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Abstract. This paper presents novel characterization results for a function, a linear opera-
tor, and an integral operator constructed using the generalized normalized imaginary error
function, with emphasis on their inclusion in two distinct subfamilies of analytic functions
defined on the open unit disk.

1. INTRODUCTION

Special functions are central in pure and applied mathematics, with signifi-
cant applications in areas such as probability theory, statistics, and quantum
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mechanics, particularly in geometric function theory (GFT). Among these
functions, the classical error function and its various extensions have received
considerable attention due to their rich analytical properties and practical
effectiveness in modeling diverse phenomena.

Recently, the generalized imaginary error function has emerged as a valu-
able tool in defining new subfamilies of analytic functions on the open unit
disk C := {p € C : |p| < 1}. Within the framework of GFT, such operators
have been instrumental in characterizing significant function families, includ-
ing starlike, convex, and close-to-convex functions of complex order. Through
the convolution of the generalized imaginary error function with established
families of analytic functions, researchers have derived sufficient conditions for
inclusion in certain subfamilies.

These developments extend foundational work by classical GFT scholars
such as Pommerenke and Goodman and align with ongoing advancements in
special function theory [7, 22]. A growing body of literature explores the role
of special functions in establishing inclusion criteria for subfamilies of analytic
functions, for examples, [3, 14, 15, 16, 24, 25|. Notably, Abramowitz and
Stegun [1] introduced the classical error function erh(p), defined by

1)5 20+1

D™
erh (g f/ Z @t 2°C

Its counterpart, the imaginary error function, is defined as
©20+1
erhi (p = e C.
T / Z ACCES VI
Generalizations of these functions introduce a positive integer parameter s €
Ny and are defined, respectively, as

h S [ 3 o C 1.1

67“5(@)—%0 \f; s6+16" pel, (1.1)
| (2 [ sO+1

erhis (p) = — Par= L € C. (1.2)

N Vi & (s0+1)dl"

For specific values of s, these generalizations recover classical forms. In par-
ticular,

erho(p) = 5=, erhi(p) = 155 = —erhir(p), erha(p) = erh(p),

and erhis(p) = erhi(p).
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However, the functions erhs(p) and erhis(p) do not, in general, belong to
the family of normalized analytic functions. Consequently, Frasin [12] intro-
duced the transformed functions:

ps(p) = %@Péerh G
= +i 1 9, seN (1.3)
- (G-Ds+n@—1Y 5

1
:p+z((5—1)s+1)(5—1)!p6’ seN. (1.4)

0=2

These operators have normalized expansions suitable for function-theoretic
analysis. For instance:

pi(p) = Vr-erhi(p) =1 € pii(p) = V- erhiy(p) = e — 1,

pa(9) = Y2V erh (), min(e) = Y2 - erhi (yF).

In the next section, we establish a foundational framework to facilitate our
investigation. This includes recalling essential subfamilies of analytic func-
tions along with their generalized forms involving complex parameters. We
also introduce a function, a linear convolution operator, and an integral opera-
tor defined via the generalized imaginary error function, which plays a central
role in deriving our main results. Several supporting lemmas and inequali-
ties are presented to provide the necessary analytical tools for characterizing
membership in the targeted function families.

2. PRELIMINARIES

Let F denote the family of analytic functions of the form

o
hp)=p—Y a5, a5 >0, peC, (2.1)
=2

and UF C F represent the subfamily of functions that are univalent in C, [8].

We recall several geometric subfamilies of f defined via differential subor-
dination involving a complex order X € C* = C\ {0}:

(1) A function h € F is said to be starlike of complex order N if

Re{1+i(p:(lg)3)l)}>0, o €C.
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This family, denoted by S(X), was introduced by Nasr and Aouf [1§]
(see also [19]).
(2) A function h € F is convex of complex order N if

Re {1+:t p:,/(/())}>0, o el.

The family of such functions, C'(R), was introduced by Wiatrowski [23]
(see also [9, 17]).
(3) A function h € F is close-to-convex of complex order W if

Re{l + %(hl(p) — 1)} >0, pckC.

This family, denoted by R(X), was introduced by Halim [13] and
Owa [20] (see also Aouf and Mostafa [10]).

