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Geometric properties of generalized Bessel functions

By ARPAD BARICZ (Cluj-Napoca)

Abstract. In this paper our aim is to establish some geometric properties (like
univalence, starlikeness, convexity and close-to-convexity) for the generalized Bessel
functions of the first kind. In order to prove our main results, we use the technique
of differential subordinations developed by MILLER and MOCANU, and some classical
results of OzAKI and FEJER.

1. Introduction and preliminary results

In 1960 KREYSZIG and ToDD [14] has determined the radius of univalence
of the function z — 2'7P.J,(z), where J, is the Bessel function of the first kind,
defined by (2.2). At the same time BROWN [9] has discussed the radius of uni-
valence of the functions z — J,(z) and 2z +— [Jp(z)]l/ P for certain complex values
of p using the methods of NEHARI and ROBERTSON. SELINGER [22] in 1995
used differential subordinations to investigate certain geometric properties of the
function z + 27P/2.J,(2'/2). Motivated by the results of SELINGER, recently the
author [2] extended the results from [22] to generalized Bessel functions. How-
ever, there is a little mistake which appears in the papers [2] and [22], namely
in the proofs of the main results of the above mentioned papers the investigated
functions in the question should be multiplied with a factor. In this paper our
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aim is to clarify this miss-understanding (see Section 2) and motivated by the
above results to generalize further the results of Selinger using the technique of
differential subordinations (see Section 3). Moreover, we determine conditions of
close-to-convexity and univalence of these functions using sufficient conditions of
univalence due to FEJER [11] and OzAKI [18] (see Section 4). To achieve our goal
in this section we recall some basic facts and preliminary results.

Let D = {# € C : |z2| < 1} be the open unit disk. An analytic function
f: D — C is said to be convex if it is univalent and if it maps D conformally onto
a convex domain, i.e. f(D) is a convex domain. It is known (see [10]), that f is
convex if and only if f/(0) # 0 and

Re[l+zf"(2)/f'(2)] >0 forall z €D.

If, in addition,
Re[l+zf"(2)/f'(2)] > a for all z €D,

where 0 < o < 1, then f is called convex of order .

An analytic function g : D — C with ¢g(0) = 0, is said to be starlike if it
is univalent and g(ID) is starlike with respect to the origin. The function g with
g(0) = 0 and ¢’(0) # 0 is starlike (see [10]) if and only if

Re[z9'(2)/g(2)] > 0 for all z € D.

If, in addition,
Re[2¢'(2)/g(2)] > a for all z € D,

where 0 < a < 1, then g is called starlike of order « (see [12]). We remark that,
according to the Alexander duality theorem [1], the function f : D — C is convex
of order o, where 0 < o < 1 if and only if 2z — zf/(z) is starlike of order .

The analytic function f : D — C is said to be close-to-convex (or is said to be
close-to-convex with respect to the function ¢), if there exists a convex function
@ : D — C such that

Re[f'(2)/¢'(2)] >0 for all z € D.

We note that, analogously an analytic function f : D — C is called close-to-convex
of order «, where 0 < «a < 1, if there exists a convex function ¢ : D — C such
that

Re[f'(2)/¢'(2)] > a for all z € D.

We note that every starlike (and hence convex) function of the form z + as2? +
... 4+ apz™ 4+ ... is in fact close-to-convex, and every close-to-convex function is
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univalent. However, if a function is starlike then it is not necessary that it will
be close-to-convex with respect to a particular convex function. For more details
we refer the interested reader to the papers [10], [13], [18] and to the references
therein.

The next lemmas will be used to prove several theorems.

Lemma 1.1 ([15]). LetE be a set in the complex plane C and ¢ : C3xD ~ C
a function, that satisfies the admissibility condition ¥ (pi, o, u + vi; z) ¢ E, where
z€D,p,o,u,vERwithut+o <0ando < —(1+p?)/2. If h : D — C, which satis-
fies h(0) = 1, is analytic and for all z € D we have 1 (h(2), zh'(z), 221/ (2); z) € E,
then Re h(z) > 0 for all z € D. In particular, if we only have ¢ : C2 x D +— C, the
admissibility condition reduces to ¥(pi,o;z) ¢ E for all z € D and p,o € R with
o< —(1+p?)/2.

Lemma 1.2 ([18]). If the function f(z) = z + ag2® + ... + ap2" + ... is
analytic in D and in addition 1 > 2a2 > ... >na, > ... >0o0r1 <2a, < ... <
na, < ...<2, then f is close-to-convex with respect to the convex function z —
—log(1—z). Moreover, if the odd function g(z) = z+bz2+. ..+ bgy 12214+ ..
is analytic in D and if 1 > 3bg > ... > (2n+ 1Dbypt1 > ... >0o0r1 <3b3 < ... <
(2n + 1)bopy1 < ... <2, then g is univalent in D.

We note that, as PONNUSAMY and VUORINEN [20] pointed out, proceeding
exactly as in the proof of Lemma 1.2 one can verify directly that if the odd
function g satisfies the hypothesis of Lemma 1.2, then g is close-to-convex with
respect to the convex function
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We end this section with the next classical and interesting results of FEJER.

Lemma 1.3 ([11]). If the function f(z) = ajz+ax2z?+...+a,2"+. .., where
a1 =1 and a,, > 0 for all n > 2, is analytic in D and if the sequences {nan, }n>1,
{nan, — (n 4+ 1)ayn+1}n>1 both are decreasing, then f is starlike in D. Moreover,
if for the analytic function g(z) = by +boz + ...+ by 412" + ..., where by = 1 and
by, > 0 for all n > 2, we have that {b, },>1 is a convex decreasing sequence, i.e.,
by, — 2bp41 + buy2 > 0 and b, — b1 > 0 for all n > 1, then Relg(z)] > 1/2 for
all z € D.

It is important to note here that NEZHMETDINOV and PONNUSAMY [16]
using the duality technique have obtained other sufficient conditions over the
Maclaurin coefficients of an analytic and normalized function f that imply its
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starlikeness. More precisely, NEZHMETDINOV and PONNUSAMY [16] in particular
proved that if the function f(2) = z + a22® + ... + a,2" + ... is analytic in D
and in addition 2 < 3as < ... < (n+ 1)a, < ... and na, < 2 for all n > 2, or
2/3>a3>2a3>...>(n—1)a, > ... >0 and na, > ag for all n > 3, then f is
starlike in .

