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A NOTE ON THE BOUNDS OF ZEROS OF POLYNOMIALS AND
CERTAIN CLASS OF TRANSCENDENTAL ENTIRE FUNCTIONS

TANCHAR MOLLA® AND SANJIB KUMAR DATTA(®

ABSTRACT. In the paper we wish to find bounds of zeros of a polynomial. Our
result in some special case sharpen some very well known results obtained for this
purpose. Also, we obtain lower bound for a certain class of transcendental entire
functions by restricting the coefficients of its Taylor’s series expansions to some

conditions.

1. INTRODUCTION

Fundamental theorem of algebra asserts that every non constant polynomial of
degree n with complex coefficients has exactly n zeros but gives no information about
location of zeros of a polynomial. All zeros of a polynomial of degree less than or
equal to 4 can be derived algebraically for all possible values of its coefficients. But,
difficulty arises when degree of polynomial is greater than or equal to 5. So, it
is desirable to know bounds of zeros of a polynomial. Problem of finding bounds
for zeros of a polynomial is classical one which is essential in various disciplines
such as controling engineering problems, eigenvalue problems in mathematical physics
and digital audio signal processing problems {cf. [18]}. Gauss and Cauchy were
first contributors in this area [16]. To find bounds for the moduli of the zeros of a
polynomial, Cauchy {cf. [16]} introduced the following classical result:

Theorem A [16]. If P(z) = Z;L:o a;z’ is a polynomial of degree n, then all the

zeros of P(z) lie in [2] < 1+ mazo<j<m-)|5].

Theorem A was improved in several ways by many researchers {cf. [6], [13], [15] &
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[17] }. As an improvement of Theorem A, Joyal et al. [11] gave the following theorem:
Theorem B [11]. If P(2) = >_7_a;2’ (a, = 1) is a polynomial of degree n and

p= 0S?3§_1|aj|, then all the zeros of P(z) lie in

1
21 < 5 {1+Hanaa] + /O =Jana])? + 45}
Theorem B gives no improvement of Theorem A if § =l|a,_;|. Datt and Govil [5]
established following result which is an improvement of Theorem A even if 5 =|a,_1|.
Theorem C [5]. If P(z) = Z?:o a;z’ (a, = 1) is a polynomial of degree n and if

A= | Jnax 1|aj|, then P(z) has all its zeros in the ring shaped region
I

|ao] 1
<|z| < -
2(1+ AL (nA+1) skl =1+ {1 (1+A) A

Again, in a different direction G. Enstrom and S. Kakeya [9] established following
result known as Enstrom-Kakeya theorem.

Theorem D [9]. If P(z) = Z?:o a;2’ is a polynomial of degree n with real coefficients
satisfying 0 < ap < a1 < ... < ay,, then all the zeros of P(z) lie in |z| < 1.

Many improvements and generalizations of Theorem D for polynomials and analytic

functions are seen in the existing literature {cf. [1]- [4],[8],[9],[11], [12] }.

We recall that an entire function f of one complex variable z is a function analytic
in the finite complex plane C and therefore it can be represented by an everywhere
convergent power series like f(z) = co+c1z+...+¢,2" +... where ¢;,1 = 0,1,...,n, ...
are real or complex constants. Thus entire functions can be thought of as the natural
generalization of polynomials.

The prime concern of this paper is to improve Theorem A as well as Theorem B and
Theorem C in some special case and also derive lower bound for zeros of a certain class
of transcendental entire functions with restricted coefficients. We do not explain the
standard theories, notations and definitions of entire functions as those are available

in [19].
2. LEMMA

In this section we present a lemma which will be needed in the sequel.
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Lemma 2.1. [10] Let {f.(2)},n = 1,2, ... be a sequence of functions that are analytic
in a region D and that converges uniformly to a function f(z) in every closed sub
region of D. Let zy be an interior point of D. If zy is a limit point of the zeros of f,(z),
then zy is a zero of f(z). Conversely, if zy is an m-fold zero of f(2), every sufficiently
small neighborhood of zy contains exactly m zeros (counted with their multiplicities)

of each f, withn > N for a sufficiently large integer N.

