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n

Abstract. Let P(z) = a,] | (z—2z;) be a polynomial of degree n having all its zeros in |z] <k,

Jj=1

k > 1, then Aziz [Proc. Am. Math. Soc., 89, (1983) 259-266] proved

maxlP'(2)] > — 3 max|P(2)
TR Akt L] =

2[=1

In this paper, we prove a polar derivative extension which sharpens the above inequality.
As a consequence, we also derive a result on Bernstein type inequality for the class of polyno-
mials having all its zeros in |z] >k, k< 1.

1. Introduction

If P(z) is a polynomial of degree n, then according to a well-known inequality
due to Bernstein [3], we have

max|P'(z)| < nmax|P(z)|. (1)
lzl=1 [zl=1

Inequality (1) is best possible and equality holds if P(z) = az", a #0.
If P(z) has no zero in |z| < 1, then

max|P ()| < = max|P(z)]. 2)
lz|=1 2 |z=1
Equality in (2) holds if P(z) = a+ BZ", |o| = |B].
Inequality (2) was conjectured by Erdos and later proved by Lax [16].
On the other hand, Turdn [22] proved that if P(z) has all its zeros in |z| < 1, then

n
max|P'(2)| > 2 max|P(2)|. )
lz|=1 2 Jz|=1

It is of really interest to further notice about inequalities (2) and (3) that the restrictions

imposed on the zeros of the polynomial concerned regarding the estimate of ﬂax|P' (2)]

z|=1
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as an upper or lower bound, accordingly as the zeros of the polynomial are contained
respectively on and outside or on and inside the unit circle.

It is a common and natural interest to seek improvements, generalizations, exten-
sions etc. of results existed in literature. In this regard, Malik [17] proved the following
partial generalization of inequality (2) for polynomial P(z) of degree n having no zero
inlz|<k,k>1

max|P'(z)| < " max|P( ). 4)

Equality in (4) holds if P(z) = (z+k)".

The direct analogous inequality of (4) when the polynomial has no zero in |z| < &,
k < 1, in general, does not seem to exist in literature till date. However, in an attempt to
investigate the existence of this type of inequality, a special inequality was obtained by
Govil [9] under a strong restriction on the moduli of the derivatives of the polynomial
and its inversive polynomial that if P(z) is a polynomial of degree n having no zero in
|z <k, k<1, then

n
< —— max|P(z)|. 5
g}afl '(2)] 1+knﬁi’f| (2)] (5)

provided |P'(z)| and |Q'(z)| attain their maxima at the same point on |z| = 1, where
and throughout Q(z) = Z"P (%) .
In the same paper [17], as an application of his famous inequality (4), Malik [17]

for the first time established a generalization of Turdn’s inequality (3) that if P(z) has
all its zeros in |z] < k, k < 1, then

, n
m. > —— max|P(z)]|. 6
max|P'(2)| > 7 maxlP(e) ©)

The result is sharp and extremal polynomial being P(z) = (z+k)".
Whereas the analogous inequality of (6) for k > 1 was proved by Govil [8] as

n
max|P'(z)| > —— max 7
max|P'(9)] > 1 maxlP() ™
Inequality (7) is sharp and equality holds if P(z) =z"+k".

It is noteworthy that Turdn famous inequality (3) has been generalized in comple-
tion as regards the value of radius k of the closed disc |z| < k, referred to as the zero
region.

By considering the locations of all the zeros of the polynomial, Aziz [2] improved

n
inequality (7) and proved that if P(z) = a, H (z—z;) is a polynomial of degree n having
J=1
all its zeros in |z| <k, k> 1, then

n
k
max = E max
|<|= 1| @) Lk &k + [z |z\:1‘

P(2)]- (8)

If P(z) be a polynomial of degree n and o is a complex number then the polar
derivative of P(z) with respect to o is given by

Dy P(z) = nP(z) + (a—z)P'(z).
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The polynomial D, P(z) is a polynomial of degree at most n— 1, and it generalizes
ordinary derivative in the sense that

fim 2P@) _ P(2).
a—ee
For more information on inequalities involving polar derivative and extensions of
above inequalities, one can refer the following literature: Akhter et al. [1], Dewan et al.
[4], Dewan et al. [5], Govil [10], Govil [12], Jain [14], Kumar [15], Milovanovi¢ et al.
[18], Singh and Chanam [19], Singh et al. [20] and Singh et al. [21].

