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INEQUALITIES FOR MAXIMUM MODULUS OF RATIONAL
FUNCTIONS WITH PRESCRIBED POLES

S. L. WALI!

ABSTRACT. In this paper we prove some results concerning the rational functions
with prescribed poles and restricted zeros. These results in fact generalize or
strengthen some known inequalities for rational functions with prescribed poles
and in turn produce new results besides the refinements of some known polynomial
inequalities. Our method of proof may be useful for proving other inequalities for
polynomials and rational functions.

1. INTRODUCTION

Let P,, denote the class of all complex polynomials P(z) := 37_;¢;27 of degree at
most n and P’(z) be the derivative of P(z). Let D; := {z : |z| < k}, D} = {z:
|z| > k} and T}, := {2z : |z| = k}. For a function f defined on the circle T} in the
complex plane €, we write

I = sup £ w(e) =TT~ )

and

:pe?n},
where a; € DY, j=1,2,...n.
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Thus, R, is the set of all rational functions with poles aq, as,...,a, at most and
with finite limit at co. We observe that the Blashke product B(z) € R,,, where

B() =TI (1 _“J'Z).

j=1 \ =~ 4j

For every P € P, the following inequality is due to Bernstein [5]:
1P| < nllP,
where as by an application of maximum modulus principle
IP(R, ) < R"|[Pl],

where [|P(R,-)|| = sup,cr, |P(2)|. Both these inequalities are sharp and equality
holds for polynomials having all zeros at the origin. In case P(z) # 0 for z € Dy,
then we have for z € T}

n
(11) 17 < 2P|
and

R*"+1
(1.2) [P(R,)| < 5 121,

whereas if P(z) # 0 for z € Dy, then
n
(13) 1P 21

Inequality (1.1) was conjectured by Erdos and proved by Lax [9], whereas inequality
(1.2) is due to Ankeny and Rivilin [1]. Inequality (1.3) is due to Turdn [14]. In all the
inequalities (1.1), (1.2), and (1.3) equality holds for polynomials having all zeros on
the unit disk.

Li, Mohapatra and Rodriguez [10] extended inequalities (1.1) and (1.3) to rational
functions r € R,, and proved the following results.

Theorem 1.1. Suppose r € R,, and all the zeroes of v lie in TyU Dy . Then for = € T}
1
)< SIB' -

Theorem 1.2. Suppose r € R,,, where r has exactly n poles at ay,as, ..., a, and all
the zeros of r lie in Ty U Dy, then for z € T}

[r'(2)] = ;{IB’(Z)! = (n=m)}|r(2)],

where m is the number of zeros of r.

The inequality (1.2) was extended to rational functions by Govil and Mohapatra
[7] (see also Aziz and Rather [3]) to read as follows.
Theorem 1.3. Suppose r € R,, and all the zeroes of v lie in Ty UD; . Then for z € T}

(o)) < PEIE L)
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2. MAIN RESULTS

Theorem 2.1. Suppose r € R,,, where r has n poles at ay,as, .. .,a, and all the zeros
of r lie in Ty U Dy with a zero of multiplicity s at origin, then the following inequality
holds for each point z € T, such that r(z) # 0

21’ (z) 1 |em| = les]
2.1 R > < |B — _—
1) (2 2 (e -+ e,
where m is the number of zeros of r. Inequality (2.1) is sharp and equality holds for

25(zm 7 — 1)

r(z) = ——= and B(z)= (

(z —a)"

1—az

n
) , z€Ty,a>1.
zZ—a

Since Z:ES) > Re { Z:ES) }, from Theorem 2.1, we immediately have the following.
Corollary 2.1. Suppose r € R,,, where r has n poles at ay,as, ..., a, and all its zeros
lie in T1 U Dy, with s-fold zeros at origin, then for z € T}

(22 () 2 1B+ (s 4 m—m) el )
2 || + s

where m s the number of zeros of r. The result is sharp and equality holds for

S it R B(z)z(l_az>n,

(z—a)" z—a

at z=1 and a > 1.

Note. Inequality (2.2) is trivally true in case r(z) = 0 for z € T7.
If we take s = 0 in Corollary 2.1, we get the following result, which is an improvement
of Theorem 1.2, earlier proved by Li, Mohapatra and Rodriguez [10, Theorem 4].

