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Abstract : In this paper, we obtain an annulus that contains all the zeros of the
polynomial P(z) = ag+aiz+azz?+---+a,2" where a,’s are complex coefficients
and z is a complex variable. Our result generalizes one of the recently obtained
result in this direction.
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1 Introduction and Statements

The study of the zeros of polynomials have a very rich history. In addition to
having numerous applications in many areas including, but not limited to, signal
processing, communication theory, Cryptography, Control Theory, Combinatorics,
and Bio-Mathematics. This study has been the inspiration for much theoretical
research (including being the initial motivation for modern algebra).

Gauss and Cauchy were the earliest contributors in the theory of the location
of zeros of a polynomial, since then this subject has been studied by many people
(for example, see [1 2]).
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A classical result due to Cauchy (see [I, p. 122]) on the distribution of zeros
of a polynomial may be stated as follows:

Theorem A. If P(z) = 2"+ an_12" 1 +an_22""2+---+aop is a polynomial with
complez coefficients of degree n, then all zeros of P(z) lie in the disk |z| < r where
r is the unique positive root of the real-coefficient polynomial

Q@) = 2" — |an1 2" = an_sla™ % = - — |ar]o — |ao).

Recently Diaz-Barrero [3] improved this estimate by identifying an annulus
containing all the zeros of a polynomial, where the inner and outer radii are ex-
pressed in terms of binomial coefficients and Fibonacci numbers. In fact he has
proved the following result.

Theorem B. Let P(z) = Z?:o ajz? be a non-constant complex polynomial of
degree n. Then all its zeros lie in the annulus C = {z € C: 1 <|z| < rq} where
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Here F; are Fibonacci’s numbers, that is, Fy = 0, F1 = 1 and for j > 2, F; =
Fi_1 4+ Fj_».
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Seon-Hong Kim [4] obtained an annulus containing all the zeros of a polyno-
mial, where the inner and outer radii are expressed in terms of binomial coefficients
and proved the following result.

Theorem C. Let P(z) = Z?:o a;jz’ be a non-constant complex polynomial of
degree n. Then all its zeros lie in the annulus C = {z € C: r; < |z| < rqo} where

C(n,j) |ao 13 2" —1 |ap—; i
1 = min — ; T2 = max § —7——= | — :
1<j<n | 27 — 1 |a; 1<j<n ([ C(n,4) | an
where C(n,j) := (717"—;)”, is a Binomial coefficient.

In litrature there exists several other extenstions of above results (see [5]).

The subject in this note is to study further the annular bound for the zeros of
complex-coefficient polynomials, and obtain a better annular bound which include
Theorem [Clas a special case. In addition, several numerical examples will be given
to demonstrate the improvement over above mentioned results. More precisely, we
prove:

Theorem 1.1. Let P(z) = Z?:o a;jz’? be a mon-constant complex polynomial of
degree n and «, B any non-negative real numbers such that («,B) # (0,0). Then
all its zeros lie in the annulus C' = {z € C:ry < |z| <1y} where
N 1/k
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(2a +nB)2" -«
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Remark 1.2. For 3 = 0, Theorem [[.I] reduces to Theorem [Cl

If we take o = 0, we obtain the following result.

Corollary 1.3. Let P(z) = E?:o ajz? be a non-constant complex polynomial of
degree n. Then all its zeros lie in the annulus C = {z € C:ry <|z| <rq} where

1/k 1/k
k(™ n—1

71 = min (k) , ro = max n2"— )
1<k<n | n2n—1 1<k<n k(Z)

Here, we construct examples of polynomials for which the annuli containing
all the zeros of the polynomials obtained by Corollary [[.3] are considerably sharper
than the annuli obtainable from the above mentioned results (Theorems [Bl [Cl)
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Example 1.4. Let P(z) = 2%+ 222 +42+ 3i, for which, as we shall see, Corollary
[[3l gives the best bound.

By using Theorem [B], we find that the annulus containing all the zeros of polyno-
mial P(z) comes out to be 0.026608 < |z| < 3.065262, while by Corollary [[.3] it
is 0.046875 < |z| < 1.74716. We also calculated the actual zeros and found that
they all lie in the annulus 0.69055058 < |z| < 1.73312317. Thus for this polyno-
mial, Corollary [[.3] gives the sharpest bound. We can improve the lower bound by
choosing «, 8 suitably in Theorem [I1]

Example 1.5. Our next example is the polynomial P(z) = 23 +0.12240.2240.7,
by Theorem [C] we obtain an annulus 0.4641 < |z| < 1.6984 which contains all the
zeros of P(z). While as by Corollary [[3] it comes out to be 0.5593 < |z| < 1.409,
which clearly improves the bound obtained by Theorem

Example 1.6. Our last example is the polynomial P(z) = 2° + 32% + 22 + 2, by
Theorem [Bl we find that the annulus obtained by Theorem [Blis 0.326236 < |z| <
84.562500, while as, if we use Corollary [L3] it comes out to be 0.5 < |z| < 48,
which considerably improves Theorem [Blin this case.

Remark 1.7. We can similarly improve the bounds containing all the zeros of a
polynomial by choosing o and 3 suitably in Theorem [l .

2 Lemma

To prove the above theorem, we need the following lemma.
Lemma 2.1. Let a,d € R, then > ,_,(a+ kd)C(n, k) = (2a + nd)2"~! — a.

Proof. Proof follows by using the well-known Identity > ,_, kC(n,k) = n2" L.
([l
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3 proof of Theorem

Proof of Theorem [I.Tl We first show that all the zeros of P(z) lie in
(2a+np)2" ! -«

1/k
(a+ kB)C(n, k) } (3.1)

where «a, § are any non-negative real numbers such that (a, 8) # (0,0). From (B.1),
it follows that
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an—k| _ 1 (a+kB)C(n k) -
an =Tz (2a+nB)2n—1 — o’ k=123-,n
or
" an_ x| 1 " (a+EB)C(n, k)
— =1 byl 3.2
; an |5~ ; 2a+np)2n—1 —« y lemma 2.1 (3:2)

Now, for |z| > ra, we have

|P(2)| =|anz™ + an_12""  +--- 4+ a1z + aol
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using (3.2)), we have for |z| > 7o, |P(z)| > 0. Consequently all the zeros of P(z) lie
in |z| < 7 and this proves the second part of theorem.

To prove the first part of the theorem, we use second part. If ag = 0, then r; =0
and there is nothing to prove. Let ag # 0, consider the polynomial

Q(Z) = ZnP(l/z) = aozn+alzn_l 4+ Fap 12+ an.

By second part of the theorem, for any non-negative real numbers «, 8 such that
(a, B) # (0,0), all the zeros of the polynomial Q(z) lie in

|4<nmx{@a+”mwhl‘“9ﬁ}wk
T1<k<n | (a+ kB)C(n, k) | ao
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Now replacing z by 1/z and observing that all the zeros of P(z) lie in
k
[ (@ +EB)C(n k) v
> = .
2l 2 71 12k<n { (2a 4+ np)2n1 — «

This completes the proof of theorem [I.1] O
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