2. Univalence, convexity and starlikeness
of generalized Bessel functions

Let us consider the second-order differential equation [24, p. 38]
22w (2) + 2w’ (2) + (22 — pPw(z) = 0, (2.1)

which is called Bessel’s equation, where p is an unrestricted real (or complex)
number. The function J,, which is called the Bessel function of the first kind of
order p, is defined as a particular solution of (2.1). This function has the form
[24, p. 40]

_ (=" 2\ 2ntp
Jp(z) = nz>0 STy pE— (2> for all z € C. (2.2)

The differential equation [24, p. 77]
22w (2) 4+ 2w’ (2) — (22 + pPw(z) = 0, (2.3)

which differs from Bessel’s equation only in the coefficient of w, is of frequent
occurrence in problems of mathematical physics. The particular solution of (2.3)
is called the modified Bessel function of the first kind of order p, and is defined
by the formula [24, p. 77]

1 2\ 2n+p
I = _ (= fi 11 C. 2.4
»(2) ;nlf(p+n+l)(2) orall z € (2.4)

The differential equation
22w (2) + 220 (2) + [2* — p(p + 1)]w(2) =0, (2.5)

which differs from equations (2.1) and (2.3) in the coefficient of zw'(z) and w(2), is
called the spherical Bessel equation. Its particular solution is called the spherical
Bessel function of the first kind of order p, and is defined by the formula

_ (-1)" 2\ 2ntp
sp(z)_n;)n! r(p+n+g)(2) for all z € C. (2.6)
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Now, let us consider the linear differential equation
22" (2) 4+ bzw'(2) + (c2® + d) w(z) = 0, (2.7)

where b,¢,d,p € C. If, in particular, we choose d = dip? + daop + d3, where
dy,da,ds € C, then this generalizes the equations (2.1), (2.3) and (2.5). Moreover,
this permits to study the Bessel, modified Bessel and spherical Bessel functions
together. Due to our notations using the Frobenius method we can seek the
solution of equation (2.7) in the following form:

w(z) = 2P Z anz".

n>0

It is easy to show that we have the following recursion between the coefficients
an and a,_o of the above infinite power series for all n > 2:

an -n(n+2p+b—1)+a, [(d+1)p*+ (b+ds—1)p+ds] = —c-an_o.
Letting dy = —1, d = 1 — b and d3 = 0, the recursion becomes
an-nn+2p+b—1=—c-ap_2 (2.8)
and the differential equation (2.7) will be the following
220" (z) + baw'(2) + [e2® — p* + (1 — b)p] w(z) = 0. (2.9)
Using the recursive relation (2.8) we get that

(-1)"e"

22n+p
nldn Tl -y (m+p+ 55

w(z) = ao(p) 3

n>0

_1)en bit
:a()(P)Z ) F(p—l— 2 )zQ”ﬂ’

"0 n!4”F(n +p+ HTl)

is a particular solution of equation (2.9), where ag = ag(p) # 0. For convenience
we denote the above particular solution with w,(z) = w(z) and then we choose

ap(p) = [2”1“ (p + b—;lﬂ B

to obtain

(=1)"c 2\ 2ntp
wy(z) = = for all z € C. 2.10
p(2) nzzjonll"(p—i-n—i— ALY (2) (2.10)
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In what follows, by definition, any solution of the linear differential equation
(2.9) will be called the generalized Bessel function of order p, while the particular
solution w,, defined by (2.10) will be called the generalized Bessel function of the
first kind of order p. In the study of geometric properties of these generalized
Bessel functions an interesting method is the technique of differential subordina-
tions, i.e. the application of Lemma 1.1. Thus, we would like to apply Lemma 1.1
for the analytic function h : D — C, defined by h(z) = wp(2) and for the function
1 : C3 x D — C, defined by

¥ (h(2), 20 (2), 2K (2); 2) = 2°h" (2) + bzh/(z) + [cz* — p* + (1 — b)p] h(z),

with E = {0}. But we have that w,(0) = 0, and therefore we consider the
transformation
up(2) = [ao(p)] 27 2wy (21/?)

to obtain wu,(2) = by + b1z + b2z + ...+ b,2" + ..., where for all n > 0

by, = ()T (p+ °5) . (2.11)
nl4nT (n +p+ bizl)

Using the Pochhammer (or Appell) symbol, defined in terms of Euler’s gamma
functions, by (A), =T'(A+n)/T(A) = A(A+1)...(A+n — 1), we obtain for the
function u,, the following form

(—=1)"cm 2" 1 ( 02)"

= —_—— = — = 2.12

up(z) =3 (k) 7l D k), -nl\ 1) (2.12)
n>0 n n>0 n

where k =p+ (b+1)/2 # 0,—1,—2,.... This function is analytic in C, satisfies

the condition u,(0) = 1 and satisfies also the differential equation

422" (2) +2(2p + b+ 1) 20 (2) + czu(z) = 0. (2.13)

For further result on this transformation of the generalized Bessel function, which
is called sometimes as the generalized and normalized Bessel function of the first
kind, we refer to the recent papers [5], [6], [7, 8], where among other things
some interesting functional inequalities, integral representations and extensions
of some known trigonometric inequalities were established. Now, in view of the
above preliminaries the function w, and its transformations z +— zu,(z) and
z — zup(2?) can be studied with the the aid of lemmas 1.1, 1.2 and 1.3. The
mistake in the papers [2] and [22] is that the Lemma 1.1 is applied to the functions

Z zil/pr(zl/Q), Z 271/2Jp(z1/2),
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respectively, and not to the functions
Z [ao(p)]_lz_l/pr(zl/z), 2z 2PT(p+ 1),2_1/2171,(2'1/2)7

respectively. With other words in the proofs of the main results of [2] and [22]
the factors [ag(p)] ™, and 2PT'(p + 1) respectively, are missing. In this section we
would like to present the correct version of the main results of the papers [2] and
[22]. The reason in introducing the above generalized Bessel functions is that the
Bessel and modified Bessel functions has similar properties, and because of this
we would like to have an unified exposition of the results on different types of
Bessel functions. More precisely, the modified Bessel function is in fact just the
Bessel function with imaginary argument, and consequently it maps the unit disk
into the same domain as the Bessel function. In what follows for convenience we
deduce some basic results on generalized Bessel functions, which will be used in
the sequel. As we will see, most of the properties of generalized Bessel functions
can be deduced analogously as for the Bessel and modified Bessel functions.

