¢) ¢p'(C)
0 9T
[1 +(1- 25)w(§)],
_ 1+ -20w(Q) | o —w(0)
a 1—w(C) 1+ (1—20)w(C)
1 —w(()
~(=26w(Q) + w(¢) +1)* = 2(5 — 1)¢w'(¢)
(w(¢) = 1)((26 = Nw(¢) — 1)
= @ (w(())
and
¢n" (<) 2
’Q*'wm>>_ o(0) L
¢n'(¢) (v2=1/4) | ¢7'(Q)
n(¢) n(¢)
¢n" () 2
‘G*w«>><1+02®w@v2 |
¢n'(¢) 1—w(C) 1+ (1—25)w(()
n(¢ 1 —w(()
¢n" (<)
_‘(H 7 (¢) > _1‘
(' (¢)
n(¢)
_ ‘Cp’(o‘ _ ’ 2(1 = 9)¢w' (<) ’
PO T+ (1 =20)w(¢)*

Suppose that n ¢ S*(0). Then according to Jack Lemma 2.1, there occurs a point (p € O
for which |w({y)| =1 and (ow'({o) > w({p). As a conclusion, we get the inequality

@), 20—
P5(<) (26)
It runs counter to our theory. Hence, n € S*(4), 6 € [1/2,1). The evidence is now complete.
([l
Corollary 3.1. Let the assumptions of Theorem 3.1 be held. Then ©g C S*(1/2). More-
over, if
1
()
—_— | >1/2
¢n'(¢) /
n(¢)

then n € S*(1/2).
Proof. Let 8 =1 in Theorem 3.1. By the first part and the fact that
[L—1] <1< R(1/0) > 1/2,

we have the second assertion. O
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Corollary 3.2. Let the assumptions of Theorem 3.1 be held. If n € S*(1/2). Then

( Cn”(C))
1+
' (¢) . ()
‘ ¢n'(€) (UQ —1/4) <1, |[¢|<0.68...
n(¢)

and the result is sharp.

Proof. By the assumption of the corollary, we have

‘(HCZ((C?) (Y ! 2 < ’ (HW(C?) _1’_

n'(
¢n' () (v?=1/4) | ¢n'(<) ¢n' ()
n(¢) n(¢) n(¢)
Thus, by the outcome [21]-Theorem 2, we arrive at the request result. O

The class ©g can be considered for general formula by using the analytic function p € P,
where p(0) = 1, as follows

( Cn”(C)) ?
. Q) ) 1
0s() = {n: |ty 0O | ey | [ <P ce0se0n) O
1(¢) n(¢)
Theorem 3.2. Consider the class Og, 3 < \/5/2 such that
a(¢) <C77'(C)>2
w-m i )¢S0
If v # £1/2 then ©g C C (the class of convex functions ).

Proof. Let n € ©4. From the proof of Theorem 3.1, we have

" (<) 2 ¢n"(€)
‘C*‘W@>>_ o(0) | ‘:‘O*'W@>>_1’
¢n'(€) (v2=1/4) | ¢n'(¢) ¢n' Q) '
n(¢) n(¢) n(¢)
Now let ¢ be a Schwarz function, such that
') 1
10 1< Y

From Corollary 3.1, we have ©5 C S*(1/2) then we have |(s’(¢)| < 2v/2 and, consequently
Is(¢)] < 2v/2. A computation leads to

R S) =2 () >

where

’”g<iffig)

Hence, the proof. O

) ‘ < larg 1+ ¢<'(s)] + Jarg 1+ (<'(Q)] < 2(%) - g
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Theorem 3.3. Consider the class ©g(p) such that
/ 2
o0 < () ceo

n(¢)
If
(1-9)
B = 557 d€1/2,1)
then ©g(p) C S*(9).
(O _(1-9)
Corollary 3.3. [21] Let p € P. If p(¢) = < 0 ) , C €0, then g = 557 0 €

¢n'(€)
n(¢)

Similarly, for convexity in Theorem 3.2, we have

2
[1/2,1) implies @5(< ) ) C S*(0).

/ 2
Theorem 3.4. Consider the class ©g(p), B < /2/2 such that p(¢) < (i?é?) , Ce€O.
Then ©g(p) C C.

/ 2 ’ 2
Corollary 3.4. [21] If p(¢) = <Cg(é§)> , C€0. Then @5(<Cg(g)> ) CC.
3.2. The class @f,z In this part, we deal with the convoluted operator (6). Assume that
¢y, *0)"() ’
1 4 —
< w5 ' (0) ) |
() = ’ - - -
T (S A RS L(S
(@5, *n)(¢) [®5, *nl(C)

To obtain our final result, we need the following outcome [22]-Proposition 1.1.