Lemma 2.1 is known as Hurwitz theorem in C.

3. THEOREMS

Theorem 3.1. Let P(z) = a,2" + a,_ 12" ' + ... + a1z + ag be a polynomial of
degree n > 1 with M; = max {|as — a1, |az — asl, ..., |an — an—1|, |an|} and My =
max {|agl, |a1 — agl, .., |@n_1 — an_o|}. Then all the zeros of P(z) are contained in the

ring shaped region Ry <|z| < Ry where

R 2|a|
1 — )
|CLO| + |CL1 — CLO| + \/(|CLO| — |CL1 — CL0|)2 +4|a0|M1

1
RQ = —2|a | {|an|+|an - an—1| + \/(|an|—|an — an_1|)2 +4|an|M2} ]

Proof. Let @Q1(z) = (z — 1)2"P(1)
i.e, Q1(2) = apz"™ + (ay — ag)z" + (ag — a1)2" L + ... + (ay — Ap_1)z — ayp.

Then,

(3.1) |Q1(2)] > |ao||z|" T —|(a1 — ag)2™ + (ag — a1)2" ' 4 ... + (ap — Gp_1)2 — Gy

> (|aol|z]—la1 — aol)|2]" = (a2 — a1)2""" + ... + (4 — Gn-1)7 — anl.
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Now for |z| = r(> 1), it follows that
[(ag — a1)2" ' 4 (a3 — a2)2" 2 + ... + (an — apn_1)z — ay|
<lag — a1 |r"  Hlas — as|r"? + . Aan — Gno |70y
1 1 1
S Ml.Tn{_ +_2 ++_}
ror T

where M; = max {|ay — a1}, |az — aa, ..., |an — an_1], |a,|}

=1
S Ml.Tn —]

§ :r

Jj=1

1
:Ml.’f’n .
r—1

Hence from (3.1), we get for |z| = r(> 1) that

1
Q) > (laolr—las — aol)r™ — My.s"

,r,n
= — {laolr® = (lao|+lar — aol)r+lar — ag] = M} >0

if f(?”) :‘CLO‘Tz — (‘CLO‘_'_‘Ql — ao\)r+|a1 — CLO| — M1 > 0.

Clearly, f(r) = 0 has only real roots. In view of Descartes’ rule of signs f(r) = 0 has
two positive roots if |a; — ag| > M; and only one positive root if |a; — ag| < M;. For

each case, positive root of f(r) =0 which liesin 1 <7 < 0o is

1
Mﬂad + Jar — aol + v/ (Jao| — |ar — aol)? + 4|ao| M }.
0

Since f(+00) > 0, obviously f(r) > 0 i.e |Q1(2)] > 0 if

1
2| =7 > Mﬂ%' + a1 — aol + v/(Jao] — a1 — ao|)? + 4lao| M1 }.
0

Consequently, |P(z)| > 0 if

2lao
|ao| + |ar — ao| + v/(Jao| — |ar — ao])? + 4[ao| M,

|Z‘ <R =

Hence all the zeros of P(z) contain in |z| > Rj.
Further, asssuming Q2(z) = (1 — 2)P(z)
ie, Qa(2) = —ap 2"+ (ay — ap_1)2" + (Ap_1 — Qp_o)2™ P+ ..+

(a1 — ap)z + ap.
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it follows that
|Q2(2)] 2 |an|[2]" = |(an — an-1)2" + (@1 — @n—2)2""" + ... + (a1 — ag)z + ag|
> (lan||z]=|an — an-1])|2|"—|(an-1 — an_g)z"_l + ...+ (a1 — ag)z + aopl-

Now calculating in a similar fashion as in @;(z), we obtain for |z| = r(> 1) that

1

r—1

|Q2(2)] = (lan|r—lan — ana)r" — My.r"

where My = max {|ag|, |a1 — aol, ..., |an—1 — an—2|}

Tn
— {lan|r® = (|an|+|an — an_1])r+|an — an_1| — Mz} >0

r

if |an|r? — (|an|+|an — an_1])r+|an — an_1| — My >0

ie ifr> Ry — {|an|+|an — anr| + /(@n]—Jan — an1])® + 4|an\.M2} .

