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SOME EXTENSIONS OF A THEOREM OF PAUL TURAN
CONCERNING POLYNOMIALS

N. A. RATHER!, ISHFAQ DAR!, AND A. IQBAL!

ABSTRACT. In this paper, certain new results concerning the maximum modulus
of the polar derivative of a polynomial with restricted zeros are obtained. These
estimates strengthen some well known inequalities for polynomial due to Turan,
Dubinin and others.

1. INTRODUCTION

In scientific disciplines like physics, engineering, computer science, biology, physical
chemistry, economics, and other applied areas, experimental observations and investi-
gations when translated into mathematical language are called mathematical models.
The solution of these models could lead to problems of estimating how large or small
the maximum modulus of the derivative of an algebraic polynomial can be in terms
of the maximum modulus of that polynomial. Bounds for such type of problems
are of some practical importance. Since, there are no closed formulae for precise
evaluation of these bounds and whatever is available in literature is in the form of
approximations. However for practical purposes, nobody ever needs exacts bounds
and mathematicians must only indicate methods for obtaining approximate bounds.
These approximate bounds, when computed efficiently, are quite satisfactory for the
needs of investigators and scientists. Therefore there is always a desire to look for
better and improved bounds than those available in literature. It is this aspiration of
obtaining more refined and revamped bounds that has inspired our work in this article.
In this paper, we have generalized and refined some well known results concerning the
polynomials due to Turan [16], Dubinin [6] and others. To begin with let P,, denote
the linear space of all polynomials of the form P(z) = >I'_,a,z” of degree n > 1
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and let P’(z) be the derivative of P(z). Then concerning the lower bound for the
maximum of |P’(z)| in terms of maximum of |P(z)| for class of polynomials P € P,
not vanishing outside unit disc, Turdn [16] showed that

(1.1) ﬁaXIP’( Az I‘n|aX|P( 2)|-

Equality in inequality (1.1) holds for those polynomials P € P, which have all their
zeros on |z| = 1. As an extension of (1.1), Govil [8] proved that if P € P,, and P(z)
has all its zeros in |z| < k, k > 1, then

1.2 max | P'(z)| > max |P(z)|.
(12) nax |P(2)] > 1 max | P(:)
In literature, there exist several generalizations and extensions of (1.1) and (1.2)
(see [1,2,4,5,13-15]). Dubinin [6] refined inequality (1.1) by proving that if all the
zeros of P € P, lie in |z| < 1, then

13 max P2 > 5 (0 + FFF) o [P(2)].

The polar derivative D, P(z) of P € P,, with respect to the point « € C is defined by
D,P(z) :=nP(z) 4+ (o — 2) P'(2).

The polynomial D,P(z) is of degree at most n — 1 and it generalizes the ordinary
derivative P’(z) of P(z) in the sense that
D,P
lim —= (2)
a—00 0%
uniformly for |z2| < R, R > 0.
A. Aziz [1], Aziz and Rather ([4,5]) obtained several sharp estimates for maximum
modulus of D,P(z) on |z| = 1 and among other things they extended inequality (1.2)

to the polar derivative of a polynomial by showing that if P € P, has all its zeros in
|z| < k,k > 1, then for every a € C with |a| > k

—k

= P'(2),

>
(1.4) Iélli}l( |DoP(2)| > n( T

2. MAIN RESULTS

In this paper, we obtain certain refinements and generalizations of inequalities (1.1),
(1.2), (1.3) and (1.4). We first prove the following result.

Theorem 2.1. If P € P, and P(z) has all its zeros in |z| < k, k > 1, then for every
a € C, with |a| > k

Jlol -k V/F fanl—y/laol |an-1]0(k)
@1 PPl = <n+ Vel ><r|?i)f‘P(z)| T )

+ (k) |nag + aa4,
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n__ n—2__ —1)2 .
where ¢(k) = (% - %) or % and (k) = 1— % or1—< according asn > 2
orn = 2.

Remark 2.1. Since all the zeros of P(z) lie in |z| < k, k > 1, it follows that /|ag| <
\/k"|a,|. In view of this, inequalities (2.1) refines inequality (1.4).

If we divide the two sides of inequality (2.1) by |a| and let |o| — oo, we get the
following result.

Corollary 2.1. If P € P,, and P(z) has all its zeros in |z| < k, k > 1, then

(n + W) (Ié“i}f |P(2)| + |a’;€_1|¢(7€)>

P'(2)| >
2 EEPElzTE

+(k)larl,

where ¢(k) = (knn_l - %) or @ and ¢(k) = 1 — % or 1 —  according as n > 2
orn =2.

The result is best possible and equality in inequality (2.2) holds for P(z) = 2"+ k™.