More general subfamilies involving parameters ¢1, ¢y € [0,1] are defined as
follows:

e The family S(R, /1, ¢2) consists of functions h € F satisfying
1 [ ph'(p) + Lip*h" (p) > '
— —1])| < . 2.2
R (s : 22
e The family R(X,¢1,{s) is defined by

‘; (F'(p) + Lrph" (p) — 1)’ <. (23)

These families, introduced and studied by Altintas et al. [5], generalize S(R),
C(N), and R(R). Their relationships are summarized in the following remark.

Remark 2.1. The following inclusions and equivalences hold:

(1) S(R,0,1) € S(R),  SM,1,1) C C(R), RR,0,1) C R(X).
(2) S(R,0,65) = S(R, £5) = {h er: (1 (g - )‘ <b}.
(3) S 1,6) = C(%, ) = {n e F - lg o o) )) <b}.
(4) R(N 0 62) R(N,£2> = {h efl : |% h/ ) )‘ < 62}

We also consider the family G™(Q1, Q2), introduced by Dixit and Pal [11],
defined as follows.

Definition 2.2. ([11]) Let 7 € C\ {0}, —1 < Q2 < Q1 < 1. A function h € F
belongs to G7(Q1,Q2) if
W(p)—1

(@1 — Q2)7 — Q2(M(p) — 1) <1, peC
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Setting 7 = 1, @1 = o, and Q2 = —p, yields the subfamily of functions
satisfying
h(p) — 1
W(p)+1
which was studied by Padmanabhan [21].

<o, pel, 0<p<1,

Now, define the function Yis(p) as

o0

Tis(p) =2p — Mis(@) =P - Z
0=2

1
(0—-1)s+1)(0-1)
and introduce the linear convolution operator Zis : f — F, defined by

1 0
agp’.
“1)s 1 1)(0 1)1

00, pel, (24

ﬂxm&0=umphh%ﬁ=p+§:«5 (2.5)
0=2

Moreover, we define the Alexander transform (see, [2, 4]) Kis of Yis(p) by
®Yig(t
K%@%:/‘/g)ﬁ,peﬁ
0

We now state several lemmas that are instrumental for proving the main
results of this study.

Lemma 2.3. ([6], with 0 = 1) A sufficient condition for a function h of the
form (2.1) to belong to S(XN, {1, ¥2) is
[010% + (1 + £1(€2|R] = 2)) D + (L2|R] — 1)(1 — £1)] |ag| < £a|N].
0=2

Lemma 2.4. ([6], with @ = 1) A sufficient condition for a function h of the
form (2.1) to belong to R(X, {1,02) is
[010 + (1 — ¢1)] Oas| < £2|N].
0=2

Lemma 2.5. ([11]) If h € G"(Q1,Q2), then for & > 2,
(Q1— Q)7
5 :

lag| <

This bound is sharp for the function

8] _ 0—1
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We will also use the following well-known summation identities:

= 1 1
Y =-In2 (2.6)
_ 0 ’
= (0—-1)2 2
> 1 1 1
> = —In2 (2.7)
_ 0 ’
= (B-1)2 4
[e%¢] u—1
1 1 1
—— = —-In2— —_ =3.4,.... 2.
;(6—1)25 2 ;(6—1)25’ u=34 (28)
Alongside these, we shall frequently apply the inequalities:
(0—-1)s+1>((@©—-1)s, 0,s€N, (2.9)
ol >29"1 deN. (2.10)

In this study, we aim to establish sufficient conditions for a function, a
linear convolution operator, and an Alexander transform constructed using the
generalized normalized imaginary error function to belong to the subfamilies

S(N,El,ﬁg) and R(N,£1,€2>.
3. MAIN RESULTS

We start this section with the sufficient conditions for the function Yis to
be in the subfamilies S(X, ¢1,¢2) and R(X, (1, {2).

Theorem 3.1. If s € N, then sufficient conditions for the function Yis (p) to
belong to the family S(X, 01, 03) are

(401 (02 [R] 4+ 3) + 2(0s [R| +2)] In2 — 461 < sbo X (3.1)

and
(01 + 1) (b2 IR + 1) 4+ £1] .6 < la(s+ 2)|N| — 45. (3.2)

Proof. In light of Lemma 2.3, it suffices to demonstrate that L1 ({1, l2) < lo |X],
where

Li(t, ) =) [60 + (1+ & (62N = 2))3 + (2 [N — 1) (1 — £1)]
0=2

1
“B-Ds+) @1
Putting
d=(@-1)+1 (3.3)
and

P=0-1)0-2)+30-1)+1, (3.4)
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we get
Ly(t1,b2) = g o1 s+?)(52)—1)!
+ (6 (L R+ 1)+ 1) i 11)(5_1)!
+€2IN\Z 5i1)(5 1)!
g: d—1) s+1)(5—3)!
+ (6 (2 N+ 1) + 1) ; 11)(6—2>!
+52’N|Z i)@ -
By (2.9), we get
AT -
(egm|+1 +1§: 5

5:2

02 [N &
= ;(8—1)(8—1)!'

