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Abstract: Let p(z) be a polynomial of degree n,with p(z) = > a,z. In this
v=0

paper, firstly, we prove a result for bounds in two different radii for the maximum
modulus of lacunary type of polynomials having all zeros outside a disk of given
radius. Next, we establish a result concerning the maximum modulus of polar
derivative of polynomial having all zeros inside a disk out of which some fixed
number of zeros are centred at origin. In particular case this result reduces into
ordinary derivative. Our results not only provide refinements of earlier proved re-
sults but also open new avenues for other results in the same field of research.
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1. Introduction and Statement of Results
If p(z) be a polynomial of degree n and p'(z) its derivative. Then according to
a well known result due to S. Bernstein [3], we have
max P'(2)| < nmax p(2)]. (1.1)
z|=1 z|=1
The result is best possible and equality holds for p(z) = az™, where |a| = 1.
If we restrict to the class of polynomials having no zero in |z| < 1, then the

bound in inequality (1.1) can be improved. In this direction, P. Erdds conjectured
and later Lax [9] verified that if p(z) # 0 in |z| < 1, then

max [p'(2)] < = max [p(2)). (1.2)
|z|=1 2 |z|=1
On the other hand if a polynomial p(z) of degree n has all its zeros in |z| < 1.
Then it was shown by Turan [14], that

max |p'(z)| > " max Ip(2)]. (1.3)
|z|=1 2 |z|=1
Thus in (1.2) as well as in (1.3) equality holds for those polynomials of degree n
which have all their zeros on |z| = 1. By simple deduction from the maximum
modulus principle (for instance see [10] or [12]) for a polynomial p(z) of degree n
and for every R > 1, we have

max p(z)] < R max p(2)]- (1.4)

The result is best possible and extremal polynomial is p(z) = Az", A(# 0) is a
complex number. For the class of polynomials having no zeros in |z| < 1, the
inequality (1.4) is sharpened by Ankeny and Rivlin [1] as

R"+1
Jnax [p(2)] < —5— max|p(z)] (1.5)
Corresponding inequalities under the same conditions as in inequalities (1.4) and
(1.5) with r < 1 were proved by Zerrantonello and Varga [15] and Rivlin [16]
respectively.
For a polynomial p(z) of degree n, D,p(z), the polar derivative of p(z) with respect
to the point « is defined as

Dap(z) = np(z) + (o = 2)p'(2).
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It is easy to see that D,p(z) is a polynomial of degree at most n — 1 and that
D,p(z) generalizes the ordinary derivative in the sense that

For the polynomial p(z) of degree n having all its zeros in |z| < k,k > 0 and for
r <k < R, Jain [7] proved

M(p,r) _  M(p,R)
rn 4+ krn=1 — Rn 4 kR’

(1.6)

where M(p, R) = ‘rr|1a§ Ip(2)|. Here and hereafter we shall also mean M (p, R) =

|n‘1a>1§ Ip(2)]. Inequality (1.6) is generalized by Keshtwal [8] for lacunary type of

polynomials, as following.

Theorem 1.1. [Keshtwal [8]] If p(z) = ao + > ajz? is a polynomial of degree n,
J=p
having all its zeros in |z| > k,k > 1, then forr <k < R
M(p, R)
Rn—l(R;H—l + ku+l)n|a0| + M|aM|Rnku+l(Ru—l + k,u—l)
M(p,r)
= P 4 T ) alag] 4 plag PR (1 L)

(1.7)

The following result concerning polar derivative of polynomial is due to Govil
and Kumar [5].

Theorem 1.2. [Govil and Kumar [5]] If p(z) = 2z%(ap + a1z' + a92® + ... +
an_s2""%),0 < s < n is polynomial of degree n having all its zeros in |z| < k, k > 1,
then for any complex number o with || > k

nts L L L )nmxmun
Tk (L4 k) (|ans]k™= + |ag]) ) o PV
(1.8)

x| Dup2)] = (]~ )

In this paper, firstly we are able to improve upon the Theorem 1.1 by proving
the following.