The next proposition will be applied for the study of the univalence of the
function w,,.

Proposition 2.14. Ifb,p,c € C such that 2p+b+1 #0,—2,—4,..., and
z € C, then for the generalized Bessel function of the first kind of order p the
following recursive relations hold:
(1) 2wp1(2) + ez (2) = (2p + b — Dwy(2);
zwy(2) + (p+ b — Nwy(2) = 2wp—1(2);
2w(2) + ey (2) = puy(2);
[Py ()] = —e2 Pupe (2);
2(2p + b+ Nuy(2) = —cupra(2).

PrROOF. (i) If we compute the expression wp_1(z) + wp+1(2), then we have

Wp—1(2) + wpt1(2) = Z (=1)"c" (E>2n+p_1

=l (p+n+5t)\2
(=D)"e" (z>2”+P+1 1 (Z)P_l
+ - - - (=
nZZ%n!F(paner*Tg) 2 F(er%) 2
(=1)"c (—1)n_1c"_1 (z)Qnﬂ?*l
+ +
7%:1 nll (p+n+2%5)  (n—DIC(p+n+22)|\2
2p+b—1 1 (z)P (—1)"c™ <z>2"+P
= — + —
z I‘(p—l—b“‘Tl) 2 T;nll"@—l—n—i—b'%l) 2
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n n—1

2 (=D)"c" e —1) fz\2ntp
2p+b1§n!r(p+n+b;1)<2) ]

Consequently, we obtain that

2% +b—1
L
z

wp—1(2) + wp41(2)

— —1)m™Hem (e — z\ 2m+p
:2p+b 1[wp(z)+ 2 Z (—1) (c—1) )(2)2 ++2]

z 2p+b—1 = mll (p+m+ 1+

2 b—-1
ST

¥4

z 2p+b—1

(1= upna(2)].

which implies that zw,_1(z)+czwp11(2) = (2p+b—1)w,(2) holds, as we required.
(ii) Analogously, if we compute the expression wp_1(2) — wp+1(2), then we
have

wp—1(2) — wpt1(2) = 2p+b_1) (2)1771

2F(p—|— b+1
" (p+n+ 5 +%)( )2"+P 1 (z)P—l
+Z n'I‘ p+n+b+l) 2 QF( b+1)
p—|—b—1 (f)pfl (_1)n = (E)Qner 1
+2F(p—|—b+—1) 2 +Zn'F(p+n+b+1 2

(=D)"c"(p+b-1) 2n4p—1 (—1)"cn—1 N 2ntp—1
+r§1 2 nlT (p+n+557) <2> > (n—1)T(p+n + 1) (5)

n>1

p+b—-1

/
= wj () + 2

wp(2) = wpy1(2),

and thus we obtain the second recursive relation.

(iii) Combining the recursive relations (i) and (ii), we get that
2w (2) + (p+b— D)y (2) + 20,-1(2) + 2w (2) = (2 + b — Dy (2),

which implies that zwy,(2) + czwp11(2) = pwy(2).

(iv) Using the third recursive relation we obtain

[ Pwp(2)) = 272 [w),(2)2” — pzP ™ wp(2)]

=277 aw) (2) — wp(2)] = —cz Pwpia(2).
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(v) For convenience, we use part (iv). Since from definition and from part
(iv) we have wy(2) = [ag(p)]zPup(2?) and [z7Pwy(2)] = —cz Pwpi1(2), we get

22u;,(2%) = [up(2?)]' = [ao(p)) T [z 77wy (2)) = ~[ao(p)] ™ ez Pwpa(2).
But wy11(2) = [ao(p + 1)]2P T upi1(22), therefore
22w, (%) = —cz[ag(p)] ™~ [ao(p + )] upr1(2%). (2.15)

Now, if we compute the expression [ag(p+1)]/[ao(p)], using the relation I'(A+1) =
AT()), then we obtain (2p+ b+ 1)[ag(p+1)] = [ao(p)], thus by relation (2.15) the
proof is complete. O

We note that part (v) of Proposition 2.14 in fact can de deduced directly
from the definition of the function u,. We have included in this paper the other
parts of Proposition 2.14 just because the results stated above were used among
other things in the forthcoming papers [4], [7] of the author.

The next result contains conditions for the function u, to be univalent, con-
vex, starlike in the unit disk, and provides the correction of the main results from
[22] and [2].

Theorem 2.16. Ifb,c,p € R and k = p+ (b+ 1)/2, then the functions w,
and u,, satisfy the following properties:

(i) If K > |c|/4 + 1, then Reuy(z) > 0 for all z € D;
(ii) If k > |c|/4 and ¢ # 0, then u, is univalent in D;
(ii) If kK > |e|/4 +1/2 and ¢ # 0, then w, is convex in D;
(iv) If k > |c|/4+3/2 and ¢ # 0, then z — zuy(z) is starlike in D;
(v) If k > |c|/2+ 1 and ¢ # 0, then z — zu,(z) is starlike of order 1/2 in D;
(vi) If k > |e|/2+ 1 and ¢ # 0, then z — 2'7Pw,(2) is starlike in D.