From equation (2.10), we get

[e.e]

164, 1
Li(fy,£s) <
(b fo) < =5 523(6—1)25

(61(62‘1‘2’4-1 +1 i

6:2

40y N o
T E;Q @ 1)26
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Using the series sums (2.6) and (2.7), we get

N[+ 1) +1
Ll(ﬁl,fz)éil(8ln2—4)+€1(€2 ’; )1 4o+ 28’ 21 2)
. 451(52 |N’ +3) +2(£2 ‘N| +2) 2 — 4761
s s

But /5 |R] is the bound above the final expression if (3.1) holds.
Next, since the function

1

0= i)+t

is decreasing on (1, 00) for each s > 0, we obtain

Li(t ) =0} 5 _1s+1)(5—3)!

:3

> 1
+ (0 (R + 1) +1
(L2 )62:2((5—1)s+1)(5—2)!

> 1
eIy ; (CEOIEDGES]

641

e—1
<
— 2s+1

Y4
s+1 s+1
e—1
+1

+ (L1(62IN] + 1) + 1)

651
s+1
(61 4+ 1) (LR 4+ 1) + 41] - e+ €1 — £o]R]

s+1 ’

N

AN +1)+1)8+L1+52 R

and the final expression is bounded above by /3|X| provided that condition
(3.2) holds. O

Theorem 3.2. If s € N, then sufficient conditions for the function Yis (p) to
belong to the family R(X, ¢1,02) are

(2205 + 6(1 — £1)]In2 — 441 < sly V] (3.5)

and

(301 + 2)e < lo(s + 1) |R] + 1. (3.6)
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Proof. Since Yis (p) is given by (2.4) and due to Lemma 2.4, it suffices to
show that La(1,/l2) < ¢ |X|, where

i 1
LQ(&,EQ) = 6222[(615"‘(1_61))6] ((5—1)5—}-1) (5_1)[
©0 1
= ; [(610% + (1 - £1) D] (@B-Ds+1 @

Writing 0 and 02 as given in (3.3) and (3.4), and by a similar method of
Theorem 3.1, we realize that
Oisg (p) S R(N, 4y, EQ)
if (3.5) holds.
Next, since the function
o
(0—-1)s+1

is decreasing on (1, 00) for each s > 0, we obtain

0 —

> 1
Lo(fy,69) = ¢
(61, f2) 1%((8—1)s+1)(8—3)!
= 1
20 +1
0 );((6—1)s+1)(6—2)!
= 1
+;((6—1)s+1)(6—1)!
elq e e—1
< 2 +1
—25+1+(leL )S+1+s—|—1
elq e e—1
<s+1+(%“+”s+1+s+1
(B +2)-e—1
a s+1 ’

and the final expression is bounded above by ¢5 |[R| provided that condition
(3.6) holds. O

Figure 1 demonstrates the graphical representations of the sufficient condi-
tions for the function Yis (p) to be in the family S(X) and the family C'(R).
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1 Region where Yi_s € S(n) (A\1=0, A2=1) 10 Region where Yi_s € C(n) (A1=1, A2=1)
8 8
6 6
= =
4 4
2 2

2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
s s

FIGURE 1. Admissible regions in the (s, |X|)-plane where the
sufficient conditions for Yis (p) € S(X) hold in the particular
case ({1,¢2) = (0,1) (left figure) and for Yis (p) € C(R) hold in
the particular case (¢1,f2) = (1,1) (right figure). The shaded
area indicates the pairs (s, |R|) for which the inequalities are
satisfied.

As direct consequences, we have the corollaries below.

Corollary 3.3. For (¢1,03) = (0,1), the function Yis (p) belongs to the family
S(N) if

2(IN[+2)In2 < s|N|, (IN]+1e < (s+2)|N].
Similarly, Yis (p) belongs to the family R(X) if
28In2 < s|N|, 2¢e < (s+1)N]+1.

