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1. Introduction and preliminaries

Special functions appears in many branches of mathematics and applied sciences. One of the most
important special functions is Bessel function of the first kind J,. The Bessel function of the first kind
J, s a particular solution of the following homogeneous differential equation:

2w (2) + 2w (2) + (z2 - vz) w(z) =0,

which is known as Bessel differential equation. Also, the function J, has the following power series

representation:
1) (2 2n+v
1y (5)

VOEDY AT +v+1)

n>0

where I'(z) denotes Euler’s gamma function. Comprehensive information about the Bessel function
can be found in Watson’s treatise [1]. On the other hand, there are some g-analogues of the Bessel
functions in the literature. At the beginning of the 19 century, with the help of the g-calculus, famous
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English mathematician Frank Hilton Jackson has defined some functions which are known as Jackson’s
g-Bessel functions. The Jackson’s second and third g-Bessel functions are defined by (see [2—4])

@ P o ' (é)zw

(@ Do (@ D@5

IP(@q) = ) (1.1)

and
v+l1.

Iz q) = @7 @ Gl Vi zn(n+1)
! (@ Do (@ D@5

) (1.2)

where z € C,v > -1, € (0,1) and

n

@qo=1(@qgn=]](1-ad") @ae=][(1-ad").

k=1 k>1

Here we would like to say that Jackson’s third g-Bessel function is also known as Hahn-Exton g-
Bessel function due to their contributions to the theory of g—Bessel functions (see [5,6]). In addition,
it is known from [2] that these g-analogues satisfy the following limit relations:

lim J,2((1 - 9)z: ) = J,(z) and lim JP(1 = g)z:q) = J(22).
q—=1" q—=1"

Also, it is important to mention here that the notations (1.1) and (1.2) are from Ismail (see [3,7]) and
they are different from the Jackson’s original notations. Results on the properties of Jackson’s second
and third g-Bessel functions may be found in [2,6—15] and the references therein, comprehensively.

This paper is organized as follow: The rest of this section is devoted to some basic concepts and
results needed for the proof of our main results. In Section 2, we deal with some geometric properties
including starlikeness and convexity of order @ of normalized g-Bessel functions. Also, we present
some results regarding Hardy space of normalized g-Bessel functions.

Let U = {z € C : |z] < 1} be the open unit disk and H be the set of all analytic functions on the open
unit disk U. We denote by A the class of analytic functions f : U — C, normalized by

fR=2+) a" (1.3)

n>2

By S we mean the class of functions belonging to A which are univalent in U. Also, for0 < a < 1,
S* (@) and C(@) denote the subclasses of S consisting of all functions in A which are starlike of order
a and convex of order « in the open unit disk U, respectively. When @ = 0, we denote the classes
S*(a) and C(a) by 8* and C, respectively. The analytic characterizations of these subclasses can be
given as follows:

S*(w) = {f . f € Aand ?%(Z;;ii)) >aforze U} (1.4)
and .
C(a)={f:f€ﬂand‘R(l+Z]]:,(g))>aforzeU}, (1.5)

respectively. In [16], for @ < 1, the author introduced the classes:

P(a) = {p € H : Iy € R such that p(0) = 1, R |"(p(z) — @)| > 0,z € U} (1.6)
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and
R(@) = {f € A: In € R such that R [¢"(p(z) — )] > 0,z € U}, (1.7)

When n = 0, the classes P(a) and R(@) will be denoted by Py(a) and Ry(@), respectively. Also, for
a = 0 we denote Py(@) and Ry(@) simply by P and R, respectively. In addition, the Hadamard product
(or convolution) of two power series

fi) =2+ ) @ and @) =2+ ) b7

n>2 n>2

is defined by
(fi )@ =2+ ) anb,2".
n>2
Let H” (0 < p < o0) denote the Hardy space of all analytic functions f(z) in U, and define the
integral means M ,(r, f) by

1

My(r, f) = (1.8)

SUPo<o<2r |f(rei9)| , if p = o0.

