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Inequalities for a rational function with restricted zeros

Abdullah Mir?, Tahir Fayaz?, Ashiq Hussain Bhat?, Wasim Ahmad Thoker?

?Department of Mathematics, University of Kashmir, Srinagar-190006, Jammu and Kashmir, India

Abstract. Recently, several authors have investigated the extremal problems for rational functions in the
supremum norm on the unit disk in the plane. These investigations primarily focus on Bernstein and Turan-
type norm estimates, which provide non-trivial generalizations and refinements of various polynomial
inequalities. In this paper, we focus on obtaining bounds for the derivative of rational functions in both
directions, which leads to more precise versions of certain polynomial inequalities for derivatives and polar

derivatives. Furthermore, our findings generalize several well-known results from the classical literature
on rational inequalities.

1. Introduction

Geometric function theory studies complex interactions between rational functions, going beyond sim-
ple polynomial comparisons and play a crucial role in approximation theory. These inequalities have been
extensively studied in a good number of recent papers, emphasizing their crucial role in approximation
theory (see, e.g., [5]-[8], [10], [13], [19]). In their investigations, the researchers have often used the unit disk
in the complex plane as a prototype for bounded domains while studying the extremal features of rational
functions and their derivatives. In order to determine the maximum modulus of an analytic function or its
derivative in the unit disk, one only needs to examine the values on the boundary due to the maximum
modulus principle. We denote by P, the class of all complex polynomials P(z) := Y.}, ¢,z" of degree n, and
P'(z) is the derivative of P(z). If P € P, the estimate of |P’(z)| on |z| = 1 is as follows:

max IP'() <n max |P(z)!. 1)

Inequality (1) is a classical result of Bernstein [3], who established it in 1912. One may easily notice that an
improvement in (1) is implied by the restriction on the zeros of P(z). It was conjectured by Erdos and later
proved by Lax [9] that if P € P, and P(z) # 0 in |z| < 1, then (1) can be replaced by

n
’ < = .
max IP"(z)] < 5 Tax IP(2)] 2)
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The reverse inequality of (2) was established by Turan in 1939. Specifically, Turan [12] demonstrated that if
P € P, and P(z) has all its zeros within |z| < 1, then

max |P'(2) 2 5 max |P(2). ®)

Recently, Ahangar and Shah [1] generalized (2) by proving that if P € £, and P(z) # 0in |z| <k, k > 1, then
for |z] =1,

APl k-1 iPe))
2 k+1 |IP|? )

where ||P(z)|| = max |P(z)l.

Equality in (4) holds for P(z) = (z + k)", evaluated at z = 1.

Geometric function theory investigates extremal problems involving complex-variable functions while
expanding on classical polynomial inequalities in various ways. Another approach is to create rational
counterparts to classical polynomial inequalities, the most well-known examples being Bernstein and
Turdn-type norm estimates. This type of research has a significant impact on the development of classical
inequalities and their practical applications, such as those in physical systems.

Let W(z) := []_(z — b,) and we consider the set of rational functions

IP'(2)| < (4)

P(z
Ry = Ro(b1, ba, .., by) = {w(( )) Pep.
The Blaschke product
(11— Evz
B(z) = H( m— )

is defined for every collection of poles b, € C, with |b,| # 1, v = 1,2, ..., n. Note that B(z) € R, and |B(z)| = 1
for |z| = 1.

Borwein and Erdélyi [4] (see also Li, Mohapatra, and Rodriguez [11] or Rusak [16]) provided a new
perspective on the inequalities (1)-(4) and extended them to rational functions with specified poles. For
r € R, we have the following Bernstein-type inequality for rational functions, similar to (1):

' (2)] < IB’(Z)Irlggf Ir(z)| for |z| = 1. (5)

The above inequality (5) was first mentioned in Rusak’s paper [16]. Subsequently, Borwein and Erdélyi [4]
rigorously proved it with refinements, and independently, Li, Mohapatra, and Rodriguez [11] arrived at the
same result. In the same paper (see also Borwein and Erdélyi [4]), Li, Mohapatra, and Rodriguez proved
that if r € R, and r(z) # 0 in |z| < 1, then for |z| = 1, we have

I’( 2)|

(@) < —— max Ir(2)l, (6)

whereas, if r € R, has all its zeros in |z| < 1, then for |z| = 1, we have

iz 2 max 2l )

Since the establishment of inequalities (6) and (7), a large number of papers on rational approximation
theory have been published. As a generalization of (6), Aziz and Zargar [2] proved that if r € R, and
r(z) # 0in |z| <k, k > 1, then for |z| = 1, we have

k- 1) )P
rans e i) i

@, (8)
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where here and throughout ||r(z)|| = Ilnlil;( [7(2)|.