Remark 2.2. As before, it can be easily seen that inequality (2.2) refines inequality
(1.2). Further for k = 1, inequality (2.2) reduces to inequality (1.3).

Next, we present the following result which is generalisation of Theorem 2.1 and in
particular, includes refinement of inequality (1.2) as a special case.

Theorem 2.2. [f all the zeros of P € P, lie in |z| < k, k > 1, then for every o € C
with |a| >k, 0 <1 <1,

I DuP(E)| 2 { ol = k) yax P2 + (ol + 1/47 i |
(laf = k) [ /klan—tm—/lacl \ { ;n i
(2.3) fen(km + 1)( R an] m )(k fﬂiﬁ{'P('z” l )
el Bl V)
k(1 + k) V/kan]—lm

+ ¥(k)|nag + aaq|,

n n—2 2

where m = ming. |P(2)], o(k) = (¥ = ¥T51) or B8 and wi(k) = 1 s or

1— % according as n > 2 or n = 2.

If we divide both sides of inequality (2.3) by |a| and let |a| — oo, we get the
following result.
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Corollary 2.2. If all the zeros of P € P,, lie in |z| <k, k > 1, then for0 <1< 1

Iél'aX |P'(2)| > = —sz” {maX|P( )|+ lm} + P (k)|a|
1 k™| ay|—Ilm \/|a_o n .
2.0 e (V) (ke e ) - )
|@n-1] VB |an|—tm=+/lao|
+ Lk <n+ e )cb( ),
where m = miny,—, |[P(2)|, ¢(k) = (knn_l - knn_jz_l) or & 21 and ¢ (k) =1 — 3 or

1-— % according as n > 2 or n = 2.

Remark 2.3. For [ = 0, Corollary 2.2 reduces to Corollary 2.1 and for k£ = 1, inequality
(2.4) refines inequality (1.3).

3. LEMMAS

We need the following lemmas for the proof of our theorems. The first lemma is due
to Dubinin [6].

Lemma 3.1. If P € P,, and P(z) has all its zeros in |z| < 1, then

(3.1) |P'(2) ( FFF>P ), for|z| = 1.

The next lemma is special case of a result due to Aziz and Rather [3,4].
Lemma 3.2. If P € P,, and P(z) has its all zeros in |z| < 1, then for |z| =1
Q' ()| < [P'(2)],
where Q(z) = 2"P (1/z).

Lemma 3.3. If all the zeros of P € P, lie in a circular region C and w is any zero
of D,P(z), the polar derivative of P(z), then at most one of the points w and « may
lie outside C.

The above lemma is due to Laguerre (see [10]). The following lemma is due to
Frappier, Rahman and Ruscheweyh [7].

Lemma 3.4. If P(z) is a polynomial of degree at most n > 1, then for R > 1

(32 wax|P() < R max|PG) - (R = R™IPO), ifn>2
and
(3.3) max | P(2)| < Rmax|P(2)| = (R=1DIPO), ifn =1

Next lemma is the famous result of P. D. Lax [9].
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Lemma 3.5. If P € P,, does not vanish in |z| < 1, then

n
[P'(z)] < 5 lnax |P(z)], for|z[=1.

We also need the following lemma.

Lemma 3.6. If P(2) = a, [Ij_,(z — 2;) is a polynomial of degree n > 2 having no
zero in |z| < 1, then for R > 1

n 1 n mn—2
34) maxl PO < T max )| - (B2 - E22) PO, 02,
and
2 1 -1 2
35 maxlPE) < L ma P - B P0), =2
Proof of Lemma 3.6. For each #, 0 < 0 < 27, we have
R
(3.6) P(Re®) — P(é?) = / ¢ P/ (1) dt,

1
which gives with the help of (3.2) of Lemma 3.4 and Lemma 3.5 for n > 2

WUM%—P@%\{/W%#N%

1
n ¥ 7
< [t dimax [ P)| - (7 — ¢ P (0)
1 B 1
R"—1 R'—1 R"Z-1)\
= 1|r£1a>1<|P(z)|—< T .5 >|P(0)|

Consequently for n > 2 and 0 < 6 < 27, we have
|P(Re”)| < [P(Re”) — P(e”)| + |P(e”)]

R"+1 R*—1 R'2-1
L e e LU

- |z|=1 n—2
which immediately leads to (3.4). Similarly we can prove inequality (3.5) by using
inequality (3.3) of Lemma 3.4. This proves Lemma 3.6. O

Finally we require the following lemma.