An analytic function f(z) in U, is said to belong to the Hardy space H” where 0 < p < oo, if the set
{M,(r, f) : r € [0,1)} is bounded. It is important to remind here that /” is a Banach space with the
norm defined by (see [17])

If1l, = lim M, (7, f)

for 1 < p < oo. On the other hand, we know that H* is the class of bounded analytic functions in U,
while H? is the class of power series Y a,z" such that la,|* < oo. In addition, it is known from [17]
that H is a subset of H? for 0 < p < g < o0. Also, two well-knonw results about the Hardy space H?”
are the following (see [17]):

f e HI, Vg <1

" (1.9)
feH™, Vg € (0, 1).

Rf'(z)>0= {

In the recent years, the authors in [18-20] proved several interesting results involving univalence,
starlikeness, convexity and close-to-convexity of functions f € A. Later on, many authors investigated
geometric properties of some special functions such as Bessel, Struve, Lommel, Mittag-Leffler and
Wright by using the above mentioned results. Furthermore, Eenigenburg and Keogh determined some
conditions on the convex, starlike and close-to-convex functions to belong to the Hardy space H?”
in [21]. On the other hand, the authors in [16,22-27] studied the Hardy space of some special functions
(like Hypergeometric, Bessel, Struve, Lommel and Mittag-Lefller) and analytic function families.

Motivated by the above studies, our main aim is to determine some conditions on the parameters
such that Jackson’s second and third g—Bessel functions are starlike of order @ and convex of order a,
respectively. Also, we find some conditions for the hadamard products h(vz)(z; q)* f(z) and h$,3 )(z; Q)+ f(2)
to belong to H> N R, where Pz q) are Jackson’s normalized g-Bessel functions which are given by
(2.1) and (2.2) for k € {2,3}, and f is an analytic function in R. Morever, we investigate the Hardy
space of the mentioned g—Bessel functions.

The next results will be used in order to prove several theorems.
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Lemma 1. []19] Let f is of the form (1.3). If

(o)

PNCETIAES T (1.10)

n=2
then the function f(z) is in the class S*(a).

Lemma 2. [19] Let f is of the form (1.3). If

(9

Zn(n—a/)lanlsl—a/, (1.11)

n=2
then the function f(z) is in the class C(a).

Lemma 3. [2]] Let a € [0, 1). If the function f € C(«) is not of the form

£@) = k+ log (1 - ze"), a=1
for some k,l € C and 6 € R, then the following statements hold:

a. There exist 6 = 6(f) > 0 such that ' € HO* T
b. Ifae [O, %) , then there exist T = ©(f) > 0 such that f € Hm .
c. Ifa>1 then fe H™.

>3,
Lemma 4. [28] Po(a@) * Po(B) C Po(y), where y = 1 —2(1 — a)(1 — ). The value of y is the best
possible.

In addition to the above Lemmas, in proving our assertions we will use some inequalities and series
sums. It is easy to see that the following inequalites

q(n—l)(n—l+v) < q(n—l)v’ (113)
g < gt (1.14)
n—1
(@ =] |- > -gr", (1.15)
k=1
and 1
@ = [a=g" > 1 =g (1.16)
k=1
hold true forn > 2, g € (0, 1) and v > —1. Furthermore, it can be easily shown that the following series
sums -
Dot —, (1.17)
n>2 I-r
_ 2-7)
pl= L , 1.18
; A s (1.18)
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2 -3r+4
anr”‘l = —r(r(l — :)3 ) (1.19)
n>2
and . |
y
Z—:logl_ —r (1.20)
n>2 n r

hold true for || < 1.
2. Main results

In this section we present our main results. Due to the functions defined by (1.1) and (1.2) do not
belong to the class A, we consider following normalized forms of the g-Bessel functions:

(_ 1 )n—lq(n—l)(n—1+v)

WY@ ) = 20 P (Ve =2+ ) 4 " 2.1)

n>2

Z
NG Dn1(@"+5 @

and

h(3)( ) ( ) 1—%J(3)(\/_ ) + Z (_1)n—lq%(n—l)n . (2 2)
y Z;q) = ¢,\g)2 v 2;q) =12 Z, .
(@ Dn-1(@"" 5 D1

where ¢,(q) = (¢; Q)e/(¢"™"; @)eo. As a result, these functions are in the class A. Now, we are ready to

present our main results related to the some geometric properties and Hardy class of Jackson’s second
and third g-Bessel functions.