2|an|
Thus, no zero of (3(z) outside the unit circle lies in |z| > R,.

Since zeros of P(z) are the zeros of QQ2(2), all the zeros of P(z) lie in |z| < Ry. This

proves the theorem. O

If My >|a, — a,—1|, Theorem 3.1 is an improvement of Theorem A as well as The-
orem B and Theorem C. Taking P(z) = 42° + 32° 4+ 22* — 22 — 2 — 4, sharpness of

Theorem 3.1 is followed from the following table.

Sl. no. | Theorem | Bounds for zeros of P(z)
1 Theorem 3.1 0.53 <|z| < 1.69
2 Theorem A |z <2
3 Theorem B |z| <1.88
4 Theorem C 0.0045 <|z|] < 1.98

An entire function of one complex variable other than a polynomial is known as
transcendental entire function. Zeros of any transcendental entire function, if exist,
may be finite or countably infinite in C. Considering the polynomial z"P(%) and
applying Theorem D, it is observed that if P(z) = Y7 a;z! is a polynomial of
degree n with real coefficients satisfying ag > a3 > ... > a,—1 > a, > 0 then P(z2)

does not vanish in |z| < 1. Analogous to this result, Datta et al. [7] introduced the
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following result:
Theorem E [7]. Let f(z) = Y_p2,%2" be a transcendental entire function with
f(0) = ag # 0 such that | ay |>| a2 |> ... . Then f(z) does not vanish in | z |<
In(1+ [ 22 ).

Apparently, it is observed that Theorem E is not applicable for trascendental entire
functions having Taylor’s series expansion with some missing terms. In this regard,

we develop folloing result.

Theorem 3.2. Let f(2) = ag + an, 2™ + ... + a,, 2" + a,,2"" + ... be an entire
function with f(0) = agp # 0 and ny, no, ..., ny, Ny, ... are positive integers such that
1<n; <...<np<ng<.. Alsolet for some positive integer p, |a,,| >|an,| > ... .

Then f(z) does not vanish in

where M = max{|an, |, |an,|, .., [an,|}-

Proof. Let fi(2) = ap + an, 2™ + ... + @y 2™ + Ay, 2" + ...+ ap, 2™ . Also, let
1

F(2) = 2 i)
e, F(2) = ap2™ + ap, 2™ 7™ + o4 0 2" F A, 2T L g,
Now for |z| = r(> 1), we get that

|Gy 27 A @y 2T A A, 2T g, 2T A g

Ly [P T A | @y [T A A |, [T A a,, [P A | an, |

1 1 1 1 1
SMr"k{—+—+...+—+ +...+—}

rni rn2 rm rim rhk

where M = max{|ay, |, |an,], ..., [an, |}

(11 11 1
SMrq—+ S+ .+ S+ —+..+—
T r r T r

1 1
sincen; >i & — < —fori=1, 2, 3,..., k
rhi i
=1
< M’I"nk —
< -
=1
1
= Mr"—.

r—1
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Hence for |z| = r(> 1), it follows that

1 M
()] >laglr™ — My —— = g if p > 190 £ M
r—1 |CLO|
Therefore,
. ap| + M
|F(2)] > 0if |z| > laol + M .
|aol
Consequently,
: |aol
>0if 2] < —F—= .
|fk(z>| 1 |Z‘ |a0|+M
Thus, no zero of the partial sum f,(z) is contained in |z| < W')C'”i‘M. Hence by Lemma
2.1, f(2) does not vanish in |z| < |a(‘)[|li‘M .
Thus the theorem is established. U

The following example ensures the validity of Theorem 3.2 .

Example 3.1. Let f(2) = zsin2? + 423 — 322 + 2 + 4.

Then the Taylor’s series expansion of f(z) is
f(z):4+z—3z2+5z3—§—j+%—%+... :

Here, ag =4 & M =5.

Hence by Theorem 3.2, f(z) has no zero in |z| < 0.44 .