Lemma 3.7. If P € P,, has all its zeros in |z| < k, where k > 1, then for 0 <1 <1

max |P(2)] > 2K Inaxyp()|+-z<:Z" >In1|fmzﬂ

|z|= 14 kn |z|=k
2% ap | (K =1 K"2—1
kn 41

(3.7)
_|_

), ifn > 2,

n n—2
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and
(3.8)
2k K21 k(k — 12ay|
>_ v A P PR el e,
s P2 > e mox P +1{ g iy P+ E L=

Proof of Lemma 3.7. Since all the zeros of P € P, lie in |z| < k, k > 1, therefore, all

the zeros of g(z) = P(kz) lie in |z| < 1 and hence all the zeros of f(z) = z"g(1/z) =
2" P(k/Z) lie in |z| > 1. Moreover, m = miny.|— | P(2)| = minj;j—; | f(2)], so that

m[2"| < [f(2)], for [z] = 1.

We show that for A € C with [A| < 1, f(z) + Amz" # 0 in |z| < 1. This is trivially
true if m = 0. Henceforth we suppose that m # 0, so that all the zeros of f(z) lie in
|z| > 1. By the maximum modulus theorem

(3.9) m|z"| < |f(z)], for|z] < 1.
Now if there is point z = zy with |zo| < 1, such that f(z9) + AmzJ = 0, then

[/ (z0) = [Ml[z5]m < [z]m,

a contradiction to inequality (3.9). Hence, it follows that the polynomial T'(z) =
f(2) + Amz" does not vanish in |z| < 1. Applying inequality (3.4) of Lemma 3.6 to
the polynomial 7'(z), with R =k > 1 and n > 2, we get for |z| = 1,

k™ +1 Er—1 k21
n n| < n| __ — / .
02 + ks < ) e - (S - K2 o)
Which implies, for n > 2,
R o1 ko1,
@10) 1702) + w1+ ) - (BB o)

Choosing argument of A suitably in the left hand side of inequality (3.10), we get for
n>2

ka1 [ R N
]+ Wk < L+ ) = (= B e

Replacing f(z) by 2" P(k/Z), we obtain for n > 2 and |2| =1

k" +1
P+ Wk < (a0 + i )
R A
_< n  n—2 )k [an-1],

which on simplification yields inequality (3.7). In a similar manner we can prove
inequality (3.8) by applying inequality (3.5) of Lemma 3.6 instead of inequality (3.4)
to the polynomial T'(z). This proves Lemma 3.7. O
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4. Proof of the Theorems

Proof of Theorem 2.1. Let f(z) = P(kz). Since P € P, has all its zeros in |z| < k
where k > 1, therefore, f € P,, and f(z) has all its zeros in |z| < 1. If Q(2) = 2" f(1/%),
then it is easy to verify that

(4.1) Q' (2)] = Inf(2) — 2f'(2)|, for|z] =1.
Combining (4.1) with Lemma 3.2, we get
(42) PG> Inf() = 2f(2)], for |#] = 1.

Now for every a € C with |a| > k, we have for |z| =1,
[ Dayrf (2)] = Inf(2) + (a/k = 2) f'(2)| Z [a/kI|f'(2)] = Inf(2) — 2" ()],
which gives with the help of (4.2)

(43) sl = (i
Consequently,
(4.4) max | Do P(2)] = (laf - )‘m|ax|P’( z)|.

Again since all the zeros of f(z) = P(kz) lie in |z| < 1, therefore, using Lemma 3.1,

we have
1 VEan| = /laol
1f'(2)] = 5 ( + |f(2)], for|z| =1.
2 VErlau]
Replacing f(z) by P(kz), we obtain

k:maX|P’(l€Z ) > = < Frlan = M) kz)|,
\ k™| | | 1

(4 W_F) PEo)l
VEnlan] i

Combining inequality (4.4) and inequality (4.5), we have

|z|=

which implies

1
(4.5) max |P'(2) —k

ol — k™la,| — 1/|ag
(4.6) I‘?'aX]D oP(2)| > (||2kk)<n+ \/ \/knia\'/ ‘) I|Izl\i)k(|P(Z)|

Further since D, P(z) is a polynomial of degree at most n — 1, using inequality (3.2)
of Lemma 3.4, we have for n > 2

max |D,P(2)| < R nax |D,P(2)| — (R"' — R"3)|nag + aay].
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Using this inequality and inequality (3.7) of Lemma 3.7 with { =0 and R=4%k > 1in
(4.6), we have for n > 2

ket r‘nﬁ}l( |D P (2)| — ("' — k" *)|nay + aa]|

_(a] = k) (n+ Vel — ¢|ao|>
- 2k [k ay|
n n—1 n __ n—2 _
{ 2% maX’P(Z)sz |an_1|<k 1k 1)}

14+ k™ |z=1 k™ +1 n n—2

which on simplification gives

R I

lap 1| (E"—1 k"2 -1
x{1121|a)1<|P( )+ k n n—2

+ (1 - 1/k2)|na0 + aay|, ifn>2.

