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ABSTRACT. In the present investigation, our main aim is to derive some con-
ditions on starlikeness, convexity, and close-to-convexity of normalized hyper-
Bessel functions. Also we give some similar results for classical Bessel functions
by using the relationships between hyper-Bessel and Bessel functions. As a re-
sult of the obtained conditions, some examples are also given.

1. INTRODUCTION AND PRELIMINARIES

Bessel and related functions are frequently used in engineering and applied
sciences. For this reason, they have a long history in mathematical studies.
Most of mathematicians have investigated some properties of Bessel and related
functions in different directions. Some of the most important properties of these
functions are geometric properties like univalence, starlikeness, convexity, and
close-to convexity. In 1960, first studies on the univalence of Bessel function have
been done by Brown in [20], while Kreyszig and Todd determined the radius of
univalence of Bessel functions in [25]. In 1984, De Branges has solved famous
Bieberbach conjecture by using hyper geometric functions. After this solution,
geometric properties of some special functions have become very attractive since
hyper geometric series and Bessel type special functions are closely related. As a
result, most of mathematicians have begun to study on geometric properties of
special functions like Bessel, Struve, Lommel, Mittag—LefHer, Wright, and their
some extensions. Some of the obtained geometric properties of above mentioned
functions can be found in [1,3-10, 1214, 16-19]. In fact, the authors have used
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some properties of zeros of the mentioned functions to investigate their geometric
properties. For the properties of zeros of some special functions, one can refer to
papers [11,15,21,23,24,27 28] and the references therein.

The Bessel function is defined by the following infinite series:

(e
To(z) = ; nll' (v+n+1) (5) » 2€C (1.1)

where I'(z) denotes the familiar gamma function. In the literature, there are many
investigations on Bessel and related functions. For example, some geometric
properties of Lommel functions have been studied by using basic concepts of
geometric function theory in [29]. In addition, some geometric properties of
hyper-Bessel function have been investigated in papers [1,2,5]. Motivated by
some earlier works, in this study, our main aim is to obtain some new geometric
properties of hyper-Bessel functions.

Now, we would like to remind the definition of hyper-Bessel function. The
hyper-Bessel function is defined by (see [22])

1" (=2 n(d+1)+v1++7q
J (Z) _ Z (_ ) (d+1)
v nT(yn+n+1)..T(va+n+1)

n>0

(1.2)

Now, we are going to remind some basic definitions in geometric function theory
and give a lemma, which will be used in order to prove our main results.

Let D, be the open disk {z € C: |z| < r} with radius » > 0 and D; = D. Let
A denote the class of analytic functions f : D, — C,by

f(z)=z+ Zanz",

which satisfy the normalization condition f(0) = f/(0)—1 = 0. By S we mean the
class of functions belonging to A, which are univalent in D,.. Also, for 0 < a < 1,
by §*(a), C(«), and K(«) we denote the subclasses of A consisting of functions
which are starlike, convex, and close-to convex of order «, respectively. The
analytic characterizations of these subclasses are

s*(a)z{f:feAand%(zﬁg)) >0zforz€]D},

C(a):{f:feAand%<1+ZJ£/;S)) >aforz€]D},

and
f'(2)
9'(2)

IC(a):{f:feA,ﬂ%(

respectively.
The following result, which is given by Owa et al. [26, p. 67, Corollary 2], will
be required in order to prove the close-to-convexity of the function f.,(z).

>>Ozforz€]D>andg€C(a)},
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Lemma 1.1. If the function f € A satisfies the inequality

1 —
lzf"(2)] < Ta (zeD,0<a< 1),
then .
R(f(z) > ;O‘ (z€D,0<a<1)

Since the hyper-Bessel function z + J,,, which is given by (1.2), does not
belong to the class A, we first perform a natural normalization. The normalized
hyper-Bessel function 7,,(2) is defined by

By combining equalities (1.2) and (1.3), we get the following infinite series rep-
resentation:

(1.3)

(_1)n (dil)n(dJrl)