PROOF. (i) Clearly when ¢ = 0 we have u,(z) = 1, thus Reuy(z) > 0 for all

z € D. Now suppose that x > |c|/4+ 1 and ¢ # 0. Put h = u,,. Since h satisfies

(2.13), we have
4220 (2) + 4kzh! (2) + czh(z) = 0. (2.17)

If we consider 9 (r, s,t; z) = 4t +4ks+ czr and E = {0}, then from the differential
equation (2.17) we have ¢ (h(2),zh/(2),22h"(2);z) € E for all z € D. Next we
will use Lemma 1.1 to prove that Reh(z) > 0 for all z € D. If we put z = x + iy,
where z,y € R, then

Rey(pi,o,p+vije+iy) =4(p+0) +4(k — 1)o —cpy for all p,o, u,v € R.
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Let p, o, u,v € R satisfy g+ 0 <0 and 0 < —(1 + p?)/2. Since k > 1, we have
Re ) (pi, 0, p+ vis o +iy) < =2(k — 1)p* — cyp — 2(k — 1).

Set Q1(p) = —2(k —1)p? — cyp — 2(k — 1). This value will be strictly negative for
all real p, because the discriminant A of Q1(p) satisfies

A=c?P? —16(k—1)> <?—16(k—1)> <0

whenever y € (—1,1). Consequently 1 satisfies the admissibility condition of
Lemma 1.1. Hence by Lemma 1.1 we conclude Reh(z) = Reu,(z) > 0 for all
z € D.

(ii) When & > |c|/4 and ¢ # 0, then the above result implies Reup41(2) > 0
for all z € D. Using part (v) of Proposition 2.14 we conclude that

4k,

Re {—Cup(z)} =Reupti1(z) >0 forall z € D.

This in turn implies that wu, is close-to-convex with respect to the function
v(z) = —(cz)/(4k). Now, since every close to convex function is univalent, it
follows that u, is univalent in ID. We note that the univalence of the function u,
follows also from the classical NOSHIRO—-WARSCHAWSKI theorem [17], [23] (see
also [10]), which states that if f : E C C — C is analytic, E is a convex domain
and Re[f'(z)] > 0 there, then f is univalent in E. Namely, from the Noshiro—
Warschawski theorem the function z — —4ku,(2)/c is univalent in I, and conse-
quently the function z — wu,(z) is univalent too in D, since the multiplication of
a non-zero constant do not disturb the univalence.

(iii) Since k > |c¢|/4 and ¢ # 0, part (i) implies that Reuy41(z) > 0 for all
z € D. According to part (v) of Proposition 2.14 it follows that uj,(z) # 0 for all
z € D. Define ¢ : D — C by

The function ¢ is analytic in D and ¢(0) = 1. Since u, satisfies the differential
equation (2.13), we have 4zuy (2) + 4ruy,(2) + cup(2) = 0. If we differentiate both
sides of this equation, we obtain

dzuy' (2) + 4(k + 1uy (2) + cuy(z) = 0.
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Suppose that z # 0. We know that u;,(2) # 0, therefore if we divide both sides of
this equation with u;,(2), and multiply with z, we obtain

] e 2] ee

Now we differentiate logarithmically and multiply with z on both sides of the
equation q(2) — 1 = [2u;(2)]/u,(2). Thus we obtain

24 (2) 2uy (2)

az) -1 )

—[a(=) — 1],
and therefore
zuy'(2) _ 2 (2) + *(2) — 3q(2) +2
uy(2) q(z) — 1 '

In view of (2.18) this result reveals that g satisfies the following differential equa-

tion:
4z2q' (2) + 4¢%(2) + 4(k — 2)q(2) + cz — 4(k — 1) = 0. (2.19)
Obviously, this equation is also valid when z = 0.

If we use ¥(r,s;2) = 4s +4r2 + 4(k — 2)r + ¢z — 4(k — 1) and E = {0}, then
(2.19) implies 9 (¢(2),2¢'(2);z) € E for all z € D. Now we use Lemma 1.1 to
prove that Reg(z) > 0 for all z € D. For z = z + iy € D (with z,y € R) and
p, 0 € R satisfying o < —(1 + p?)/2, we obtain

Re(pi, o5 +1iy) = 40 — 4p* + cx — 4(k — 1)
< —6p% +ex —2(2k—1) < |¢| —2(2k — 1) < 0.

By Lemma 1.1 we conclude that Reg(z) > 0 for all z € D, which shows that u,
is convex in D.

(iv) According to part (iii) of this theorem the function w,_; is convex. By
ALEXANDER’s duality theorem [1] it follows that z +— zu,_,(z) is starlike in D.
But, on the other hand, part (v) of Proposition 2.14 yields

czup(z) = —4(k — 1)zuy,_4(2).

Consequently, it results that z — zu,(z) is starlike too in D.

(v) According to part (i) of this theorem we have Reu,(z) > 0 for all z € D,
hence u,, # 0 for all z € D. Define ¢ : D — C by

zuy,(2)

q(z):1—|—2up(z).
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The function ¢ is analytic in D and ¢(0) = 1. Assume that z # 0. Because u,
satisfies the equation (2.13), it satisfies the following equation too:

[ [ [0 e o

In what follows we proceed as in part (iii), we differentiate logarithmically and
multiply with 2 the expression [¢(2) — 1]/2 = [2u},(2)]/up(2), and thus we obtain

zuy (2) _ 22¢'(2) + ¢*(2) — 4q(z) + 3
up,(2) 2(q(z) - 1)

In view of (2.20) this result reveals that g satisfies the following differential equa-
tion:

224" (2) + ¢*(2) + 2(k — 2)q(2) + cz — 2(k — 3/2) = 0, (2.21)
which is also valid when z = 0.

If (r,s;2) =25+ 712 +2(k — 2)r + cz — 2(k — 3/2) and E = {0}, then (2.21)
implies 9 (¢(2),2q'(2);z) € E for all z € D. We use Lemma 1.1 to prove that
Req(z) > 0 for all z € D. For z = z +iy € D with 2,y € R, and p,oc € R
satisfying o < —(1 + p?)/2, we obtain

Re(pi, 052 +1iy) = 20 — p* + cx — 2(k — 3/2)
<20 +ex—20k—1)<|c|] -2(k—1) <0.

By Lemma 1.1 we conclude that Regq(z) > 0 for all z € D. Now consider the
function g, : D — C, defined by g,(z) = zu,(2). Since

2g,(2) 11
9p(2) 2 2

it follows that

!