Corollary 2.2. Suppose r € R,,, where r has n poles and all the zeros of r lie in
Ty U Dy . Then for z € T}

/ 1 / || — |col
P {17 ) 2 )

where m s the number of zeros of r. The result is sharp and equality holds for

m

T(Z):% and B(z):(l_a’Z)n

Z—a

at z=1and a > 1.

Since |¢,| > |co|, therefore as mentioned above, Corollary 2.2 is an improvement of
Theorem 1.2. In case number of poles of r is same as its zeros, that is, when m = n
then Corollary 2.2 gives an improvement of [4, inequality (12)].

Taking a; = «, 1 =1,2,...,n, in Corollary 1, we have the following.
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Corollary 2.3. If P(z) is a polynomial of degree m having all zeros in Ty U Dy with
s-fold zero at origin, then

’Oé| —1 |Cm| - |cs|
(2.3) |D,P(z)| > 5 {m—irs—l— |Cm’+|cs|}‘P<2)‘,
where D, P(z) :=nP(2)+ (o — z)P'(2) is called the polar derivative of the polynomial
P(z) with respect to the point o and it generalizes the ordinary derivative of P(z) of
degree n in the sense that
. D,P(z)
lim

a—00 0%

= P'(2).

By taking s = 0 in Corollary 2.3, we get the following sharp result which is also an
extension of a result of Dubinin [6] to the polar derivative of P(z).

Corollary 2.4. If P(z) := Y7, ¢;jz0 is a polynomial of degree n having all zeros in
Ty U Dy, then
o] — 1{ |ca| — Ic()!}

2.4 D,P(z)| > n+ P(2)|.
(2.4 DuP(:)| > St P

Equality in (2.4) holds for a polynomial P(z) = (z—1)" with o > 1. Since |¢,,| > |co],
it follows that Corollary 2.4 is a refinement of a result of Shah [13].

Dividing both sides of (2.3) by |«| and letting |a| — oo, we get the following result.

Corollary 2.5. If P € P,, is such that P(z) has all its zeros in Ty U Dy with s-fold
zero at origin, then
1 lcn| — |Co|>
2.5 P >=(n+s+-——]|P(2)].
25) PGz g (s 20 1P

For s = 0 (2.5) reduces to the result of Dubinin [6] and is an improvement of a
classical result of Turan [14].
Next we prove the following refinement of a result of Aziz and Shah [4, Theorem 1].

Theorem 2.2. Suppose r € R,,, where r has exactly n poles ay,as, ..., a, and all the
zeros of r lie in Ty, U D, , k <1, with a zero of order s at origin. Then for z € T}

1 2 k
26 rE1> {1l 20 ),

where m s the number of zeros of r. The result is sharp and equality holds for

r(n) = ZEER B(Z):<1—az)n

(z—a)" z—a

at z=1and a > 1.

The result of Aziz and Shah [4, Theorem 1] is a special case of Theorem 2.2 if we
take s = 0.

As in previous case, if we take a; = a, 1 = 1,2,...,n, in Theorem 2.2, we get the
following result on the polar derivatives of a polynomial.
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Corollary 2.6. If P € P, is such that P(z) # 0 in D;}, k < 1 with s-fold zero at
origin, then for every a with |a| > 1

n(ja] — 1)(1 + ks)

P(z)|.

DO by

Remark 2.1. In Corollary 2.6 if we take s = 0, we have the following generalization of
a result of Shah [13].

Corollary 2.7. If P € P, is such that P(z) has all zeros in Ty, U D,_, then for |a] > 1
and z € T}

(2.7) |DoP(2)| >

n(lal = 1)
D,P > ———|P(2)].
D.P()] = "= pge)
Remark 2.2. Dividing both sides of (2.7) by |a| and letting |a| — oo, we have the
following sharp result.

Corollary 2.8. If P € P, is such that P(z) # 0 for = € D;" with s-fold zero at origin,

then for z € Ty
n+ ks

1+k
Equality holds for P(z) = 2%(z — k)"*.
For s = 0, this gives result of Malik [11], whereas for k£ = 1, s = 0, it reduces to the
classical theorem of Turan [14].

|P'(2)] =

[P(2)]-

Theorem 2.3. Suppose r € R,, and all the zeros of v lie in T, UD;. Then for 2 € T

(R+ k)"
29 (R < G g (B + 1

Remark 2.3. Theorem 1.3 is a special case of Theorem 2.3, when k£ = 1.