Tra(2) = Z 4+ 1n...(ya+ 1),

n>0

where (), is the known Pochhammer symbol and it is defined by (8)g = 1 and

(5)n=6(6+1)...(5+n_1):%

for n > 1. As a result, we have that the function

(—D)™ n(d+1)+1
d - jd =
Fule) =20 =2 D G

is in the class A, where D = W.
We would like to remind here that the following well-known inequalities
(B8)" < (8, (1.4)
and
2" < p! (1.5)

are true for n € {1,2,...}. Also, we are going to use the following well-known
triangle inequality

|Zl + 22’ < |Zl| + |ZQ| (21,22 & C) (16)
and reverse triangle inequality
|21 = 22| 2 [|21] — [22]| (21,22 € C) (L.7)

in order to prove our assertions. In addition, the following geometric series sums

I — ("] < 1), (1.8)

1—r
n>1

ann—l — q —1r)2 (Jr] < 1), (1.9)

n>1
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and

S ntnt = HT (Ir] < 1) (1.10)

3
n>1 T)

will be used to prove our results.

2. MAIN RESULTS
In this section, we present our main results.

Theorem 2.1. Let o € [0,1), k1 = [[, (v + 1), and kg =[], (v +2) > 0. If

4%2
(d + ].)d (2/‘62 — D) [Iil (2/{2 — D) — 2Dli2]

then for all z € D the hyper-Bessel function f., (z) is starlike of order c.

<1-—a,

Proof. In order to prove the starlikeness of order « of the function z — f,,, it is
f“ — 1’ < 1 — « holds true for o € [0,1)

and z € . By using the infinite serles representation of the function z — f,,,
the identity (5), = (8 + 1),—1 and the inequalities, which are given by (1.4),
(1.5), and (1.6), we can write that

f'Yd(Z) o

z

enough to show that the inequality

Z n(d+ 1)(—=D)" Jn(d+1)
w1 H?=1<’Yi + 1)

Cd+41
-2

Fa(2) —

Z TL(_D)n Zn(d_H)
n>1 n! Hle(’% + 2)n71

(d+1)D n(—D)" !
: E:W*FHA%+2W*

- K
1 n>1

B <d+1)DZn<£)n_l
N K1 2/‘62 ’
n>1

Now, using the known geometric series sum, which is given by (1.9), for %’ <1,
we get
Jra(2) Arp?
! — : 2.1
Fa(?) z | 7 (d4+ 1)k (2ry — D)? (2.1)

In addition, using the reverse triangle inequality which is given by (1.7) implies
that

f’Yd ' 1+ Z Zn(d-l—l)
TL' Hz 1 71 1)”

n>1

D D n—1
>1- = = .
- HIZ(2/€2>

n>1
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For %‘ < 1, we obtain that
fra(2) > K1(2k9 — D) — 2D/@2‘ (2.9)
z K1(2r9 — D)

By considering inequalities (2.1) with (2.2), we have that

Zf;d(z) ‘ dko

—— -1 < y :

fra(2) (d+ 1) (2ry — D) [k1 (29 — D) — 2Dky)
Thus, the function 2z — f,, is starlike of order @ under the assumption. OJ

Theorem 2.2. Let o € [0,1), k1 = Hle (v + 1), and ky = H?Zl (v+2)>0.If

4(d + 1)Dko?[2k2(d + 2) + dD)]
(2k9 — D) {K1(2k9 — D)? — 2Ky D[2K2 (d + 2) — D]}

<1-—aq,

then for all z € D, the hyper-Bessel function f.,(z) is convex of order .

Proof. For the convexity of order « of the function f,,(z), it is enough to show

fo,%(f)) < 1—a holds true for @ € [0,1) and z € D. From the
Yd

infinite series representation of the function f,,(2) and the inequalities, which are
given by (1.4), (1.5), and (1.6), we can write that

that the inequality

7 ()] = |30 2+ DI+ D+ YD

n>1 n! H?:1(%‘ + n
S n2(d+ D(=D)" gy 3 n(d+ (D) i
d d
n>1 n! [Timy (i + D n>1 ! Tim (i + D
(d+1)°D S D!
>~ n
Rl w1 H?:1<%‘ + 2)n-1
d+1)D Dr1
Py

n
K1 n>1 n! H?:l(% + 2)n—1

(d+1)°D ,/( D\"" (d+1)D D\"!
<= — ~ = — ,
- K1 Zn 2/%2 + K1 Zn 2/'{,2

n>1 n>1

Now, using the known geometric series sums which are given by (1.9) and (1.10)