Corollary 3.4. For ({1,03) = (1,1), the function Yis (p) belongs to the family
C(R) provided

(6IR] +16)In2 —4 < s|N|, (2IN] +3)e < (s+2)|¥| —1.
Next, we shall determine the action of the linear convolution operator Zis ()
on the subfamilies S(X, ¢1,¢3) and R(X, {1, {3).

Theorem 3.5. Let s € N. If h € G"(Q1,Q2). Then the sufficient conditions
for Tis(p) to belong to the family S(N, €1, 42) are

852‘N|
(I8 (1) 436 + ) In2 < 22k (3.7)
and
(o |R]) e+ (6 —2) (bR —1) — 1 < 2EE DN (3.8)

(Q1— Q2)|7|’



Characterizations of operators involving the generalized imaginary error function 945

Proof. In light of Lemma 2.3 it suffices to demonstrate that

Mi(lr,02) =Y [60% + (1 + 01 (L2 |R] = 2))T + (2 [R] — 1) (1 — £4)]
0=2
X ! |as|
(0—1)s+1)(d—1)!
ANE

Since h € G™(Q1,Q2), then by Lemma 2.5, we have

- 2%
M1(€17€2) < (Ql - Q2)|T| (522 ((5 _ 1)$—|1-1) (5 _ 1)'
o~ L+l (B[R -2) o~ (2[R —1) (1~ 1)
+§((5—1)s+1)(8—1)!+6:2 (@ —1)s+ Dol )

By (3.3), we get

My (61,02) < (Q1 — Q2)|7] (Z (0 — 16)13(?_1)126 —1)!

0=2
o~ L+ 0 (6N —1) — (2[R —1) (1 — 1)
+5§ 5-Dst D@D 2= (0-1s+ 1o )

— - gl

= @ =@l (622 (@-1)s+1)(@—2)
> 1—|—€1 62’N|—1 s Eg’N‘—l 1—61)

+52 d—1)s+1)( +22 0—1)s+1)d! )

By (2.9) and (2.10), we get

Mi(ly,065) < (Ql Q2 (82 Z L+6( f21‘N2’6_ D)

i 52\N|—1 (1-4)
_1 20 '

0=2

y (2.6), we get
My (€1, 42) < (QI_SQQ)‘T’ (L2 [R| (£ 4+1)) 4+ 301 +1)In2.

But 42 |XN] is the bound above the final expression if (3.7) holds.



946 F. Yousef, T. Al-Hawary, M. Illafe, B. Frasin and J. Salah

Next, since the function

1
0= G+t
is decreasing on (1, 00) for each s > 0, we obtain
0o 0
M (1, £2) < (@1 — Q2)|7] (62 (B-1)s+1)@—2)
—  L+4 (LN —1) o (2R — 1) (1 —4)
+§;«6—ns+1ua—ux+;; «6—ns+1m!)
< (@ - Qi (L LN ey
NCILENTIESAIEEL)

and the final expression is bounded by /2 |X| provided that condition (3.8)
holds. O

Theorem 3.6. Let s € N. If h € G"(Q1,Q2), then the sufficient conditions
for Tis(p) to belong to the family R(R, {1,02) are

SEQ‘N’

2204 +1)n2 < ———— 3.9
N (TSI 39
and
lo(s+ 1) N
hHh+l)e—1< —F ———. 3.10
e = 0 Qi 310
Proof. In light of Lemma 2.4 it suffices to demonstrate that
> 1
M. = 1-—
2(01,42) % (640 4 (1 = £1))0] CED IR |ag]
< Uy |N].

Since h € G™(Q1,Q2), then by virtue of Lemma 2.5, we have

1
(B-Ds+1) (@D

My (01, £2) < (Q1 = Qo)[7] Y (10 + (1 — 1))

0=2
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By (3.3), we get

My (1, 65) < (Q1 — Q2)|T|<ai = 15318(5_%—1)125 )1
+§::2 ((5—1)si1)(6—1)!)

= (@i- QQW‘(; GE 1)5-6:1) G@-2)
*i ((31)5j1)(51)!>‘

i
[N}

y (2.9) and (2.10), we get
My (£y,65) < ﬂ (82 _1 STV +4Z 51 )
i

By (2.6), we get
Mo(ly,45) < M (46, +2)In 2.
S

But /5 |R] is the bound above the final expression if (3.9) holds.
Next, since the function

1
0= G+t
is decreasing on (1, 00) for each s > 0, we obtain
00 61
M < —
201, 62) = (@1 QQ)’T‘<Z (@—1)s+1)(0—2)!