1

Re rgp(z)} > forallzeD,
gp(2) 2

which shows that g, is starlike of order 1/2.
(vi) Define the function h, : D — C by h,(z) = 2'7Pw,(2). Since h,(z) =
ao(p)zuy(2?), where ag(p) = [2PT' (k)] ™!, it follows that

zhy,(2) ) [229;,(22) 1] .

h’p(z) gp(zQ) 2
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But from part (v) of this theorem we know that g, is starlike of order 1/2. Thus

Re {zh’p(z)
hy(2)
and hence h,, is starlike in D. O

we conclude that

}>0 for all z € D,

We note that clearly the results of Theorem 2.16 are still valid if we re-
place the function z +— wu,(z) = [ag(p)]~ 2~ /?w,(2'/?) with the function z —
2= 12, (2/?). For the function z + 2z~'/2w,(2!/2) the above geometric prop-
erties were established in [2], but in the proofs there was overlooked the con-
dition h(0) = 1 of Lemma 1.1. In a forthcoming paper [3], using the Cauchy—
Buniakowski—Schwarz inequality, the author has extended the results of Theo-
rem 2.16 to the case when the parameters b, p, ¢ are complex. We would like take
the opportunity to note that in [3, Theorem 2.1] the expression 2Im x — 1 should
be replaced with 2Im . Namely, the corrected version of the main results from
[3] is that for b, p,c € C the followings are true:

(i) If Rek > |¢|/4 + 1, then Reuy(z) > 0 for all z € Dj
(ii) If Rex > |c|/4 and ¢ # 0, then w,, is univalent in D;
(iii) If Re > |¢|/4 + (Imk)>/6 + 1/2 and ¢ # 0, then w, is convex in D
(iv) If Rek > |e|/4+ (Imk)?/6+3/2 and ¢ # 0, then z — zup(2) is starlike in D
(v) fRek > |c|/2+ (Imk)®/4+1 and ¢ # 0, then z — zup(2) is starlike of order

1/2 in D
(vi) If Rek > |c|/2 + (Imk)*/4 + 1 and ¢ # 0, then z — 217Pw,(2) is starlike

in D.

Taking into account the above results we have the following particular cases:
2.1. Bessel functions. Choosing b=c=1,d; = —1 and dy = d3 = 0 in (2.7),
we obtain the Bessel differential equation (2.1) and the Bessel function of the first

kind of order p, defined by (2.2) satisfies this equation. In particular, the results
of [3, Theorem 2.1] becomes:

Corollary 2.22. Let J, : D — C be defined by J,(z) = 2PT'(p+1)27PJp(2).
Then the following assertions are true:
(i) If Rep > 1/4, then Re J,(2/?) > 0 for all z € D;
(ii) If Rep > —3/4, then z +— J,(2'/?) is univalent in D;
(iii) If Rep > —1/4 + (Imp)?/6, then z — J,(2'/?) is convex in I;
(iv) If Rep > 3/4+ (Imp)?/6, then z — 2J,(2'/?) is starlike in I;
(v) If Rep > 1/2+ (Imp)?/4, then z — 2J,(2'/?) is starlike of order 1/2 in D;
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(vi) If Rep > 1/2 + (Imp)?/4, then z — z'7PJ,(2) is starlike in D.

Clearly, as in the general case, the results of Corollary 2.22 are still valid if we
use the function z + 27P/2.J,(2'/2) instead of z + J,(2'/2). For p real, SELINGER
in [22] found the above geometric properties of the function z — 27P/2.J,(21/2),
and analogously in the proofs of the main results of [22] there is overlooked the
fact that the function z +— 277/2.J,(21/2) does not maps 0 into 1. We note that
BROWN [9, Theorem 3] has proved that if the complex number p = Rep +iImp
satisfy one of the following conditions

Imp<Repec[0,1) or Rep>1, 2Rep—1> (Imp)?,
then the normalized Bessel function z — 2'7P.J,(z) is univalent in every circle
|z| < r = p;,, where p? = Re[p?], u > 0, and p;, is the smallest positive zero of
the function rJ), () + [Re(1 — p)] - J.(r). In particular, when p is real the function
z > 2'7PJy(2) is starlike in |z| < p%, but is not univalent in any larger circle.
The method used by Brown is completely different than the method of differential
subordinations, and it is worth mentioning that in the case of the unit disk our
result from part (vi) of Corollary 2.22 slightly improves the above result of Brown
because we have that
Rep > 1/2+4 (Imp)?/2 > 1/2 + (Imp)? /4,

i.e. if Rep > 1/2+ (Imp)?/4, then the normalized Bessel function z — z177.J,(2)
is still starlike and hence univalent in D.

2.2. Modified Bessel functions. Takingb=1,c=dy = -1l and dy =d3 =0
in (2.7), we obtain the differential equation (2.3), which has solution the modified
Bessel function of the first kind of order p, defined by (2.4). For the function
Zp : D — C, defined by

I,(2) =2PT(p+ 1)z7PI,(2),
the properties are the same like for the function 7,, because in this case we have
|c] = 1. More precisely, we have the following results.
Corollary 2.23. The following assertions are true:
If Rep > 1/4, then ReZ,(2/?) > 0 for all z € D;
If Rep > —3/4, then z — ZI,(2'/?) is univalent in ;
If Rep > —1/4 + (Imp)?/6, then z v I,(2'/?) is convex in D;
If Rep > 3/4 + (Imp)?/6, then z — 2Z,(21/?) is starlike in D;
If Rep > 1/2 + (Imp)?/4, then z — 2T,(z'/?) is starlike of order 1/2 in D;
If Rep > 1/2+ (Imp)?/4, then z — z'7PI,(2) is starlike in D.
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2.3. Spherical Bessel functions. If we take b=2,c =1, dy = do = —1 and
ds = 0 in (2.7), we obtain the spherical Bessel differential equation (2.5). The
spherical Bessel function of the first kind of order p, defined by (2.6) satisfies the
previous differential equation and the next result holds.

Corollary 2.24. Let S, : D — C be defined by S,(z) =2PT'(p+3/2)2z77S,(2).