Theorem 1.3. If p(z) = ap+ Y, a;2’ is a polynomial of degree n, having all its
J=p
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zeros in |z| > k,k > 1, then forr <k <R

M(p, R) _ M(p,r) _ (R" — ") (nfaolk" ™ + play|rk>")
FRE) = f(rik)  knf(R,k)(ritt + ket)nfao] + play|(rekett + vk

)m(p, k),
(1.9)

wherem = m(p, k) = \Hlluli ip(2)| and f(R, k) = R™ Y (RF+k# Y )n|ag|+pla, | Rkt
(RF=14k+=1) etc. Here and hereafter we shall also mean m = m(p, k) = |n|1£r]i Ip(2)].
Next, we improve upon the Theorem 1.2 as following.

Theorem 1.4. If p(z) = 2°(ag + a12' + a2® + ... + a,_2"%),0 < s < n is
polynomial of degree n having all its zeros in |z| < k,k > 1, then for any complex
number o with |o| > k

(lof — k) |an—s[K" "% — lao| LA
Dop(z)| > ~——2 :
b > T (09 % o g ) () g i )

(1.10)
If we divide both sides of inequality (1.10) by |a| and then let |a| — oo , then
we obtain the following corollary which is of independent interest too.

Corollary 1.1. If p(z) = 2%(ap + a12' + a92® + ... + ap_s2""%),0 < s < n is
polynomial of degree n having all its zeros in |z| < k,k > 1, then

|an,slk:"_s _ |a0‘> { k,n—l ) }
n+s)+ max |p(z)| + min z .
(( ) e ) (e S min ()
(1.12)

ax [p/(2)] >
max P (=)l 2 T

Corollary 1.1 is an improvement of a result due to Govil and Kumar ([5], Corol-
lary 1.2).

2. Lemmas
To prove the main results, we need the following lemmas.
Lemma 2.1. [Govil, Rahman and Schmeisser [6]] If p(z) = > a;2? is a polynomial
7=0
of degree n having no zeros in |z| < k,k > 1, then

nfag| + k*|a, |
max |p'(2)| < n max |p(2)]. 21
i 5(2)] < n ey e ma () 21

The result is best possible with extremal polynomial p(z) = (z + k)™.
Qazi [11] generalized the Lemma 2.1 and proved the following.
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Lemma 2.2. [Qazi [11]] If p(z) = ao + >_ ;27,1 < pu < n is a polynomial of

J=h
degree n not vanishing in |z| < k,k > 1, then

1+ &[22
/ n'ag

Lemma 2.3. If p(z) = ao+ > a;27,1 < pu < n is a polynomial of degree n not
J=p
vanishing in |z| < k,k > 1, then

nlao| + pla, [k

/
<
e P = M gl + lagl (e 1 gy 121
kn—l—l
o n 1— n|a0| + N‘au| m, (2'3)
kn (1 + krthnlag| + pla,| (At + k2+)

where [[p] = ma |p(=)] and m = m(p,k) = min p()].

Proof. Since p(z) does not vanish in |z| < k,k > 1 and |p(z)| > m = ‘n}llli Ip(2)],

therefore by Rouche’s theorem, the polynomial F'(z) = p(z) + Az-m, |A| < 1, also
does not vanish in |z| < k,k > 1. On applying inequality (2.2) of Lemma 2.2 to
the polynomial F(z) = p(z) + Azzm, we have

e v [ (e e R A

or

e L -
g = T R (e k) max [p(z) +mA

1+ &|2] m|\|

< nlag ‘
= T B e e MO T

max () + An=2

Now, since A is on our choice, choosing argument of X in such a way that L.H.S. of
inequality (2.4) becomes

n—1

z |A|lmn

kn

max [p'(z) + An (2.5)

o /
i o = max [p'(2)] +

|2l
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Inequality (2.4) in association with (2.5) gives

|Almn 1+ B2 m|A|
< - (2
BN T = e e e (R PO T (0

Inequality (2.6) on simplification gives

nlaol + pla, k"

<
gl‘ai( ' (2)| < n(l + k) nlag| + ,u|au|(k‘“+1 + k2 ﬁl‘i}f Ip(2)]
. nl)\| . TL|CZO| + u|au|kn+1 m. (27>
K (14 k#t)nlaol + play|(k#+t + k)

Finally, letting |[A| — 1 in (2.7), we get the desired inequality (2.3) and thus the
proof of the Lemma 2.3 is completed.