Theorem 1. Leta € [0,1), g € (0,1), v> —1 and
40 -9l -¢"H)—-¢q" > 0. (2.3)

The following assertions are true:

a. Ifthe inequality

_ @ +801- 920 -¢")* = 8q"(1 —9)(1 - ¢)

> (2.4)
g7 +8(1 —)*(1 - ¢")* - 6¢"(1 - ¢)(1 - ¢")
holds, then the normalized q—Bessel function z — B (z; q) is starlike of order a in U.
b. If the inequality
o 247 =247 —g)(1 = g") + 112¢"(1 = ¢*(1 = ¢")* — 64(1 = 9)’(1 - ¢")’° 2.5)

2¢™ = 24¢7(1 — g)(1 — ) + 80g"(1 — 9)*(1 - ¢")* — 64(1 — ¢)*(1 — ¢")°
holds, then the normalized q—Bessel function 7 — WP (z; q) is convex of order a in U.

Proof. a. By virtue of the Silverman’s result which is given in Lemma 1, in order to prove the
starlikeness of order a of the function, z — hiz)(z; g) it is enough to show that the following

inequality
=) n-a

(_ l)n—lq(n— D(n—1+v)

<1- 2.6
g @ o S (26)
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holds true under the hypothesis. Considering the inequalities (1.13), (1.15) and (1.16) together
with the sums (1.17) and (1.18), we may write that

=) n-a

(_ l)n—lq(n—l)(n—1+v)

4N q; Qu-1(@"*; @Inn
(n—1)(n—1+v)

= > - )
4Uq; Qn1(@" s @nr

n>2

q(ﬂ—l)v
< ;(l’l - (Y)4n_1(1 _ q)n—l(l _ qv)n_l

v n-1
= _ q
_;(l’l a)[4(l_q)(l_qv)]

v n—1 Y el

— q B q
l ;n[““ - —qv)] az; [4(1 —q)(1 - qV)]
_q¢®1-90-9)-q") _ 7

Gl-g-g) -7 d-gl-g)-q"

The inequality (2.4) implies that the last sum is bounded above by 1 —a. As aresult, x; <1 —«a
and so the function z — A (z; q) is starlike of order  in U.

b. It is known from the Lemma 2 that to prove the convexity of order @ of the function z — h$(z; ¢),
it is enough to show that the following inequality

KQ:Zn(n—a)

(_ 1 )n—l q(n—l)(n—1+v)
4 q; Qu-1(@"*; @n

<l-a (2.7)

is satisfied under our assumptions. Now, if we consider the inequalities (1.13), (1.15) and (1.16)
together with the sums (1.18) and (1.19) then we may write that

K2:Zn(n—a)

(_ l)n—lq(n—l)(n—l+v) ‘
A=1(gq; @n1 (@5 @Inn

n>2
i Zz: = 4n—1(qfl;l)_,:_)(1n(;:1); Dn-1
< D07 =) 5)(11)(1 — g
v n-l
= ;("2 ~na) [4(1 - qz(l - qv)]
i Zz;‘ g [4(1 - qc;zl - qr”)]n_1 ¢ ZZ; ! [4(1 - qul - qv)]n_l

7 (641 - (1 - ¢ - 12¢(1 )1 =) +¢*) 81 - )1 - "))
= - .
@G(1l-9-q)-¢q) G1l-g9d-q)—¢q)
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The inequality (2.5) implies that the last sum is bounded above by 1 — @. Asaresult, x; < 1 —«
and so the function z — h(vz)(z; q) is convex of order « in U.