Remark 2.4. Let w(z) = (2 — )", |a| > 1, so that

r(z):ﬂand B(z):ﬁl_az = (1—04,2)”.

(z —a)" Lz z—«

Using this in Theorem 2.3, it can be easily verified that for |a| > R > 1 and z € T}
(R+ k)" 1 —aRz|"
(R k)" + (1+ RE)" ’ Re—a| THIPN
Z—«
Letting |a| — oo, we get the following result.

[P(R2)| <

If P(z) is a polynomial of degree n, which does not vanish in |z| < k, k£ > 1, then
for R>1and z € T}

(R+Ek)"(R"+1) 1P
(R+ k)" + (1+ Rk)»"" "

This result was earlier proved by Aziz and Mohammad [2].

PR, I <




870 S. L. WALI

3. LEMMAS AND PROOFS
For the proofs of these theorems we need the following lemmas.

Lemma 3.1 ([8]). Let f : D — D be holomorphic. Assume that f(0) = 0. Further
assume that there is a b € 0D, the boundary of D, so that f extends continuously to
b, |f(b)]| =1 and f'(b) exists. Then

£(0) 2

= o
The next lemma is due to Aziz and Rather.
Lemma 3.2 ([3]). If r € R,, and z € T}, then for every R > 0,
r(Rz)| + [r*(Rz)| < {|B(Rz)| + 1}]r|,
where 1*(2) = B(z)@

Proof of Theorem 2.1. Suppose that r(z) # 0 for z € T and all the poles of r(z) lie
in Df". Since r(z) has a zero at origin of multiplicity s. Therefore,

r(z) = P(z)  2°h(z)

w(z)  w(z)’
where
h(z) := Z Corj?) = Cm H(z—zj), z;eDr,j=1,2,....m—s,
j=0 j=1
and .
w(z) =[]z —a)
j=1

This gives

P s W) ()

r(z) 2z hz)  w(2)
Equivalently,

o () (4w (9),

Since h(z) has all zeros in Dy, therefore

has all zeros in D;", and hence

o o) = 1 (2

is analytic in 77 U Dy, with G(0) = 0 and |G(2)| =1 for z € T}.
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Applying Lemma 3.1 to G(z), we get for z € T}

, 2
(3.3) G'(2)] = [ESTON

Since
m—s

|1l =

|
it can be easily verified (see [15, proof of Lemma 1]

G'(0)

|
that for every z € T}

zh (2) m—s—1 |em|
3.4 R > .
o4 { h(2) }— 2 fenl + Il
Again we have
w*(2)
B(s) =
=

where

This gives (see [15, Lemma 1])
/ —|B
(3.5) Re { w(z) } _n= 1Bl
w(z) 2
Now using (3.4) and (3.5) in (3.1), we conclude that
2r'(2) 1 |Cm]| — es]
R B'(z)| - (n — — .
Ao B LI ey
The proof of Theorem 2.1 is completed. U
Proof of Theorem 2.2. Suppose that for each point z € T7, r(z) # 0 and all the poles

of r(z) lie in Di". Since 7(z) has a zero of order s at origin, therefore
P S
(- P _#00)

w(z)  w(z)

Y
where
m—s .
2) =Y Copid
=0
is a polynomial of degree m — s having all zeros in |z| < k. This gives

2r'(z) st Re 2Q'(2) . zw'(z)
O TTE e

We write Q(z) = ¢, mH (z — 2j), |#;] <k <1, and it can be easily verified that
1

2Q'(2) S m=s
Q) — 1+k’

(3.6) Re

Re
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Also, as in (3.5)

Using this in (3.6), we get

zr’(z) m—s n—|B(2)]
> —
T(Z) o 1+k 2
Now for z € T; such that r(z) # 0, we have
21’ (z) T’(z) 2(m+ sk) —n(l1+ k)
> .
r(z) 2 Re r(z) — {|B( I+ 1+k
This gives for z € T} such that r(z) # 0,
2(m + sk)
> — — _— .
rE1> {10 25 )

Since the result is trivially true if r(z) = 0 for z € T3, it follows that

2(m + sk)
> —{|B _
7'(2)] {I () —n+ T }\T(Z)L
for all z € T7. The proof of Theorem 2.2 is completed. 0