Lemma 3.1. Let g be analytic in O. Then for any |(| =r < 1 and any real function € on
O the following inequality holds

R (c49(0)) < <2r<1 - rcos(e(@))) R0 ).

1—1r2 ceo

The result is sharp.

Theorem 3.5. Letn € @g’z. Then the convoluted operator (6) is bounded in O.

Proof. For the proof, it is sufficient to show that ¥ is bounded in O. Since 7 € 95’1 then
there is an analytic function according to the specification of the subordination weO
with the properties w(0) = 0 and r := |w| < || < 1 such that ¥(¢) = v(w(()), (€ O.
It is clear that v(0) = ¥(0) = 0, thus it is enough to show that  is bounded in O. Assume
that Uy := sup.co R(7(¢)). Then, by the maximum principle for analytic functions, U, >
~v(0) = 0. Now, define the function w((), as follows:

= w(C) = —2U, <1—CC) . Ceo,
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where w(0) = 0. Moreover, define the inverse function p(u) := u2U . Consider the
U — 24Uy
function
2l(9)
w(C) = p(v(Q)) == =%+
(© = o0(0) =

In view of the conformal mapping theorem [23], the function w is analytic in O and
|lw| <1 and w(¢) # 0,¢ # 0 and w(0) = 0. If v(¢) = 71 + i72, then we have the inequality
—2U, +m < m < 2Uy — 71, which implies that |yi| < 2U, — 1 and thus

2 2
i+
lw(¢)|* = 2 <1
(2Uy —m)" + 73

Hence, in view of Schwarz lemma, we obtain |w({)| < r. Consequently, we have

2U,w(() 2U4r
YO = [T <
1—w(() 1—r
which gives
< .
VOl = ma R(v(¢))
That is v is bounded and consequently, we obtain the boundedness of W. This completes
the proof. O

For the next result, we aim to find the coefficient bound of the function ¥({) =
Yoo Yn¢™ using the upper bound of v(¢) = Y 07 ¢n(™.

Theorem 3.6. Letn € 91];7) Then |1, < 2maxcco R(7(¢)), (€ O.

Proof. Sincen € @g’z then, according to the subordination’s inclusion, there is an analytic
function w € O with the properties w(0) = 0 and R := |w| < |{| < 1 such that

V() =D nl" =7(x(0) =D @nl™
n=0 n=0
Define the functional ¢(R) = max,, |¢n|R". This yields that
QI < UR)Y 1" = - U(R), [¢|=r <1 (10)
n=0

From the Maz’ya and Shaposhnikova estimation of coefficient [24] of the series (10), we
obtain

1 2m i
on ()| = / v1(0)e ede‘
T Jo
1 2w
- Mén[oag;]/o 71(0) (1 + cos(nb — &)) db
1 2m 1 2m
= 0)db + — 9 0— &) do
ﬂsén[o%]/o Y1(6) df + ﬂggﬂ(ig;}/o ~1(8) cos(n €)
1 2m 1 o
s 0) do o (L 6_ £\ dg
< wgén[(%(ﬂ]/o 71(6) +£gﬁ%§<ﬂ]’h( )(77/0 cos(nf — &) )

aén[(%;]%() e (v(€)),
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2m _ L o _ — i
where [ ~71(0)df = 0, and — [ cos(nf — £) df = 2 such that |(| = maxecooq] R(e*().
T
Thus, we conclude that [1,| < 2maxcco R(7(()), (€ O. O

Theorem 3.7. Let n € @S’Z. Then for all || = r < 1 and for arbitrary real valued

2
function € on O, the inequality R (e“(C)\IJ(C)) < CSUP|¢|=r<1 (17“) , ¢>0 occurs.
—r

Proof. By Theorem 3.6, we have

r

ROY(Q) < QI S UR) Y r"=——LUR), [¢|=r<1.