for ’2&‘ < 1, we have
K2

" 4(d + 1)Dk3[ko(2d + 4) + dD)]
< .
‘Z ’Yd(Z)’ - R1(2/€2 — D)3

(2.3)
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From the inequalities, which are given by (1.4), (1.5), and (1.7), it can be easily

seen that
[FLE)] =1 +Z 1](_D /" s
d+ 1)+ 1]D"
>1- Z [n( _; ) ]
n>1 n! [Tim (v + D
[(d+1)D Dr1 D pDn-1
=1- ( : Z n d +— d
1 n>1 i (Vi + 2 M n>1 n! [Timy (i + 2)n

[(d+1)D D\"' D D\"!
>1— |7 = = = ,
L n>1

n>1

Now, by making use of the geometric series sums which are given (1.8) and (1.9),
we get
, K1 (2%2 — D)2 — 2H2D<I€2(2d —+ 4) — D)
>
|£5.(2)] = k1 (202 — D)2

(2.4)

for ‘%‘ < 1. Finally, if we consider inequality (2.3) with (2.4), then we have

2/, (2) A(d + 1) Dry?[2k5(d + 2) + dD)]
’/Yd(z) - (2/‘4?2 — D) {H1(2/ﬁ)2 — D)2 — 2/4,2D[2/ﬁ}2 (d -+ 2) — D]} ’
As a consequence, the proof is completed. O

Theorem 2.3. Let o € [0,1), ry = [[, (v + 1), and kg = [[\_y (3 +2) > 0. If

16(d + 1) Dko?[2k5(d + 2) + dD)]
K1 (2/432 — D)3

<1-—a,

then for all z € D the hyper-Bessel function f,,(z) is close-to-convex of order Ha
and so R (f],(2)) > 2.

Proof. 1t is known from inequality (2.3) that

4(d + 1)Dr3[ko(2d + 4) + dD)]
K1 (2/‘62 — D)S

|2f7,(2)] <

for all z € D. By using Lemma(1.1), it is clear that

11—«
4

|2f7,(2)] <
for
K1(21€2 — D)3 )

This implies that the hyper-Bessel function f,,(2) is close-to-convex of order 1+

and so R (f] (z)) > =, D

0<a<l-—

(8]
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It is important to mention here that there is a close relationship between hyper-
Bessel functions and classical Bessel functions. More precisely, by putting d = 1
and y; = v in expressions (1.2), we have the classical Bessel function which is
given by (1.1). By considering this close relationship in our main theorems, we
have the following results.

Corollary 2.4. Let a € [0,1) and 2 € D. If s sa s < | — @, then the

function f,(z) = 2"T'(v + 1)2'77J,(2) is starlike of order «.

Corollary 2.5. Let a € [0,1) and z € D. If rrmaibat ) < 1-a,

then the function f,(z) = 2"T(v + 1)2'7"J,(2) is convez of order c.

Corollary 2.6. Let a € [0,1) and » € D, If ZUADEVE0 1 — o then the

function f,(z) = 2"T'(v + 1)2'7"J,(2) is close-to-convex of order 1£<.

3. APPLICATIONS

It is well-known from [9, p. 13-14] that the basic trigonometric functions can
be represented by the classical Bessel function J, for appropriate values of the
parameter v. Clearly, for v = —1, v = 1 and v = 2, respectively, we have the

) T 27 2 27
following equalities:

/2 /2 /2 [sinz
1 —cosz,J1 =/ —sinz and Js— — —cosz | .
2 TZ T2 Tz

By considering the above special cases, some examples can be given.

N}

Example 3.1. Let o € [0,1) and z € D. The following assertions hold true:

i. For av < ay = 0.564, the function f_ ( ) = zcos z is starlike of order a.
ii. For a < ay = 0.955, the function f%(z) = sin z is starlike of order a.

iii. For v < a3 = 0.983, the function f3 (2) = 2 (sinz — zcos 2) is starlike of
order o.

iv. For v < ay = 0.005, the function fs (z) = 3 (sinz — z cos z) is convex of
order «.
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