Then the following assertions are true:

(i) If Rep > —1/4, then ReS,(2'/2) > 0 for all z € D;

(ii) If Rep > —5/4, then z +— S,(2'/?) is univalent in ;
(iii) If Rep > —3/4 + (Imp)2/6, then z — S,(2/?) is convex in ;
(iv) If Rep > 1/4 4 (Imp)?/6, then z s 2S,(2'/?) is starlike in D;

(v) If Rep > (Imp)?/4, then z — 2S,(21/?) is starlike of order 1/2 in ;
(vi) If Rep > (Imp)?/4, then z — 217PS,(2) is starlike in D.

3. Convexity and starlikeness
of order a of generalized Bessel functions

The following results contains conditions for the function w, to be close-
to-convex, convex and starlike of order o in the unit disk. These are another
generalizations of Theorem 2.16.

Theorem 3.1. If 0 < o < 1/2 and b,p,c € R, then the following assertions
are true:
(i) If 45 > (1 — @)(1 — 2a)7/2|c| + 1, then Rewu,(z) > « for all z € D;
(ii) If 45 > (1 — a)(1 — 2a)~/2?|c| and ¢ # 0, then u, is close-to-convex of order
o inD.

PROOF. (i) First assume that ¢ = 0. Then u,(z) = 1, and consequently
Rewu,(z) > a for all z € D. Now suppose that £ > (1 — a)(1 — 2a)~/2|c|/4 + 1
and ¢ # 0. Define the function h : D — C by

up(z) — 04.

h(z) =

11—«

Since u,, satisfies (2.13), h will satisfy the following differential equation:

4220 (2) + 4kzh (2) + cz [h(z) + 3 fa] =0. (3.2)
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Using ¥ (r, s, t; 2) = 4t +4ks+cz[r+a/(1 —a)] and E = {0}, we see that equation
(3.2) implies ¢ (h(2), 2 (2), 221" (2); z) € E for all z € D. Next we use Lemma 1.1
to prove that Reh(z) > 0 for all z € D. For z = x + iy, where x,y € R, we have

Re (pi,o,p+vije +iy) =4(p+0) + 4(k — 1)o — cpy + acz /(1 — a)

for all p,o, pu,v € R. Let p,o,u,v € R satisfy p+ 0 < 0 and o < —(1 + p?)/2.
Since k — 1 > 0, we obtain

Re (pi, o, p + vijz +iy) < —2(k — 1)p? — cyp — 2(k — 1) + acz/(1 — a).

Set Q1(p) = —2(k — 1)p* — cyp — 2(k — 1) + acz/(1 — «). This value is strictly
negative for all real p, because the discriminant A; of Q1(p) satisfies

Ay = Py? —16(k — 1) + 8acz(k — 1)/(1 — a)
< (1 —2?) = 16(k — 1)* + 8acz(k — 1)/(1 — a) =: Qa(z) <0,

whenever 22 + y2 < 1 and the discriminant Ay of Q2(x) is negative. Ay has the
form

1 -2«
Ao — 2 | _
2—40 |: 16(1—@)2

and this is negative if and only if we have £ > (1 —a)(1—2a)~*/?|¢|/4 4 1. Hence
by Lemma 1.1 we conclude that

(k—1)°+ 62}

1

l—«a

Reh(z) = Re { (up(z) — a)} >0 forall z €D,
and this implies that Rewu,(z) > « for all z € D, as we required.

(ii) Now, suppose that x > (1 — a)(1 — 2a)~'/2|¢|/4 and ¢ # 0. Then the
above result implies Reup+1(2) > « for all z € D. Using again part (v) of
Proposition 2.14 we conclude that

4
Re [(—:) u;(z)} =Reupt1(z) > forall z €D,
i.e. up is close-to-convex of order o in D with respect to the function ¢(z) =
—(cz)/(4r). O

Theorem 3.3. If 0 < « < 1 and b,p,c € R such that ¢ # 0 and 40>+
(le] —6)a+2 > 0, then the functions wy, and u, have the following properties:

(i) If 401 — a)k > |e| +2(1 — @)(1 — 2cv), then u, is convex of order o in D;
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(i) If 41 — o)k > || +2(1 — ) (3 — 2«), then z +— zuy(z) is starlike of order o
in D;
(iil) If 4(1 — o)k > || +2(1 — @)(3 — 2a) and « # 0, then

21— 2[2(1*0‘)*17]/[20‘]101, (zl/[Qa]) is starlike in D.

PROOF. (i) The equality

el +2(20% ~3a+1) _|el | 40®+ (c| = 6)a+2

4(1 — ) 4 4(1 — «)

implies k > |c¢|/4. By applying part (i) of Theorem 2.16 we conclude that
Rewupy1(2) > 0 for all z € . According to part (v) of Proposition 2.14 it follows
that u,(z) # 0. Define ¢ : D — C by

_ zuy (2)
M@= Ty

The function ¢ is analytic in D and ¢(0) = 1. Since u, satisfies the differential
equation (2.13) it can be shown, as in the proof of Theorem 2.16, that ¢ satisfies
the following differential equation:

41— a)zq'(2) +4(1 — )’ ?(2) + 2(1 — a)erq(z) + ¢z — 2(1 —a)ey = 0, (3.4)
where e; = 2k + 4(av — 1) and ez = 25 + 2(a — 1).
If
W(r s;2) =41 — a)s +4(1 — 2)’r? + 2(1 — a)err + cz — 2(1 — a)es
and E = {0}, then (3.4) implies 9 (q(z),2q'(2);2) € E for all z € D. We use
Lemma 1.1 to prove that Reg(z) > 0 for all z € D. For z = x + iy € D (with
x,y € R) and p, o € R satisfying o < —(1 + p?)/2, we obtain
Re(pi, oz +iy) = 4(1 — a)o — 4(1 — a)?p? + cx — 2(1 — a)ey
< 21— a)(3—2a)p* +cx —2(1 — a)(1 + e2)
<l +2(1 —a)(1 —2a) —4(1 —a)k <0.

By Lemma 1.1 we conclude that Reg(z) > 0 for all z € D. This result implies
zuy (2)

uy(2)

which shows that u, is convex of order o in ID.