2. Lemmas
In order to prove our theorems, we shall make use of the following lemmas.

n
LEMMA 1. If P(z) = an [ [ (z —2v) is a polynomial of degree n having all its
v=1
zeros in |z| < 1, then for every real or complex number o with |o| > 1

max|D,P(2)| > (|~ 1) Y, 1 max| (o). ©

|z|=

This lemma is due to Giroux et al. [7].

LEMMA 2. If P(z) is a polynomial of degree n atmost, then

2
nmax|P(z)| — ”Z\P(0)|, if n>2, (10)
max|P'(z)| = lal=1 nt
=1 nmax|P(2)| = [P(O)], if n=1 (11)
zZ|=

n

LEMMA 3. If P(z) = 2 ayz’ is a polynomial of degree n >1 and let R > 1,

v=0
then
M(P.R) < R"M(P,1)— |P/(0)|(R" ' —R"3)(VR2+1—1), n>4, (12)
M(P,R) < R"M(P,1)— |P'(0)|(R> —=R)(VR? +R+1—1), n=3, (13)
M(P,R) <R"M(Rl)—|P’(0)R< Rz;lﬂ)» n=2, (14)
M(P,R) < R"M(P,1)—|P(0)|(R—1), n=1. (15)

The above two lemmas are due to Frappier et al. [6].
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n

LEMMA 4. If P(z) Za\,z is a polynomial of degree n > 2, and R > 1, then
v=0
i 2(R"—1)
M(P.R) <R M(Pyl)—mﬁld
Rn—l_l Rn—3_1
—2(12{( n— 2(R)_Cn—4(R))_< n—1 - n—23 )}a n>5a (16)
2(R"—1
M) < ()~ 25 D
RP—1 R*-1
_2612{DR— ( 3 - 2 ) }7 n:47 (17)
2(R"—1 R*—1
m(eR) < muen) - 20 D)2l {F- (S ) b on=s aw
R'—1 R—1)"
meR) < rm(p )~ Eo gy B 2o 19)
where R
R):/ PP 1dr, 1> 0, (20)
1
R
DR:/ (P =P +r+ 1dr, @)
1
and
2
FR—/ r +l 22)

Proof of Lemma 4. Let us assume that P(z) is a polynomial of degree n > 5 so
that P’(z) is a polynomial of degree (n—1) > 4 applymg inequality (12) of Lemma 3
to P'(z), we get

max |P'(z)| < IM(P' 1) — [P"(0)| (X2 = (Vi +1-1). (23)

lz][=r>1

Using inequality (10) of Lemma 2 in (23), we get

IﬂaX\P/( 2)|
1 2n _|p! n—2 __ n—4 2 _
< {nmanlP(@)] - 3ol - PO - (AT,
_ ol 2wt 2 n4 _
= nr 1\33&|P(z)| w12 lag| — 2|az| (¥ — ") (V2 +1-1). (24)

Now, for each 6, 0 < 0 < 21, we have

. . R .
IP(Re®) — ()] < /1 P (ré®)|dr, R> 1,
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which on using inequality (24) gives

P(Re®) — P(e®)] < max|P(z |/ "y 2‘“(" / " dr

|z]=1
_z|az|{/1 YR+ ldr —/ —r”4)dr},
. 2(R"—
<ﬁa71<\1’( 2)|(R" - 1)—m\ao\ 2|ay|
n—1 _ n—3 _
X {(an(R)—Cn4(R) — (Rn—l ! — Rn_3 1)}
Hence on |z =R > 1, we have
P(Re)| < |[P(Re) — P(e)| +|P ()],
2(R"—1)
<R" ‘Iga)qu( 2)|— W‘ao‘ 2|ay|
n—1 _ n—3 _
X {(Cn2(R)_Cn4(R)) - (Rn_l 1 B Rn_3 1)}7

which prove inequality (16).