The above can be validated by using well known Rouche’s theorem also.

Apparently, Theorem 3.2 can not be used for transcendental entire functions having
Taylor’s series expansion with coefficients in different monotonicity conditions. In
view of this, we develop following result imposing monotonicity conditions on even

indexed and odd indexed coefficients separately.

Theorem 3.3. Let f(2) = ag + a1z + az2* + ... be an entire function with ag # 0.
Also, let for some positive integers [, m

lagi| >|agi2| >|agia| > ...
and

|a2mi1| >|a2m3] >|aomys| > ... .

Then f(z) does not vanish in |z| < \a0|ﬁf‘2M where M = max {lagil, lasjs1]}-

0<j<m
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Proof. Let fn(2) = ag+ a1z + az2* + ... + an2"
and F(z) = 2" f(1).
Again, let
(32) Q(2) = (+* = D)F(2)
e, Q(2) = (22 = D(ag?" + a12"  + a2 2 + .+ a2+ agp 2 4+
Uom 2" 2™ A+ g1 2" L ay)
ie, Q(z) = apz" " + a1z + (az — ag)2" + (a3 — a1)2" " + .+ (a1 — ag—1)2"
+ (aggo — an) 2" 2 + o+ (Ggme1 — G2m-1)2" 2" 4 (agmia — dom) 2"+
e — Q12 — Ay,

ie, Q(z) = apz" " + P(2) .

Now for |z| = (> 1), we get that
|P(2)] =larz"*" + (ag — a0)2" + (a3 — a1)2" " + .. + (a1 — az1)2" "+
(agiye — a9) 2" 2 + .+ (Ggmer — Gom—1)2" 2" + (Ggman — Aom) 2" 2™+
e — QAp_12 — CLn|
<laar™ ™+ (Jazl+lao )" + (las|+lar)r" ™ + oo 4 (Jagre|+Hlazia[)r" "+
(|agiga|Flao)r™ ™2 4+ ... 4+ (|agmat|+lazm—1])r" 72" + (|agmpz| 4| agm|)r" 2™

+ oot |ap—1|r+]an)

1 1 1
n+2 — . .
<2Mr {; tote r"+2} where M = max {lazil, lagj+1|}

0<j<m

=1
S 2M7’"+2 Z _k
r
k=1

= 2Mr"+2—1 .
r—1

Hence for |z| = r(> 1), it follows from (3.2) that

1 2M
1Q(2)] 2|CL0|T"+2 M2 S 0ifr > m
T — 1 |a0|

‘CLO‘ +2M

Le, |Q(z)] > 0if |z >
| ol
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Therefore,
2M
F(2)] > 0 if |o] > 1901+ 2M
|aol
1 2M
ie, [fo(2)] > 0if 2] > lao] +2M
< |ao|
. . |ao|
. n f —
ie, [fu(2)] > 0if [2] < PR,
Thus, it follows by Lemma 2.1 that
. |aol
> 0 if < /.
£ > 0 |e] < 0
This completes the proof of the theorem. O

Following example justifies difference between Theorem 3.2 & Theorem 3.3 as well

as their sharpness.

Example 3.2. Let f(z) = 2%sin 2z + cos 2.

Now the Taylor’s series expansion of f(z) is

Here, it follows that the coefficients of the series of f(z) do not satisfy the mono-

tonicity conditions of Theorem 3.2 but satisfy the following conditions.
|ao| Z|az| =[as| = ...

and

|CL3‘ Z‘CL5| 2|a7\ > ...

Thus, Theorem 3.2 is not applicable. However, by Theorem 3.3, no zero of f(z) lies
m
|z] < 0.2 .

Again, let g(z) = sinz + cos z. Then its Taylor’s series expansion is

2 23 2’4 25

g(Z):l—i‘Z—g—?—i‘E"—g—

Clearly, monotonicity conditions of both Theorem 3.2 & Theorem 3.3 are satisfied by
the coefficients of the series of g(z).
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It is observed that no zero of g(z) by Theorem 3.2 contain in |z| < 0.5 whereas by

Theorem 3.3 in |z| < 0.33.
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