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Abstract
In this paper, we shall obtain the estimates for the number of zeros of a polynomial whose intermediate

coefficients satisfy monotonicity condition. Our results besides generalizing the result due to Mohammad
[8] also provide some interesting results as special cases.

1 Introduction

In the vast landscape of mathematics, polynomials stand as pillars of exploration and understanding. They
weave through algebra, calculus, and beyond, shaping the foundation of countless mathematical concepts
and applications. Among the many fascinating aspects of polynomials lies the investigation of their roots,
the values at which they equal zero. This exploration leads us to the intriguing concept of bounds on the
number of zeros a polynomial can possess within a given interval. The study of polynomial roots dates back
centuries, with roots deeply embedded in the history of mathematics. Notably, mathematicians like Ren
Descartes and Isaac Newton laid crucial groundwork in understanding the behavior of polynomial roots.
Over time, the exploration of these roots evolved, culminating in fundamental theorems that shed light on
the bounds of their distribution. One such theorem is the Fundamental Theorem of Algebra (for reference
see [9]), a cornerstone result that asserts every non-constant polynomial with complex coefficients has at
least one complex root. Although the theorem guarantees the existence of as many zeros of a polynomial
as its degree, there is no method for finding these zeros when the degree exceeds four. So, the problem of
locating at least the regions which contain all or some zeros of a polynomial gain importance in the theory of
polynomials. In this direction, Cauchy [3] proved an interesting result known as Cauchy’s Classical Theorem
which states that all the zeros of a polynomial P(z) = ag + a1z + as2? + ...+ anz™, an # 0 lie in

aj

|z] <1+ max
%

0<j<n—1

In the literature, there exists several results concerning the bounds for the zeros of polynomials and related
topics (for references see [1], [2], [7], [10] and [11]). One such elegant result that give the location of the zeros
of a polynomial with restricted coefficients is known as Enestrom-Kakeya Theorem [7] which states :

Theorem 1 If P(z) = Z;L:0 ajzj s a polynomial of degree n such that a, > ap—1 > ... > a1 > ag > 0, then
P(z) has all its zeros in |z| < 1.

Later on Joyall et al. [6] extended Theorem 1 by relaxing the condition of non-negativity and proved the
following result.

Theorem 2 If P(z) = Z?:o ajz’ is a polynomial of degree n such that a, > an—1 > ... > a1 > ag, then
P(2) has all its zeros in
|an| — ao + |ao|

2] <
|an|
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There exists several extensions and generalizations of Theorem 1. However the following result concerning
the number of zeros of a polynomial in a closed disk can be found in Tichmarsh’s book, see[12].

Theorem 3 Let F(z) be analytic in |z| < R such that |F(2)| < M in |z| < R and F(0) # 0. Then for
0 < 0 < 1, the number of zeros of F(z) in the disk |z| < RS does not exceed

L g M
— = 108 —F——.
log 5 [F(0)]

Mohammad [8] proved the special case of Theorem 3 by imposing a restriction on the coefficients of a
polynomial similar to that of Enestréom-Kakeya Theorem by establishing

Theorem 4 Let P(z) = Z?:o ajzj bea polynomial of degree n such that a, > an_1 > ... > a1 > ag > 0.
Then the number of zeros of P(z) in |z| < 1 does not exceed
an

1
14+ ——log —.
+log2 Ogao

Dewan [4] extended Theorem 4 to the polynomials with complex coefficients and proved the following
results:

<

Theorem 5 Let P(z) =Y ."_,a;z7 be a polynomial of degree n with complex coefficients such that for some
<

real B, |arga; — B| < a < F for all j = 0,1,2,...,n and |a,| > |ap_1| > ... > |a1| > |ao| > 0. Then the
number of zeros of P(z) in |z| < § does not exceed
1 |an|(1 + cosa + sina) + 2sina 32"~ |a;]
1+ log 1= :
log 2 |aol

Theorem 6 Let P(z) = Z;’L:O a;jz’ is a polynomial of degree n with complex coefficients. If Re(a;) =
a;, Im(a;) = B8;, i =0,1,....,n are such that o, > ap_1 > ... > a1 > ag > 0, then the number of zeros of
P(z) in |2| < 1 does not exceed