Now the proof of inequalities (17), (18) and (19) follow on the same lines as that
of inequality (16), but instead of using inequality (12), we use respectively inequalities
(13), (14) and (15) of Lemma 3. We omit the details. This completes the proof of
Lemma4. [

LEMMA 5. If P(z) is a polynomial of degree n which does not vanish in |z| < 1,
then

, n
max P9 <  {maxP(0) - minfP(2) . o3

The above lemma is due to Govil [11].

LEMMA 6. If P(z) 2 ay?’ is a polynomial of degree n > 3 having all its zeros
v=1
in |z| =1, then for R > 1, we have

M(P,R) < (RHZ’LI)M(RU— (Rn2_1>|z in|P ()I—é'ill')

y { (R" — 1);n(R— 1)} — 6|as| l(R— 1)(Cu-3(R) = Cy—5(R))
) Cm%—w—m—ww—ﬂ)
(n—1)(n—2)

(R -1 - (n=3)(R-1) .
(59 )}L & 20
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M(P,R) < (Rn;1>M(Rl)— (an_ 1) Ig‘lizr}\P(z)\ - é'f:ll')

y {(Rn_l);n(R—l)}_6a3[(R_I)DR
_{((R4_1)1—24(R—1)) - ((R3_1);3(R_1)> H s @)

< (2 - (£ - 2%

y {(Rn—l);n(R—l)}_6a3 l(R—l)FR

_((R3_1);3(R—1))],n:4, o8
T A L
X{(Rn_l);n(R—l)}_V;_Z|(R_l)n,n:3' 29)

where Ci(R), Dg and Fy are as defined in Lemma 4.

Proof of Lemma 6. We assume that P(z) is a polynomial of degree n > 5. For
each 0, 0< 0 <2m and for R > 1, we have

. . R .
IP(Re®) — ()] < / P (re®)|dr. 30)
1

Since P'(z) is a polynomial of degree (n— 1) > 4. Using inequality (16) of
Lemma 4 in (30), we get

[P(Re") —P(e))]

2
<Ha)1(\P/z|/ " ldr — \a1| /( —1)dr
2
et S
—6las| (R ))dr—/l ( L )dr}7

—glaaﬁp’@'( )-<iiﬁ'>{(’”‘”;”““”}

n—1 _ —(n— _
R { (e )

(R -1)—(n=3)(R-1)
( (1—3)(n—4) )H ey

— 6las|
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Using Lemma 5 in (31), we get
[P(Re'”) — P(e)]

- (Rn2_1> {g}g’fp(zﬂ—g‘i‘}”z)'}‘ (i|jl_11|) {(Rn_l);n(R—l)}

n—1 __ —(n— _
(R—1)(Cy—3(R) —Cy—5(R)) — { ((R (nlz 1)((n _12))(R 1))

B ((R”‘3 ~1)—(n—3)(R— 1))
(n—3)(n—4) '

Hence on |z] =R > 1, we have

— 6las|

|P(Re")|
R'+1 R —1Y .
g( 5 )rga)li|P(z)|—< 5 )EngP(z)l
~ (,21|f1) { (R" — 1);"(R‘ 1>} —6las| | (R—1)(Co_3(R) = Co_5(R))

S (RTT =D -m-DR-1)\ (R -1)—(n=3)(R-1)
(n—1)(n—-2) (n—3)(n—4) ’
which prove the proof of inequality (26).
The proof of inequalities (27), (28) and (29) follow on the same lines as that of
inequality (26), but instead of using inequality (16), we use respectively inequalities

(17), (18) and (19) of Lemma 4. We omit the details. This completes the proof of
Lemma6. [

LEMMA 7. If P(z) is a polynomial of degree n, then on |z| = 1

P'(2)]+10'(2)] < nHTaf\P(Z)I-

|z|=

The above result is due to Govil and Rahman [13].