Re[1+ }:(I—Q)Req(z)+o¢>a for all z € D,
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(ii) Since

le| +2(1 —a)(3—2a) = le] +2(1 — a)(1 — 2a)

T —a)

it follows from part (i) of this theorem that w,_; is convex of order . By applying
the general version of ALEXANDER’s duality theorem [1] we conclude that z —

zul _1(z) is starlike of order a in D. According to part (v) of Proposition 2.14 this

p—1
implies the function z — zu,(z) is also starlike of order « in D, as we required.

(iii) Define the functions g, h, : D — C by
gp(z) = ZUP(Z) and hp(Z) = 2[2(1*0‘)*17]/[20‘]11)19 (Zl/[Qa]) ,

respectively. Since h,(z) = ag(p)z(1=*)/u, (zl/o‘), where ag(p) = [2PT' (k)] 7}, it

follows that
zhyy(2) 1 zl/o‘g;,(zl/a)
1/« o
gp(z1/)

hp(z) a
Finally, because g, is starlike of order «, we deduce that h, is starlike in D. [J

We note that if we choose a@ = 0 in Theorem 3.1, then we reobtain parts (i)
and (ii) of Theorem 2.16. Analogously, if we take a = 0 in part (i) of Theorem 3.3,
then we get part (iii) of Theorem 2.16. Parts (iv) and (v) of Theorem 2.16 are
particular cases of part (ii) of Theorem 3.3, and choosing oo = 1/2 from part (iii)
of Theorem 3.3 we reobtain part (vi) of Theorem 2.16. It is also worth mentioning
that results similar to those given in Theorem 3.1 were obtained by PONNUSAMY
and VUORINEN [20], [21] for Gaussian and confluent hypergeometric functions.

4. Close-to-convexity of the generalized Bessel functions

Motivated by the papers of PONNUSAMY and VUORINEN [20], [21], we discuss
in this section a few conditions concerning the parameters of u,, which guarantee
the close-to-convexity with respect to the convex functions fi, fo : D — C, defined
by

142

fi(z) :=—log(l —z) and fa(z):= %log T

Moreover, our aim is to improve some of the main results of Section 2.

Theorem 4.1. If ¢ < 0 and b,p € R, then u, has the following properties:
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(i) If k > —¢/2, then z — zuy(z) is close-to-convex with respect to the func-
tion fi.

(ii) If k > —3c/4, then z — zuy,(z?) is close-to-convex with respect to the
function fs.

PROOF. (i) Set f(2) = zup(2) = 2+b12%+baz3+. . .+b,_12"+. .., where by, is
defined by (2.11). Clearly we have b,,_1 > 0 for all n > 2 and 2b; = —¢/(2x) < 1.
From the definition of the ascending factorial notation we observe that (we use
the formula (x),, = (k +n —1)(K),_,)

c
by =—————bp_1.
dn(k+n—1) "
We use Lemma 1.2 to prove that f is close-to-convex with respect to the function
f1(z) = —log(1 — z). Therefore we need to show that {nb,_1},>1 is a decreasing
sequence. By a short computation we obtain

C(’Il + 1) bn—l . Ul(n)

bp—1 — )by, = by = )
nbo-1 = (n+1) ! n+4n(/<;+n—1) dn(k+n—1)

where Uy (n) = 4n® +4(k — 1)n? + cn+c. Using the inequalities n® > 3n% —3n+1
and n2 > 2n — 1, we obtain

U(n)>4k+2)n*+(c—12n+c+4>8(k+2)+c—12]n
—4(k+2)+c+42>Ui(1) =22k +¢) > 0.

because £ + 2 > 0 and 4(2x + 1) + ¢ > 0 by the assumptions. This implies that
nbp—1—(n+1)b, > 0 for all n > 1, thus, {nb,_1},>1 is a decreasing sequence. By
Lemma 1.2 it follows that f is close-to-convex with respect to the convex function
—log(1 — 2).

(i) Set g(2) = zup(2?) = 24+b323 +.. .+ bop_12°" "1 4. .., where b,, is defined
by (2.11). Therefore we have 3b; = —(3¢)/(4x) < 1 and ba,_1 > 0 for all n > 2.
We want to show that {(2n — 1)ba,—1}n>2 is a decreasing sequence. Fix n > 2.
Then we have

ban—1 - Ua(n)

(2n —1)bap—1 — (2n + 1)b2py1 = m’

where Uz (n) = 8n® + 8(k — 3/2)n? — 4(k — ¢/2 — 1)n + c. Using the inequalities
n3 > 3n? —3n+ 1 and n? > 2n — 1, we obtain

Us(n) > 8(k+3/2)n? —4(k —¢/2+5)n+c+8
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>12(k+¢/64+1/3)n—8(k+3/2) +c+38
> 4(k + 3¢/4) > 0.

Hence {(2n—1)bay,—1}n>2 is a decreasing sequence. But the function f; is convex,
so by applying Lemma 1.2 the desired conclusion follows. [

Observe that choosing ¢ = —1 and b = 1 in Theorem 4.1 we get the following
sufficient condition of close-to-convexity: if p > —1/2, then z + 2Z,(2'/?) is
close-to-convex with respect to the function f;, while if p > —1/4, then — 27,(2)
is close-to-convex with respect to the function fo. In particular, the function
z — zJy(iz) is close-to-convex with respect to the function fs, because 2Zy(z) =
zIy(z) = zJy(iz) satisfies the condition of part (ii) of Theorem 4.1. We note that
this property of the Bessel function of the first kind of zero order was pointed out
also by PONNUSAMY and VUORINEN [20, p. 83].

It is also worth mentioning that, since every close-to-convex function is uni-
valent, the above results of Theorem 4.1 imply that under the corresponding hy-
pothesis the functions z — zu,(z) and z — zu,(z?) are univalent in D. In what
follows we would like to improve the range of univalence (when the parameter ¢
is negative) from Theorem 2.16, by using an interesting idea of PONNUSAMY [19].

Let f : D — C be of the form f(z) = z + a222 + ... + a,2™ + .... The
Alexander transform Ay : D — C of f is defined by

i n_n
Af(z):/o tdtzz—l—;ilz .

The following result completes part (i) of Theorem 3.1 and contains some proper-
ties of the Alexander transform of the function z — zu,(z), which will be helpful
to improve the range of univalence from Theorem 2.16.