The above inequality is equivalent to the inequality (2.1) for n > 2. For n = 2, the
result follows on similar lines by using inequality (3.3) of Lemma 3.4 and inequality
(3.8) of Lemma 3.7 in the inequality (4.6). This completes the proof of Theorem
2.1. 0

Proof of Theorem 2.2. By hypothesis P € P,, has all zeros in |z| < k, k > 1. If P(z)
has a zero on |z| = k, then m = miny.|—; |P(2)| = 0 and result follows from Theorem
2.1. Henceforth, we suppose that P(z) has all its zeros in |z| < k, & > 1, so that
m > 0. Now if f(z) = P(kz), then f € P, and f(z) has all zeros in |z| < 1 and
m = min|— |P(2)| = min. = | f(2)|. This implies

m<|f(2), for || = 1.
By the Rouche’s Theorem, we conclude that for every A € C with |[A\| < 1, the

polynomial g(z) = f(z) — Amz™ has all zeros in |z| < 1. Applying inequality (4.3) to
the polynomial g(z), it follows for |z] =1 and |a| > k

Dupa(a) > (5o

Since all the zeros of g(z) lie in |z| < 1, using Lemma 3.1, we obtain for |z| = 1 and

ol > &
al = k™a, — Am| — y/|ag
Duate) = 5 (1) (nﬂ' tll ')|g<z>|

|k™a, — Am|
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Using the fact that the function S(z) = == Vm|a0‘, x > 0, is non-decreasing function
of z and |k"a, — Am| > k"|a,| — |A\|m > 0, we get for every A € C with [A\| < 1 and
2] =1

al = k™ a,| — |A|lm ag
an Il = (M) (n+ 'kLM"'_WmF) 9(2).

Replacing ¢g(z) by f(z) — Amz™ in (4.7), we get for |z| =1 and |a| > k

nmai

‘Da/kf(z) - L

o L (1oL (o LB VD) ) )
T2\ K Ve aa| — [A[m

Since all the zeros of f(z) — Amz" = g(z) lie in |z| < 1 and |a/k| > 1, it follows by
Lemma 3.3 that all the zeros of

(4.8)

nma

Dai(f(2) = mAz") = Daf(2) = — 1

lie in |z] < 1. This implies that

nm|a|

|Z’n_1

(4.9) Dajef (2)] 2

In view of this inequality, choosing argument of A in the left hand side of inequality
(4.8) such that

for |z] > 1.

Y

nma/\

|Doz/kf(z> L

nm|a|| Al

k )

for |z| =1,

= Do ()| -

we get for [z| =1 and |a| > k

nm|al|\|

‘Da/kf(z)‘ -

2;<|a’k_k> <n+ k"\;;ﬁ;—mm\/i)( ~ [Am),

which on simplification yields

ol = k\ (,, VR lanl = IXIm — /lao|
Dt 5(; )( L ) )

AR (T
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This implies for |z| =1 and |a] > k
(4.10)

x| DaP(2)] > <|a| ) (n+ VEan] = [Nm — \/\ao\) max |P(2)]
2=k k JEan| — |A|m 2=k

) (R

Moreover, since D, P(z) is a polynomial of degree at most n — 1, applying inequality
(3.2) of Lemma 3.4 and inequality (3.7) of Lemma 3.7 with R = k > 1, we obtain for
la| >k, 0<l<1land|z| =1

kot max |DoP(2)| — ("' — k" 3)|nag + aa,]

>1<|a\ - k) <n+ VEran] — im — \/|a0\>
—2 k \/ k™ |an| — Im

2Lm n_ 1 2n—1 B n_ 1 n—2_1
X { F max |P(z)] + i Im + K Jan| (k _k )}

1+ kn J2i=1 kn o+ 1 k41 n n—2
1 _ k™ a,| —lm — y/|a

_(Ial k?)(\/ @) / 0|>lm+n<m‘+k>lm, it n > 2.
o\ & knla,| — Im 2\ F

Equivalently, we have for |a| > k, 0 <l < 1and |z| =1

sl DuP()] > 1 ol = ) max P+ (al + 14 |

L (P V) (0 1)
(1ol = W)lan] (V5] = 1m — /o]
TR R ( Jilan] —im )

n_1 n72_1
X (k A >+(1—1/k2)|nag+aa1|, if n > 2.

n n—2

That proves the inequality (2.3) for n > 2. For the case n = 2, the result follows on
similar lines by using inequality (3.3) of Lemma 3.4 and inequality (3.8) of Lemma
3.7 in the inequality (4.10). This completes the proof of Theorem 2.2. 0
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