Proof of Theorem 2.3. Since zeros of 7(z) lie in Ty U Dy, therefore all zeros of P(z)
lie in T, UD;, k>1and w(z) =1II}_, (2 — o), |aj| > 1forall j =1,2,...,n

Also
= ptor (5 - 1T (1222 ()
R e R R
jl_Il < Z— >Jﬁ1(1 — a]z) j]i[l(z — aj) w(»’«’)
Therefore,
r(z) P(z)
(3.7) r*(z) - P*(z)
We write

=1z — 7)), wherer; > k>1,j=1,2,...,n,
=1

so that P*(z) = an(%) = ﬁ (1 — zrje).
j=1
For 0 <0 <27 and R > 1 we have

P (Reze
P* 619

ﬁ Ret? — rjeie‘
1 — r;Re!0=0)

(3.8)
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© R®—2Rr;cos(f — 6;) + 13

Rel0=0) —y,  Re=#(0=0)
1 —r;Rei®=0) " 1 —r;Re=i(0-0;)

5 1 —2Rr;cos(d — 0;) + riR?

]:
n 2
S H < R+ ] ) ‘
j=1 1 + R’I“j
Since |r;| > k, k > 1, it can be easily verified that

R+r; _ R+k
1+ Rr; — 1+ Rk

Therefore, from (3.8), we have

P(Re")
o

2

(3.9)

Using this in (3.9), we get
| P(Re")

(3.10) B+ (o)

Combining (3.7) and (3.10), we get

r(Rz) R+k\"
< f Ty, k>1, R > 1.
r*(Rz) _(1+Rk’> ) JOTEESL B2 A2
Equivalently,
R+k\ " .
(3.11) <1 n Rk) Ir(Rz)| < |r*(Rz)].

Now using Lemma 3.2, we get from (3.11)

{ <1R++Rk/{;>n + 1}””(}32)\ < |r(Rz)| + |r*(Rz)|.

That is,

(R+ k)"
(R+k)"+ (1+ Rk)
The proof of Theorem 2.3 is completed.

r(Rz)| <

SUB(Rz)[ + 1} |r].

873

O

Proof of Corollary 2.3. Since r(z) has a pole of order n at z = «, |a| > 1, we have

P(z)
(z —a)™

r(z) =
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Therefore,
7“/<Z) _ (Z — Oé)nP/(z) — n(Z — a)”*lp(z) _ —[TZP(Z) + (a _ Z)P'(z)] _ —DOCP(Z)
(z — 04)2" (Z _ a)"+1 (Z — a)n-l—l .
Also,
o= (7)
gives

1—az)" Y|af* - 1)
(z —a)rtl

Using these facts, we immediately get for z € T from inequality (2.2)

DuP() [ 1fnlz=al P =1 (el =]\ | IPG)
(z—a)"tt| — 2 |z —af*H! |Cml| + les| ) J |z = af™
This gives
1(n(la)®* -1 cml — lCs
|D,P(2)] > = M—i— S-l—m—n—l-M |z — a| p|P(2)]
2 |z —af |l + les|
—1 m| — |bs
T Y Y R A SN (P
2 |l + e
—1 m| — |bs
= (ol =1) s+m+w |P(2)], ze€Ti, |af>1.
2 |l + les|
Using the argument of continuity in case of poles the proof of Corollary 2.3 completes.

O
Proof of Corollary 2.6. Since we have

r(z):ﬂ and B(z):<1—az>’

Z—Q

therefore D.P(:)
/ _ __Ta <
(2) (z — )t
and
n(l —az)" (|la)* - 1)
(z —a)rtl

Using in inequality (2.6), with m = n, we get

B'(z) =

D,P(z) 1fnlz—a" (o =1)  n(—k)+2ks| |[P(2)|
(z —a)"tl| = 2 |z — a|rt! 1+k |z —al?
This gives
1(n(la?=1) n(l—k)+2ks
Do) 2 y{ LS MR, s
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1 1—k 2k
> s{ntal =+ "SI o e
n(lal —1)(1 + ks
= (o] N ﬁ(k )\P(Z)\, zeTy, |a| > 1.
Using the argument of continuity in case of poles the proof of Corollary 2.6 completes.
O
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