O
Theorem 2. Let a € [0,1), g € (0,1), v> —1 and
(I-g)(1-q") - +gq>0. (2.8)
The next two assertions are hold:
a. If the inequality
2q(1 = @)1~ ¢) g~ (1~ (1 ~¢") ~ va) )
(1 =1 -¢) - va) (2va— (1 - )1 - ) '
holds, then the normalized q—Bessel function 7 — K (z; q) is starlike of order a in U.
b. If the inequality
. 44g(1 - g1 = ¢ = 3q(1 = )(1 = @) + g G - (1 - 9)(1 - ¢) - «/f?)3 2.10)

(-9 =)= @) (2va - )1 - ¢) - g~ (1 -1 - ) - va) )

holds, then the normalized q—Bessel function z — h(v3)(z; q) is convex of order a in U.

Proof. a. By virtue of the Silverman’s result which is given in Lemma 1, in order to prove the
starlikeness of order a of the function, z +— hf)(z; q) it is enough to show that the following

inequality

=) (n-a)
holds true under the hypothesis. Considering the inequalities (1.14), (1.15) and (1.16) together
with the sums (1.17) and (1.18), we may write that

(_l)n—lq%n(n—l)
K3 = (n—a)
1= '(q; D1 @

(_l)n—lq%n(n—l)
(4 D15 Qs

<l-a (2.11)

Lam-1)

e q
= - @ Dot (@ s

n>2
q%(”—l)
< ;(l’l - a')(l _ q)n—l(l _ qy)n_l
— #]n_l _ [&]n—l
_;n[(l_qxl_qy) OK; (1-¢)(1-gq
:2\/5(1_4)(1—q”)—q \/a

04
(- -g)-ya) (-00-a)-a

The inequality (2.9) implies that the last sum is bounded above by 1 —@. Asaresult, k<3 < 1 —«
and so the function z — A (z; q) is starlike of order « in U.
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b. It is known from the Lemma 2 that to prove the convexity of order « of the function z — hf)(z; q),
it is enough to show that the following inequality

K4:Zn(n—oz)

(_ 1 )n—l q%n(n—l)
(@ D1 (@5 Pnr

1-a (2.12)

is satisfied under the assumptions of Theorem 2. Now, if we consider the inequalities (1.14),
(1.15) and (1.16) together with the sums (1.18) and (1.19) then we may write that

K4:Zn(n—oz)

(_ 1);1—1q%n(n—1)
(@5 Dn1(@+; Pt

n>2
~ B q%n(n—l)
) Z;A O D@ s
2 (\/a)n—l
D
~ ) \/q ]n—l B [ \/6 ]n—l
) Z;*" [(1 “(1-q) “Z;” 1- (-
_ 4y -9’1 - ¢ -3¢0 )1 -¢) +qvq 2NV -9d-q)—q
(1-g)1-¢) - va) (1-g)1-¢") - va)

The inequality (2.10) implies that the last sum is bounded above by 1 —a. Asaresult, ks < 1 -«
and so the function z — h(f)(z; q) is convex of order « in U.

O
Theorem 3. Let a € [0, 1), g € (0,1) and v > —1. The following assertions hold true:

a. If the inequality (2.3) is satisfied and

_ -9 -g) 2" o1
41-g9l-g)—-q"
then the function @ is in the class Po().
b. If the inequality (2.8) is satisfied and
1-g)(1-¢q")-2

I-9-9")-2+/q (2.14)

T U-pU-g)-vq

e
Z

then the function is in the class Py(a).