3. Main result

We begin by presenting the following extension of inequality (8) to the polar
derivative by considering the locations of all the zeros and some coefficients of the
polynomial at the same time, our result sharpens inequality (8).

n n
THEOREM 1. If P(z) = Z ayz’ = anH(z—zj), ay, a, 70, is a polynomial of
v=0 j=1
degree n > 3 having all its zeros in |z| < k, k > 1, then for every complex number o
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with |a| >k

2o —k) (& k k-1
DoP(2)] = P P
ﬁgﬂ\ P 2 =5 Z‘lk+|2.f| ﬁg&l @+ = E}i‘}c‘ (2)]

2|a,— kK'—1)—n(k—1 6la,_
+ k1|{( n()n—H() )}+ |k33¢(k)]

2(k”*1—1) 1
+ m\nao—kaal\ +F\2(n—2)a1+6aa3|w(k), n>=4,
(32)
2ol -k [« Kk -1
max|DyP(z)| > max|P(z)|+ min|P(z
Iz\:l‘ aP(2)| o1 Z‘lkﬂm |z\:1‘ @+ = |z\=k‘ (2)]

jan—1| [(K"=1)—n(k—1)  |ano| (k—1)"
+ 2k1 { n }+ k2 n
— n—1
(knzkii__ll)Mao—i-aaﬂ—F%\(n—1)a1—|—2aa2\,n=3,
(33)
where
(k' —1)—(n—1)(k—1)
(k_l)(Cn—3(k)_Cn—5(k))_{< (n—l)(n—2) )
_ (K~ 1)~ 4(k—1)
¢ (k) (k—l)Dk—{< > )
3_1)— _
_((k 1)63(k 1)) } Faes G5)
3_1)_— _
(k—1)F— (“‘ N3 1’), =4 (6
-2 -4
(Cu3(K) — G5 (k) — <(knn_21) - (knn_41)>7 if n>6, (37)
3 _ 2
v (k) = Dk—<k31—k21), if n=5, (38)
2 _
Fk—<k21), if n=4, (39)

Ci(k), Dy and Fy are as defined in Lemma 4.
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Proof of Theorem 1. First, suppose that P(z) is a polynomial of degree n > 6.
Since the polynomial P(z) has all its zeros in |z| <k, k > 1, the polynomial T'(z) =
P(kz) has all its zeros in |z| < 1. Applying inequality (9) of Lemma I to the polynomial
T(z), we have for [¢]>1

max|Dg T (z)| > ('%—1)2 l‘zl‘max\T()l

lz]=1 1+ |z|=1

or

max )nP(kz) + (% —z) kP’(kz)) > (% - 1) ,:2'1 k+kzj max|P(kz)|,

|z[=1 |z[=1

which is equivalent to

max'nP(z)-i— (% - %) kP/(Z)| > (% - 1) 2": £ ) T3X|P(Z)|’

|z|=k

or

meDap(a) > (1) 8 e mageo) 0

|e|=k k+ 1z |Z\
Since the polynomial P(z) is of degree n > 6, Dy P(z) is a polynomial of degree

(n—1) > 5. Thus, applying inequality (16) of Lemma 4 to DyP(z) with R=k > 1,
we get

-1
max|DaP( )| < K" 'max|DyP(z)| — 20 = 1)

max ma i1 |nap + aa |

—[2(n— )al+6aa3|{( w-3(k) —Cy—s(k))