1 an+ Yo |B;
1+ log 20 |5;|.
log 2 |aol

2 Main Results

In this paper, we present the generalization of Theorems 4, 5 and 6 by relaxing the condition of monotonicity
for extreme co-efficients. In fact, we prove

Theorem 7 Let P(z) = Z?:o a;jz?, ap # 0 be a polynomial of degree n such that for some positive integer
p and a non-negative integer ¢ with p > q, ap > ap—1 > ... > ag+1 > aq. Then for 0 < 6 < 1, the number of
zeros of P(z) in |z| < § does not exceed

1 log |lan| + Mp + My + ap — aq + |ag|
log% lao|

?

where
n

q
My= 3 laj—aj_1| and My=7_laj —aj-1l.

j=p+1 j=1

Remark 1 Ifag > 0, then forp=mn, ¢q=0 and § = %, Theorem 7 reduces to Theorem j due to Mohammad
[8] and if we take ¢ =0 in Theorem 7, then we get the following result.
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Corollary 1 Let P(z) = Z?:o a;jz’,ag # 0 be a polynomial of degree n such that for some positive integer
0<p<m,ap>ap_1>..>a1 >ag. Then for 0 < < 1, the number of zeros of P(z) in |z| < does not

exceed

1 log lan| + My, + ap — ag + |ao|

log% lao|

)

where

n
My =Y laj—aj-1l.

Jj=p+1
If we choose p = n in Theorem 7, we obtain the following result.

Corollary 2 Let P(z) = Z;L:o a;jz?,ag # 0 be a polynomial of degree n such that for a non-negative integer
g, Qp > A1 > ... > Qg1 > aq. Then for 0 < 6 < 1, the number of zeros of P(z) in |z| < & does not exceed

1 lan| + an — aq + |ao| + M,
T log
log 5 |aol

Y

where

q
My =Y laj —aj-il-
=1

Next we extend Theorem 7 to the polynomials with complex coefficients and present the following results.

Theorem 8 Let P(z) = Z?:o a;jzd, ag # 0 be a polynomial of degree n with complex coefficients. If
Re(a;) = a; and Im(a;) = B;, @ = 0,1,...,n are such that for some positive integer p and a non-negative
integer ¢ with p > q, oy > ap_1 > ... > agq1 > aq. Then for 0 < § < 1, the number of zeros of P(z) in
|z| <& does not exceed

1 log lon | + My + My + ap — g + [ao] + 22?:0 |57|
log% |aol 7

where

n q
My= % laj—a;| and My;=Y |aj —aj-i.
j=p+1 j=1

Remark 2 Setting ag > 0, then forp=mn,q=0 and §j = %, Theorem 8 reduces to Theorem 6 due to Dewan
[4] and for ¢ = 0, it yields the following.

Corollary 3 Let P(z) = Z}Z:O ajz?, ag # 0 be a polynomial of degree n with complex coefficients. If
Re(a;) = oy, Im(a;) = B;, 9 =0,1,...,n are such that for some positive integer p, ap > ap_1 > ... > g > o,
then for 0 < § < 1, the number of zeros of P(z) in |z| <& does not exceed

1 1g‘an|+Mp+O‘p*ao+‘0‘0‘+22?=o |31
(0] )

log % lao|

where

My= Y laj—ajl.

Jj=p+1

If we put p =n in Theorem 8 , then we acquire the following result.
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Corollary 4 Let P(z) = E?:o a;jz?,ag # 0 be a polynomial of degree n with complex coefficients. If Re(a;) =
a;, Im(a;) = B,, 1 =0,1,...,n are such that for some non-negative integer q, o, > Gp_1 > ... > Qqq1 > Qq,
then for 0 < § < 1, the number of zeros of P(z) in |z| <& does not exceed

1 1 ‘an|+Mq+an*aq+|O‘0‘+2Z?=o |ﬂ]‘
(0] )
log% & lao|

where

q
My =" laj —aj1l.
j=1

Theorem 9 Let P(z) = Z?:o ajzj, ag # 0 be a polynomial of degree n with complex coefficients such that

for some real B and for some integers p and q with 0 < q <p <n, |arga; — | <a < §, ¢ <i < p we have
lapl > lap—1] > ... > |ag+1]| > ag].
Then for 0 < § < 1, the number of zeros of P(z) in |z| <& does not exceed