1—
n=0 "

That is 7(¢) is bounded from above. Thus, in view of Lemma 3.1, we have

R (99(0) < (T Y mra )

1—r2 Ceo
2r(1 —rcos(e(()))
< () g, T

But, for analytic function x,|x| = R < 1, we have ¥({) = v(x(¢)), ¢ € O. By letting
cos(e(¢)) =~ 1, we have

R (99 0) < (O ) iy 0)

1—r2 ceo

<2r<1 - rcos(e(@)))

< sup ((R)

1— T2 ‘C|:7'<1 1— T

B 2r(1+r) r
—( T );ugll_ﬁ(m

2 2
< 2{(R) sup ( ! ) :=c sup < r > .
cl=r<t \1 =7 I(j=r<t \1 =7

2
Hence, the inequality R (e*“(9¥(¢)) < CSUP|¢|=r<1 (17‘> , ¢> 0 occurs. O
—r

A

The next result shows the sufficient conditions to obtain a univalent starlike solution of
the generalized Whittaker equation in terms of the convoluted operator

¢k« n)"(C) ?
(1+ Nﬁw*ny@)> (0 1
T« ' (C) Pt ()
(W5 % n)(Q) [k ()

=7(0)- (11)

Let i
. W5, = n)'(C)
PO=Tgh 0

A computation implies that
CLwh , *n)" (<)

YR )
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Thus, Eq.(11) becomes

¢r'(©)
MO0 00 )
p(C) p*(¢) '
Which is equivalent to
PO pO)
70 rg 90 19)
Rearrange Eq.(13), we obtain
W©) (a7 ) +720 (S0 ) +1=4(0) (1)
By the following assumptions
A(g) = pgtc)v B(C) = ;f((é))7 D(C) =1,
we have the following equation
A(G)CP'(€) + B(Op*(¢) + D) = (<) (15)

We formulate the next result.

Theorem 3.8. Consider (15). If the inequalities are satisfied R(~v(¢)) > 0, R(A(C)) >
0,R(A(C) +2B(Q)) R(A(C) —2) > 0 then [\Ifg’v «n)(C) is starlike. Also, it satisfies

1-r C[w5,, =1l () 1+7r
1+T<%<[\P§,U*nJ(<>><1—w Ch=r<1 (16)
and
& M_ 2r M_
J< (W5, * () 1) S1-w E‘ipl%( 95, = 1(C) 1)' o

Proof. By the first assumption, we have the following real inequality

R (A(Q)CP () + B(O)p*(C) + D(Q)) > 0.
A direct application of [13]-Example 2.4(P43), we obtain that

¢l xn)'(C)
" (w) >0

and hence the operator [U% x7](¢) is univalent starlike. Since

Uk wnl
g (¢ LR UEOANS 0.
(W5, 7](C)
then by the classical Harnack inequality (see [22]-P13), we obtain Inq. (16). For Inq. (17),

it is an application of the Lindelof inequality [25]. O

The next result shows that Eq.(12) can be reduced into the well known Briot-Bouquet
differential equation, as follows:

= Ry,(0), (18)
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where

— p(C)
Ry p(¢) == p(¢)(C) + p(0)

Where the result shows the sufficient condition to obtain a univalent solution for the
generalized Whittaker equation in terms of the convoluted operator.

r'(Q) he
p(¢)

starlike. Then the Briot-Bouquet differential equation (18) has a univalent solution with
positive real part. Moreover, it achieves the following inequality

Ty s R (W n(O) SR (VE,l0) < 7 sup R (W 4n©) (19

Theorem 3.9. Let R, ,(() be an open door function (see [13]-Eq.2.5.5) and

and

(95, 41(0)

1
< —— swp | (W5, 5 0](0))] (20)

1= [C]2 e IV
Proof. Clearly that the solution [\Ilgv « 1](¢) of the generalized Whittaker equation is
analytic in the open unit disk. Since

is starlike, then according to [13]-Theorem 3.2f, we obtain the univalency of the operator
[k x)(C) with R ([\pgw * n](g)) > 0. Now to obtain Inq.(19), since [W  +n](¢) with

R ([\Ilgv * n}(g)) > 0, then Harnack’s inequality yields Inq.(19). Finally, Inq.(20) comes
as an application of the Carath’ eodory inequality estimate. O

4. CONCLUSION

In this work, we have generalized the well known special Whittaker function utilizing
the concept of the k—symbol calculus. The proposed k—symbol Whittaker function is
normalized in the open unit disk to obtain a convoluted operator with the subclass of
normalized function 7(0) = 0 and 7'(0) = 1. We formulated the convoluted operator in
a class of analytic functions, preparing upon the structure of the Whittaker differential
equation (1). We delivered sufficient conditions on the class for being starlike and convex.
A univalent solution with double bounded positive real part, is given in Theorem 3.9.
Connections of the real and imaginary parts of the operator is studied in Theorem 3.8,
as well. For future works, one suggest another types of classes involving the k—symbol
Whittaker convoluted operator. Also, it can be extended into different classes of analytic
functions such as multi-valent and meromorphic analytic functions. By doing such an
extension, one can discover some geometric properties.
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