2)/.. 2),.
Proof. a. In order to prove }# € Po(a), it is enough to show that ‘R(@) > «. For this

@),
purpose, consider the function p(z) = ﬁ (@ - a/). It can be easly seen that [p(z) — 1] < 1
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implies %(M) > . Now, using the inequalities (1.13), (1.15), (1.16) and the well known

geometric series sum, we have

Z ( 1)n 1 (n D(n—1+v)
4n- l(q q)n 1((]”“, Q)n 1

n—1
2(40 —g(1 - V))

q q !
4(1 —a)1l-g)-¢q) Z (4(1 —g)(1 - V))

n=0
q

(-l -9d-¢)-qT

71 —a/} -1

lp(2) = 1| = ‘

v

It follows from the inequality (2.13) that [p(z) — 1] < 1, and hence 2252 ¢ Py (a).
b. Similarly, let define the function #(z) = ]i (h &g a) By making use of the inequalities (1.14),

(1.15), (1.16) and the geometric series sum, we can write that
n-1,inn—
Z (_1) 1q2 =D Zn—l —a _1
(@ D15 -1

1 \/C_] n—1
= l—az(u —od —qV))

n>2

S 2l=aa=m)
T (- -g90-q) (I-g91-q")

n>0
= \/6 .
(1-a)|(1-g)(1 - ¢") - vq|

lt(z) — 1] =

But, the inequality (2.14) implies that |#(z) — 1| < 1. Therefore, we get m is in the class Py(a),
and the proof is completed.
O

Setting @« = 0 and @ = % in the Theorem 3, respectively, we have:

Corollary 1. Let g € (0,1) and v > —1. The next claims are true:

j — —_g") — ¥ e
L If2(1 —qg)1—-q")—q" >0, then T € P.
ii. If (1= q)(1 = ¢") = 2yg > 0, then "252 e .
i, If4(1 = g)(1 — g") = 3" > 0, then @ € Py (%)
; v ) 1
vi. If (1= q)(1 = g") = 3+/g > 0, then "=E2 ¢ Py (1),

Theorem 4. Let « € [0,1), g € (0,1), v > —1. If the inequalities (2.3) and (2.5) are satisfied, then
>(z; q) € H™7 for a € |0, %) and hP(z; q) € H* for a € (3,1).
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Proof. 1t is known that Gauss hypergeometric function is defined by

Fi(ab.e) =y (@n(b)n 2" (2.15)

;-
~ (), n!

Now, using the equality (2.15) it is possible to show that the function z h?(z; q) can not be
written in the forms which are given by (1.12) for corresponding values of a. More precisely, we can
write that the following equalities:

lZ (1 2CZ)n 10n n+l1
k+ W—k+lz 2" (2.16)
n>0

and
k+1log (1 —ze) = k —ZZ et 7+ (2.17)

n>0 +1
hold true for k,/ € C and 6 € R. If we consider the series representation of the function z +— h(vz)(z; q)
which is given by (2.1), then we see that the function z hiz)(z; q) is not of the forms (2.16) for @ # %
and (2.17) for a = %, respectively. On the other hand, the part b. of Theorem 1 states that the function
z — hP(z; q) is convex of order @ under hypothesis. Therefore, the proof is completed by applying
Lemma 3. o

Theorem 5. Let a € [0,1), g € (0,1), v > —1. If the inequalities (2.8) and (2.10) are satisfied, then
Wz q) € H™= fora € [O, %) and h$(z; 9) € H® for a € (%, 1).

Proof. From the power series representation of the function z — h'”(z; ¢) which is given by (2.2) it can
be easily seen that this function is not of the forms (2.16) for @ # % and (2.17) for a = % respectively.
Also, we know from the second part of Theorem 2 that the function z h(f)(z; q) is convex of order @
under our asumptions. As consequences, by applying Lemma 3 we have the desired results. O

Theorem 6. Let g € (0,1), v > —1 and f(z) € R be of the form (1.3). The following statements are
hold:

a. If4(1 — g)(1 — q") — 3q” > 0, then the hadamard product u(z) = W2z Q) * f(z) e H*NR.
b. If (1 — g)(1 — q") = 3+/q > 0, then the hadamard product v(z) = Wz q) * f(z) e H*NR.

Proof.  a. Suppose that the function f(z) is in R. Then, from the definition of the class R we can
say that the function f’(z) is in . On the other hand, from the equality u(z) = W2z q) * f(2)

2.,
we can easily see that u'(z) = W % f’(z). It is known from part iii. of the Corollary 1 that the

function @ € Py (%) So, it follows from Lemma 4 that u’(z) € P. This means that u(z) € R
and R (¢/(z)) > 0. If we consider the result which is given by (1.9), then we have u’(z) € H? for
p<landu(z) e H T for 0 < q < 1, or equivalently, u(z) € H? for all 0 < p < oo.