1 o |an|+Mp+|ap|(cosa+sina)+251na2§;; la;| — |aq|(cos o+ sin a) + |ag| + M,

log § |aol

7

where
n

q
My= 3 laj—aj-1| and My=7_laj —aj-1l.
i=p j=1

Remark 3 Ifag > 0, then forp=mn, ¢q=0 and § = %, Theorem 9 reduces to Theorem 5 due to Dewan [4]
and on taking ¢ = 0 in Theorem 9, we produce following result :

Corollary 5 Let P(z) = Z?:o ajzj, ag # 0 be a polynomial of degree n with complex coefficients such that
for some real 3, |arga; — ] < a < 5, 0 <1i <p and satisfies |ap| > |ap—1| > ... > |a1| > |ag|, p > 0. Then

for 0 < § < 1, the number of zeros of P(z) in |z| <& does not exceed

1 |an| + M, + |ap|(cosa + sina) + 251na2§;3 laj| — |ao|(cos o+ sin ) + |ao|
o

log 3 lag| ’

where

n
My= Y laj—aj-1.

Jj=p+1
If p = n in Theorem 9 , then we attain the following result.

Corollary 6 Let P(z) = Z?:o ajzj, ag # 0 be a polynomial of degree n with complex coefficients such that
for some real B, |arga; — | < a < §, ¢ <i < n and satisfies |an| > |an—1| > ... > |ag1] > |agl, ¢ > 0.
Then for 0 < § < 1, the number of zeros of P(z) in |z| < ¢ does not exceed

1 |an| + |an|(cos a + sin o) + QSinozE;:ql la;| — |ag|(cos o + sin a) + |ag| + M,

b

log % |ao

where

q
Mq = E |aj —aj—-1|-
j=1
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3 Lemmas

For the proofs of the Theorems stated above, we need the following lemma due to Govil and Rehman [5].

Lemma 1 If for some real 3, |arga; — | < a < T and |a;| > |a;—1| fori=0,1,2,...,n, then

jus
2

la; —a;—1] < (Jai] — |ai—1]) cosa + (|a;| + |a;—1]) sin a.

4 Proofs of Theorems
Proof of Theorem 7. Consider the polynomial

F(z2) = (1-2)P(2)=(1-2)(anz" +an_12""" +a, 22" 2+ ... +a, 12"
Fapzf + o+ ag 129 F a2 Fag 1297+ arz +ag)
= —a,2"+ (@ — Ap_1)2" + (A1 — Qp_2)2" 4 ... + (ap+1 — ap)zerl
Hap = ap-1)2" + ..+ (age1 — ag)z + (ag — ag—1)2*

+(ag—1 — aq,g)zq_l + ...+ (a1 — ap)z + ap.
This gives for |z| < 1

F) < lanl+ lan = an_af 4 [an-1 — an-a| + ... + |ap11 — ap
Flap —apal + .+ lagra — agl + lag — ag|
Flag—1 — ag—2| + ... + lar — ao| + |aol. (1)

Now by hypothesis a, > ap—1 > ... > ag41 > aq,p > ¢, using in inequality (1), we get,

|F(2)| <|an|+ lan — an—1] + |@n-1 — an_2| + ... + |ap+1 — ayp|
+ (ap — ap—1) + (ap—1 — ap—2) + (ap—2 = ap—3)... + (ag+1 — aq)

+lag —ag-1| + lag—1 — ag—2| + ... + a1 — ao| + |ao|.

This implies for |z] <1
[F(2)] < lan| + My + ap — aq + Mg + |ag| = M.

Since F'(z) is analytic in |z| <1 with |F(z)] < M for |z| < 1 and F(0) = ag. Therefore applying Theorem 3
to the polynomial F'(z), it follows that the number of zeros of F(z) in |z| < ¢ does not exceed

Lo M
log 3 [F(0)

As the number of zeros of P(z) in |z| < ¢ is equal to number of zeros of F(z) in |z| < J. Hence the number
of P(z) in |z| < § does not exceed
1 M
— log —.
log 5 lao|
That proves Theorem 7. m
Proof of Theorem 8. Define a polynomial T'(z) by