0=2

+g —15+1)(5 ))
< (@ Q2>|¢|( & +jj)
= (Q1 — Q2)|7] <(€1—:_|_)f_1>,

and the last expression is bounded by /2 |X], if (3.10) holds. O

Finally, we investigate the action of the Alexander transform Kis(p) on the
subfamilies S(N, 41, ¢2) and R(X, (1, {2).
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Theorem 3.7. Let s € N. The sufficient conditions for the Alexander trans-
form Kis(p) to belong to the family S(X, (1, l2) are

(LR (61 +1))+ 301+ 1)In2 < sl || (3.11)
and
(Lo IN] +l1)e+ (Lo IN] — 1) (61 —2) < la(s+ 1) V| + 1. (3.12)
Proof. According to (2.4) it follows that
Kis(p) :p—i ! p—a, o €C. (3.13)
= (-1)s+1)(@—-1)'0

Using Lemma 2.3, the Alexander transform Kis(p) belongs to S(X, ¢1,£2) if

[610% + (1 + 61 (2[R — 2))T + (€2 N[ — 1) (1 — £1)]
0=2 .
BB -1)s+1)(0—1)
= 2%) L4 (R - 2)
;; a—Ds+1)( *g; @—1)s+1)@—1)
o~ (L2 X = 1) (1 —6)
+;;(®—ns+ma
< Lo |N[.

By a similar proof of Theorem 3.5 we get that Kis(p) € S(X, ¢y, ¥2) if (3.11)
holds.

Next, since the function

1
5 -
T - Dst1
is decreasing on (1, 00) for each s > 0, we obtain
= 2%) 140 (N —2)
2 (@ 1)s+1)( +g; @—Dst1)(0_1)

o0
EﬂM—l 1_5)
DI L
0=2
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S — 140 (6% -1
:Z((ﬁ—l)s RPN —1ls+2’1)|(a )1)t
9=2 6:2 '
£2|N|—1 (1—+¢y)
+Z 0—1)s+1)d!
< Q+aGR-D)e-1) (R-1)A-)(—2)
s+1 s+1 s+1
_ (BRI +4)e+ (R -1)(4 —2) -1
s+1 ’
and /3 [R| is the bound above the final expression if (3.12) holds. O

Theorem 3.8. Let s € N. The sufficient conditions for the Alexander trans-
form Kis(p) to belong to the family R(X, {1, {2) are

2(21 +1)In2 < st || (3.14)
and

Proof. Since Kis(p) is given by (3.13) and by Lemma 2.4, the Alexander
transform Kis(p) belongs to R(X, 41, {2) if

S 1
522 (Go =09 B((0—1)s+1)(0—1)!

> 2% > 1—51
_Z 5—1)s+1)( +Z; R
< ly|N].

By a similar proof of Theorem 3.6 we get that Kis(p) € R(X,¢;,¢2) if and
only if (3.14) holds.
Next, since the function

(0-1)s+1
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is decreasing on (1, 00) for each s > 0, we obtain

S 40 S 14

2 (@ 1s+ 1)@ 1) *; (@—1)s + D)ol
_ - b - 4
D N RN FES G RP SN (R Prm Y Ca

= 1
+5§ (@ —1)s+ 101
< 651 El(e—l) (1—51)(6—2)
T s+1 s+1 s+1
i+ Le+b -2
B s+1 ’
and l2 |N| is the bound above the final expression if (3.15) holds. O

Remark 3.9. By specializing the parameters X, £1, and 5 in our theorems,
we obtain several results related to the subfamilies S(X, ¢1, ¢2) and R(X, {1, {3).
For example, from Remark 2.1, we get some results for the subfamilies S(R, ¢2),
C(N,ly), R(N, ), S(X), C(R), and R(R). These particular cases not only sim-
plify the general inequalities but also demonstrate the flexibility of our ap-
proach in capturing well-known geometric function families.

4. CONCLUSION

In this study, we established sufficient conditions for the function Y7, de-
fined via the generalized normalized imaginary error function, to be in the
subfamilies of analytic functions S(X,¢;,¢2) and R(R,/;,f2) defined on the
open unit disk C.

Furthermore, we investigated the action of the linear convolution operator
Zis(p) and the Alexander transform Kis(p) on these subfamilies.

The results obtained in this work may motivate further research aimed at
developing new sufficient conditions for functions and operators involving the
generalized normalized imaginary error function to belong to other subfamilies
on (.
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