K2—-1 k-1
_< n—2  n—4 )} @D

Combining (40) and (41), gives

(k )
K"~ max|DyP
\z|a)f| aP(2)| 1

n—2 _ n—4 _
X{(Cn—3(k)_cn—5(k))_ (kn_zl _kn—41) }

|a|—k) Lok
>( - 2k+|z,| max|P()].  (42)

|nag+ oar| — |2(n —2)a; + 60as|

Let ¢(z) = ( ). Since P(z) has all its zeros in |z| <k, k > 1, it follows that the
polynomial q(%) has all its zeros in |z] > 1 and is of degree n > 6. Applymg inequality
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(26) of Lemma 6 to ¢() for R=k > 1, we get

marlo ()] (5 marla (D)~ (55 minfo )]

~ 2an—| {(k" —1)—n(k— 1)} _ 6lan-3]

k n(n+1) i3
“1_ 1) —(n— —
B ((k”‘3—1)—(n—3)(k—1))
(n—3)(n—4) ’
which is equivalent to
maP(a)| < (et maxp)l - (550 ) minirco)
~ 2lani {(k"—l) n(k— 1)} 6|an—s|
k n(n+1) K3
n—1__ —(n— _
>< [(k— (G5~ Goos(h) — { (=)
B ((k"3— 1) —(n—3)(k— 1))
(n—=3)(n—4) ’
which simplifies to
2K" k' —1
Iélla?;\P( )| > (m) ma ax|P(z )|+< % )Irllf}{P(Z”
2ap| [(K"—1)—n(k—1)  6la,3|
" kl{ n(n+1) }+ e
n—1 __ —(n— _
>< [(k— (G5~ Goos(h) — { (=)
(P —(n=3)(k—1)
e )}H )

Combining (42) and (43), we get

(k" 1)
Kt DyP(z)| —

n—2 _ n—4 _
. {(Cna(k)—Cns(k))— (“=-5=Y) }

|nag+ oar| — |2(n —2)a; + 60as|
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2 ol —k) (& &k k"—l)
> x|P(2)] + (= P
k1 ;k+|z,-| max|P(2) ( 2 ) minlP@)l

Al {1 _1<)n+1(k_1)}+6a£3 g
[(k—l)(c 3(k) — { (k" l—nl_l)((';—_lz))(k—l))
(s
which on simplification yields
g}aleaP( 2)|

2o —k) (& k (k”—l) .
> P@)|+ P(z
k1 j:zlk—k\zj\ max|P)|+ | - ) minlPE)]

2]an—1| [(K*—1)—n(k—1))  6|a,_3]
k1 { nn+1) }+ k33

x [(k— D(Coak) — G5 (6)) — { ((""1 —D (= Dik- ”)

(n—1)(n—2)
B ((k”3 —1)—(n—3)(k— 1))
(n—3)(n—4)

20k 1)
m|nao+aa1|+ 1|2(n— )a1+6aa3\

n—2 _ n—4 _
» {(Cna(k)—Cns(k))— (“=-5=Y) }

which prove the desired result for n > 6.

The proof for the cases n =5, n =4 and n = 3 follow on the same line as that
of n > 6, but instead of using inequality (16) of Lemma 4 and (26) of Lemma 6, we
use respectively inequalities (17), (18) and (19) of Lemma 4 and (27), (28) and (29) of
Lemma 6. We omit the details. [

+

REMARK 1. Dividing both sides of inequalities (44) and (45) of Theorem 1 by
|| and taking |ot| — oo, we get the following result.

COROLLARY 1. If P(z) 2 avz’ = anH z— -), ag, ap # 0, is a polynomial
j=1
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of degree n >3 having all its zeros in |z| < k, k > 1, then

2 = k K —1
P > P
E‘la)ﬂ (2)] T <§1k+|zj|> ma | ()] + mln\ (2)]

2k |zj=k

29an—| [(K"—1)—n(k—1) 6|a,_3|
* kl{ a(n 1) }+ a0
n—1
ot v, 14

2 L k kK'—1
max|P'(z)| > max + —— min|P(z
naxlP ()] > g (lemm) LZ () + 5 minlp(o)
— K'—1)—n(k—1 n_a| (k—1)"
Ll 1{< ) —n( >}+a 2/ ( >]
n n

2k 2
(k' —1) (k=1
+ S lai|+ 1 laz|, n=3,

where ¢ (k) and y(k) are as defined in Theorem 1.