Theorem 4.2. Let b, p be arbitrary real numbers and let ¢ < 0. If 4k >
—(c+2) 4+ \/c?/2 — 4c + 4, then the Alexander transform of the function z —
zup(2) is close-to-convex with respect to the function — log(1—z) and it is starlike
in D. Moreover, we have that Reu,(z) > 1/2 holds for all z € D.

PrOOF. From (2.11) we have
n (_0/4)n—1zn
F@) = 2up(z) = 243 baa” = 3 05
n>2 n>1 n
So in this case the corresponding Alexander transform takes the form

_ —c/4 n—1
Af(2) = ZAnz”, where A,, = b1 = (=¢/4) for all n > 1.

= n (K),_n!
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Obviously we have A; = 1. Because ¢ < 0 and 4k > 2\(¢) > —c > 0, we also
have A, > 0 for all n > 2, where

Ae) = —(c+2)++/c?/2—4c+4

2

Next we prove that the sequence {nA,},>1 is decreasing. Fix any n > 1. From

the definition of the Pochhammer symbol it follows

c
Using (4.3) we have
Ui(n) - A,
A, — (n+ 1) Apys = 4(;1)”_1) (4.4)

where U;(n) = 4n? + 4(k — 1)n + c. Since n? > 2n — 1 and 4k > —¢, we have
Ui(n) >4k +1)n+c—4>Ui1(1) =4k + ¢ > 0.

Consequently, (4.4) yields nA, > (n + 1)A,41. This shows that the sequence
{nA,}n>1 is strictly decreasing.

Next, we show that the sequence {nA,, —(n—+1)A,+1},>1, is also decreasing.
For convenience we denote B,, = nA,, — (n + 1)A,,+1 for each n > 1. Fix any
n > 1. Using (4.4), we find that

B, —B =
M T 9+ ) (k+n)(k+n—1)

where
Us(n) = 2n* + 4kn® + Din® + Dyn + Ds,

Dy =2k*4+25+c—2, Dy=2k>+(c—2)k+c, Dz=(c+8k)c/S.

Our aim is to show that Us(n) > 0. First we observe that the inequality n* >
4n? —6n2 +4n —1 holds. By using this inequality we obtain Us(n) > V(n), where

V(n) = 4(k +2)n® + (Dy — 12)n* + (D2 + 8)n + D3 — 2.

Clearly, the coefficient of n? in the above expression is nonnegative, since £ > 0.
Therefore using that n® > 3n? — 3n + 1, we obtain V(n) > W (n), where

W(n) = Dyn® + Dsn + Dg,
Dy =2r* + 14k 4+ ¢+ 10, Ds=2xk%+ (c —14)k + ¢ — 16,

Dg = */8 + (c+ 4)k + 6.



176 Arpéd Baricz

Now, we observe that D, is also nonnegative, because
k> [Ae)]/2 > —c/4 > [T+ V29 — 2] /2,

where the value [—7 + /29 — 2¢]/2 is the greatest root of the equation Dy = 0.
Similarly n? > 2n — 1, therefore W (n) > X (n), where X (n) = Dyn + Dg, D7 =
2D4 + D5 and Dg = Dg — Dy4. Analogously, by the hypothesis, we can deduce
easily that D7 = 6x2 + (c+ 14)x + 3¢ + 4 > 0. Indeed, the relation

k> [A0)]/2 > —c/4 > [—(c+ 14) + V ? — 44c + 100])/12 =: K,

(here k. is the greatest root of the equation D7 = 0) implies that D7 is nonnega-
tive, and leads to X (n) > X (1). In this case

X(1) = Dy + Ds + Dg = 4x% +2(c + 2)k + /8 + 2¢

is also positive, because k > A(c)/2 > —c/4 > 0. Thus, we have proved a chain
of inequalities
Us(n) > V(n) > W(n) > X(n) > X(1) > 0,

which implies B,, — By+1 > 0. Thus the sequence {nA, — (n + 1)A,+1}n>1 is
strictly decreasing. By Lemma 1.3 we deduce that A is starlike in .

The sequence {nA,},>1 is strictly decreasing and 24, =by = — ¢/(4k) < 1.
Thus it follows by Lemma 1.2 that Ay is close-to-convex with respect to
—log(l — z). Now, we apply Lemma 1.3 to prove that Reu,(z) > 1/2 for all
z € D. For this consider g = u,. Therefore we have C,, = b,—; = nA, for all
n > 1 and thus the sequence {C,, },,>1 is strictly decreasing. In addition we have
Cn —2Ch41+Chio = By — Byy1 >0 for all n > 1. Thus, Lemma 1.3 yields the
asserted property, which completes the proof. O

An important consequence of Theorem 4.2 is the following result:

Corollary 4.5. If b, p are arbitrary real numbers and ¢ < 0 such that
k> —c/4—1 and k # 0, then the function w, is univalent in D.

PROOF. By the proof of Theorem 4.2 the Alexander transform

/ Up+1 (t) dt
0

is close-to-convex with respect to the convex function —log(l — z) if k +1 >
—c/4, and therefore, in particular, it is univalent. Using the relation 4rku;(z) =
—cup11(2), we have

/OZ upt1(t)dt = _dn Zu;(t) dt = ——[up(2) — 1].
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Consequently the function z — —4k[u,(z) — 1]/c is univalent in D. Since the
addition of a constant and the multiplication by a nonzero quantity do not disturb
the univalence, we immediately deduce that w,, is univalent in ID. This completes
the proof. a

From part (i) of Theorem 2.16 w, is univalent in D when x > |c¢|/4 and
¢ # 0. If we consider ¢ < 0, then the above conditions become k > —c¢/4. Since
—c/4 > —c¢/4 — 1, it follows that the result of Corollary 4.5 is better than the
above result. Moreover, recently it was proved in the forthcoming paper [4] that
the result of Corollary 4.5 can be improved too. Namely, using directly the second
part of Lemma 1.3, it can be shown that [4, Theorem 3.11] if kK > —¢/8 — 1 for
b,p € R, ¢ € [-37,0), then u, is univalent in D.
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