Lemma 2.4. [Aziz [2]] If p(z) is a polynomial of degree n which has all its zeros
in the disk |z| < k,k > 1, then

n

> . 2.8
max|p(z)] 2 777 maxlp(z)] (28)

This result also independently proved by Govil and Kumar [3]. Further, Lemma
2.4 was improved by Dewan et.al.([4], Inequalty (20)) as

Lemma 2.5. If p(z) is a polynomial of degree n which has all its zeros in the disk
|z| < k,k>1, then

n n

max > max |p(z
max |p(2)| 2 17 max Ip(=)| +

3. Proof of the Main Theorems

Proof of Theorem 1.3. Let 0 < r < k . Since p(z) has all its zeros in |z|
k,k > 1, therefore the polynomial T'(z) = p(rz) has all its zeros in [z] > £ £ >
Applying Lemma 2.3 to the polynomial T'(z), we get

>
1

nlao| + “|au’(§>#+1 ax |T'(z)|

max |T'(2)| < n m
I < e ag] & ] {5+ (B}

[ nloo] + | (4)
E | T+ G nlaol + pla] {Ep1+ (B
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which implies

nr”

Ilgl‘ay\p (rz)] <nA max p(rz) = 571 = 4) ﬁlfé p(rz)|
or

max /()] < “Amaxlp()| - (- ), 61
where

_ nlao|r*t + pla, | k#Htrr
T T o ) fag] + | (P77 7o)

(3.2)
As p/'(2) is a polynomial of degree at most n — 1, then by maximum modulus
principle ([10], p. 158, problem IIT 269), we have

M.t _ M@',r)
tnfl — fr.nfl

, for t>r (3.3)

Combining inequalities (3.1) and (3.3), we have

M) < 5 (P Ama ()| = o (1 = A) min (=) )
T A kn |2|=k

Now, we have for 0 < 0 < 27

R

R~ plre)] < [ e lar

r

nt"t (A rnt
_ e
< [ 2 (S o) - Tt - i () )

_ A<Rn70—;rn>M(p, ) — (1— A)(Rnk—_nrn)m(p, k). (3.4)
From inequality (3.4) it implies that
pie)| < 1+ 2 o - 20 m. 69
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Substituting expression for A from (3.2) in (3.5) and after simplification together
with using the fact that R > r, (3.5) reduces to

R (R - B nfag| + pla,| RMEMHH (R + B4
rnL(rr 4 kRt n|ag| + play |kt (reet 4 krol)

M(PJ“)S{ }M(pﬂ’)

(R =) (L nlao|r* ™t + pla, | k# e
kn (et 4 ket n|ao| + play,|(krire 4+ rk2e

)) m(p, k).

This is ultimately equivalent to inequality (1.9) and thus proof of the Theorem 1.3
is completed.

Proof of Theorem 1.4. The proof of the Theorem 1.4 runs parallel to the proof given
by Govil and Kumar (see [5] proof of Theorem 1.1). Here we apply the improved
Lemma 2.5 instead of Lemma 2.4. So here we skip the details.

4. Conclusion

In this paper, we are able to get inequalities that provide better bounds for max-
imum modulus of polynomial functions in different radii and also for the maximum
modulus of polar and ordinary derivatives of the polynomials.The limitation of our
results in this paper is that these do not give bound for the values of k£ € (0,1).
The scope of the bounds for k£ € (0,1) is still open and recommended for further
research.
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