(44)

(45)

As an application of Theorem 1, we prove the following improved Bernstein type

inequality for polynomials having all its zeros in |z| >k, k < 1.

THEOREM 2. Let P(z 2 avz’ = anH Z— zj), ap, a, # 0, be a polynomial
Jj=1

of degree n >3 having all its zeros in |z| > k, k < 1. If |P'(z)| and |Q'(2)| attain their

maxima at the same point on |z| = 1, then

26 (& |z

—~ P(z
1+k"< k+ZJ>‘||z )f‘
2" [zl (14"

- P
L+ k" (J.Zlk+|z~,|> l 2k Pl

e O]

max|P'(z)| <
|z[=1

2(1—&"1) 1
— L ay | = 6lap 3Ky [ - ), n >4,
(l’l+1) |a 1| |a 3| W(k) n
and
2k" 5Lz
max|P ()| < |n— ] max|P(z
o= 1| (2| 1+ k" (Fz’lk+2j>‘|zll @)l

2 (& gl [
P
I+k (J.Zlk—klzﬂ)l Zer Pl

(46)
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jar| fA—k)—n(L =Kk | laof (1K)
_|—2k”1—l { nn+1) }+k"—2 n ]
B (l_knfl)

3 |an_1|—(1—k)”71\an_2\, n=73, 47)

where ¢ (k) and y(k) are as defined in Theorem 1.

Proof of Theorem 2. Since P(z) is a polynomial of degree n > 4 and has all its
zeros in |z| > k, k < 1, the polynomial

1 _ _ o _
Q(z):z”P(E)zan+an_1+...+alz" L4 dpt = H 1—zZ))

as all 1ts zeros 1n |z < Ts T 1ng 1inequalit (0] orollar to an
has all i b ¢ > 1. Applyingi quality (44 of Corolary 10 0(2) and

using the facts that 1‘n|ax|P( 2)| —1‘11|ax|Q( z)| and mir}\Q( )| = o ‘n|11n|P( 7)|, we have
- \Z|:;
2k" & |z (I—k") .
P(z)|+ p
ﬁallQ( )| > YT (,E‘lkﬂz,-l) ﬁg}f\ @+ ‘rzrllﬁl (2)|
2ay| [(1—K") —n(1—k)k"1) A
t { n(n+1) Holaslko | ¢
2(1—k"1) 1
———a,— 6la,_3|k" ! - . 48
By Lemma 7, we have, on |z| =1
P(2)] +1Q'(2)| < nmax|P(z)]. (49)

|z[=1

Since |P'(z)| and |Q'(z)]| attain their maxima at the same point, then

max {|P/(2)|+1€/(2)1} = max|P()| + max|Q/(2). (50)

Combining (48), (49) and (50), yields
max|P'(2)] + — 2 il max |p()|+(1_k") i
el=1 Lk \ S k+z] ) | =1 2k |-

2lay| (1 —K") —n(1—k)K"1) 1
+ Jn—1 { n(n+l) }+6|a3k3(]) (%)]
2(1—k"1) a1 (1
+W|an71‘+6‘anf3‘k llV(z)

< nI‘ITa)I(‘P(Z)L (51)
7l=
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which is equivalent to

2k" 5z
max|P'(z)| < |n— J max|P(z
‘lell (2)] T Z‘lkﬂzj\ |z\=1‘ (2)]
28" [ |zl (L—k")
- : P
11k ;k+|zj| s minlP)]
20ay| (1 —K") —n(1—k)K"1) A
6las|o | -
+k"1{ n(n+1) +olaslo | ¢
2(1—k"1) 1

- — 71 —
il =Glan sl v ().

which prove the theorem for n > 4.

The proof for the case n = 3 follows on the same line as that of n > 4, but instead

of using inequality (44), we use inequality (45) of Corollary 1. We omit the details. [
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