Now, from the known upper bound for the Caratreodory functions (see [29]), we have that, if the
function f(z) € R, then n|a,| < 2 for n > 2. Using this fact together with the inequalities (1.13),
(1.15), (1.16) and the sum (1.20) we get

( 1)n 1 ,(n—-1)(n—1+v)

n

a,z

lu(2)| =

=|z+
Z 41 g Qn-1 (@5 @

n>2
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2 o 2( 1 )
<l+— —=1+—|lo — ,
PlZn P1 gl—Pl .

n>2

where p; = m This means that the function z — u(z) is convergent absolutely for |z] = 1
under the hypothesis. On the other hand, we know from [17] that «’(z) € H? implies the function
u(z) is continuous in U, where U is closure of U. Since U is a compact set, u(z) is bounded in U,
that is, u(z) € H®.

b. If f(z) € R, then f'(z) € P. Also, v(z) = i) (z; q) * f(z) implies V' (z) = @ % /(). We known
from part vi. of the Corollary 1 that the function L (Z bhed ¢ p, ( ) So, by applying Lemma 4 we
get V'(z) € P. That is, v(z) € Rand R (V'(z)) > 0. Now from (1.9), we have that v'(z) € H?
for p < 1 and v(z) € H™ for 0 < q < 1, or equivalently, v(z) € H? for all 0 < p < oco. Using

the well-known upper bound for the Caratreodory functions together with the inequalities (1.14),
(1.15), (1.16) and the sum (1.20) we have

v(z)| =

(_l)n—lq%n(n—l) ;
=|z+ a,z
; (@ Dn-1(g"*"5 @t

2 o 2( 1 )
<l+— ) —==1+—|lo -2,
Pzzn P2 gl—Pz P2

n>2

where p, = %. So, we can say that the function z — v(z) is convergent absolutely for |z| = 1
under the stated conditions. Also, it is known from [17] that v'(z) € H? implies the function v(z)
is continuous in U. Since U is a compact set, we may write that v(z) is bounded in U. Hence
v(z) € H* and the proof is completed.

]

Theorem 7. Let a € [0,1), < 1,y =1-2(1 —a)(1 —pB), g € (0,1) and v > —1. Suppose that the
function f(2) of the form (1.3) is in the class Ro(B). The following statements hold true:

a. If the inequalities (2.3) and (2.13) are hold, then u(z) = W2 (z; q) * f(2) € Ro(y).
b. If the inequalities (2.8) and (2.14) are hold, then v(z) = h$(z; q) * f(2) € Ro(y).

Proof. a. If f(z) € Ro(B), then this implies that f'(z) € Py(B8). We know from the first part of

Theorem 3 that the function H2(zg) (Z 9 is in the class Po(@). Since ' (z) = Hg) (Z D 4 f'(2), taking into
acount the Lemma 4 we may wrlte that u'(z) € Po(y). This implies that u(z) € Ro(y).
b. Similarly, f(z) € RO(B) implies that f'(z) € Py(B). It is known from the second part of Theorem 3
that the function ™ (Z % @9 s in the class Py(@). Using the fact that v/(z) = 2 3)5;") * f’(z) and Lemma
4, we have v'(z) € 7’0()/) As aresult, v(z) € Ro(y). '
O

3. Conclusions
In this paper, some geometric properties like starlikeness and convexity of order a of Jackson’s
second and third g-Bessel functions are investigated. Also, some immediate applications of convexity

involving Jackson’s second and third g-Bessel functions associated with the Hardy space of analytic

AIMS Mathematics Volume 5, Issue 4, 3156-3168.
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functions are presented. In addition, some conditions for the mentioned functions to belong to the class
of bounded analytic functions are obtained.
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