T(z)=(1-2)P(z) =(1-2) Zajzj — a2 4 Z(aﬂ' —a; )7 + a.
j=0 j=1
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Therefore for |z| < 1, we have

n

T()| < lanl+ Y la; —aj-1] + |ao]

j=1

n
< ol +18a] + leol + 8ol + D {loy — 1l +18; — 18,11}

j=1
n n
= Jan| + [Bal + laol + 180l + D lay — a1l + D 18; = 5,41,
j=1 j=1

or equivalently

T(2)|

IN

n p
o] + (Bl + o] + 1Bol + D ey —ajal + D oy — ey
j=p+1 J=q+1

+ Dl =gl + D (1851 + 18,4 (2)
j=1 j=1

By hypothesis, we have for given p and ¢, p > ¢, @, > ap_1 > -+ > g1 > a4. Therefore inequality (2)
becomes

T(2)| < an|+ ool + My + My +2> 1551
j=o

F(ap = ap_1) + (p—1 — ap_2) + -+ + (g1 — aq)
n
= lon|+ My + o —ag + My + QZ 185 + |aol.
§=0
This implies for |z] <1

n
IT(2)| < |an|+Mp+ap_aq+Mq+22‘ﬁj| + |ao = N.
=0

This shows that |T'(z)] < N for |z| < 1. Further T'(z) is analytic in |z| < 1 and T'(0) = ag # 0. Therefore
by Theorem 3, the number of zeros of T'(z) in |z| < ¢ does not exceed

L g Y
— 108 —F .
log 5z T(0)]

Since by definition of T'(z), it is clear that T(z) and P(z) have the same number of zeros in |z| < §. Hence
the number of P(z) in |z| < § does not exceed

1 N
17110g7
og 5 |ao

This completes the proof Theorem 8. m
Proof of Theorem 9. Contemplate the polynomial

Hz)=(1-2)P(z)=(1-2) Zajzj — —a, 2" + Z(aj —a;_1)% +ap.
j=0 j=1



Ganie et al. 257

This gives for |z| <1

|H (2)]

IN

n
lan| + D la; — a;-1| + |ao|
=1
n

q
lan] +laol + Y (laj — a1+ Y (laj —aja)) + Y (la; —aj1)
_ =

p
Jj=p+1 J=q+1

IN

n
= lanl+laol+ Y (la; —aj1) + Y (la; — ;1) +lap — ap-a| +lap-—1 — apa| + . + |ag1 — ag|-
Jj=p+1 J=1

Q

Since by hypothesis, we have for p > ¢, |a,| > |ap—1] > ... > |ag41] > |ag|, therefore it follows by using
Lemma 1 that

p—1
[H(z)| < lan] +laol + My + My + [(lap| — lag]) cos a] + 2sinay _ a;| + |ay| sin e — |ag| sina
Jj=q
p—1
= |an| + M, + M, + |ao| + |ap|(cos a + sin a) + 2sinaz laj| — |ag|(sin a + cos ).
Jj=q
This implies for |z] < 1
p—1
|H(2)| < |an| + My + |ap|(cosa + sinar) + ZSinaZ laj| — |ag|(sina + cos o) + My + |ag| = R
Jj=q

This shows that H(z) is analytic and |H(z)| < R for |z| < 1. Also by hypothesis H(0) = ag # 0. Therefore
involving Theorem 3, we get the number of zeros of H(z) in |z| < § does not exceed

R
og T S THO)I

As the number of zeros of H(z) in |z| < § is equal to number of zeros of P(z) in |z| < ¢. Hence the number
of P(z) in |z| < ¢ does not exceed
1 R

— log —.
log T % Jao]

This proves Theorem 9. =

5 Conclusion

Studying the location of zeros of a complex polynomial is a classical topic in geometric function theory. In
this context, several results can be found in the literature for the class of polynomials whose coefficients
satisfy certain monotonicity conditions. In this paper, we extended this classical inquiry by relaxing some
conditions related to the monotonicity on the coefficients of underlying polynomial. We specifically examined
how these conditions influence the zero distribution, particularly discussing the maximum number of zeros
that the polynomial in consideration can have within a particular region of complex plane. These results not
only contribute to the broader understanding of polynomial roots but also generalize many known results.
In addition to this, they provide open avenues for future research in polynomial theory.
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