Wali and Shah [19] improved (7) and proved that if ¥ € R,, and r(z) has all its zeros in |z| < 1, then for |z] = 1,
we have

©)

gMXV@N>

Hmers (Va%afa)ﬁd@L

The growing interest of these inequalities in geometric function theory in the recent years is due to their
wide range of applications in various fields of science and engineering and discrete dynamical systems.
We refer the interested readers to the works listed in ([14], [15], [18], [20],) for the latest insights on rational
inequalities and their applications.

The purpose of this work is to prove various refinements of the above inequalities and related conclusions,
resulting in more precise versions of certain polynomial inequalities for derivatives and polar derivatives.
This framework unifies and simplifies the derivation of these generalizations, resulting in new and old
inequalities for a variety of polynomial operators.

2. Main results

It is common to look into the geometric properties of rational functions in general, specifically the norm
estimates of their derivatives on the unit disk. The primary goal here is to look into the extensions of
various results found in the literature on this subject. We will assume that all poles by, b, ..., b,, of the
function r(z) are located on |z| > 1. We start by refining (8). Furthermore, the findings strengthen some
existing inequalities.
Theorem 2.1. Let r(z) = ;\),((Zz)) € R, where P(z) = z™(co + c1z2 + -+ + Cpe2™™™), 0 < m < n and r(z) have no zeros
in |z| < k, k > 1 except a zero of order m at the origin. Then for all z on |z| = 1, we have

II(N o [ k=1 —2mk 2 (el - VWimknm)]VZNZ}
@)l < —— {|B @)l [ 1+k *t1 +k( Vil IR [

(10)

The result is best possible and equality in (10) holds for

zZ"(z + k)™

(z-b)

Taking m = 0, we get the following refinement of (8):

r(z) = and B(z) = ( _l;z),atz:l,b>1.

P@)
W(z)

Corollary 2.2. Let r(z) =
forall z on |z| = 1, we have

o) < Iﬂ@H@B(N [nw—1)+ 2 (ﬂ%] VFE;ﬂlrmF}'

1+k  1+k ol Ir@)II?

€ R, where P(z) = cg + c1z + - - - + ¢, 2", and r(z) has no zeros in |z| < k, k > 1. Then

(11)

The result is best possible and equality in (11) holds for

(z+ k)"
(z-b)

Remark 2.3. The bound achieved in (11) yields a consistently sharper bound compared to that derived
from (8), except in the case when all zeros of r(z) lie on the unit circle |z| = 1.

1-bz\"

r(z) = and B(z) = (ﬁ) ,atz=1,b>1.

For k = 1in (11), we get the following refinement of (6):
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P(z)
W(z)

Corollary 2.4. Let r(z) =
zon |z| = 1, we have

z col = Vieal\ [7(2)2
o< N {|B( " (v—| - Vel |) I )|2}'
lcol lIr @)l
Remark 2.5. If we assume that 7(z) has a pole of order n at z = @ with |a| > 1, then W(z) = (z — @)" and

(Z) (1 az)n.

With this substitution, we have

€ R, where P(z) = ¢y + c1z + - - - + ¢,2", and v(2) has no zeros in |z| < 1. Then for all

__P@
Q)= o
(PR nPR)
= ((z —a)  (z-— a)”“)
and B(e) = "3 1)

(Z — a)n+1
Using these observations in Theorem 2.1 and letting |a| — oo, we get the following result:

Corollary 2.6. Let P(z) =z"(co + c1z+ -+ + cy—n2"™™), 0 < m < n and P(z) has no zeros in |z| < k, k > 1 except a
zero of order m at the origin. Then for all z on |z| = 1, we have

—1) — n—m 2
Py < PO [ [nte=D=2mk 2 (Vieol = Vel |] IPGP | )
2 1+k 1+k col [|P(z)|[2
The result is best possible and equality in (12) holds for P(z) = z™(z + k)", evaluated at z = 1.
Taking m = 0in (12), we get the following refinement of (4):
Corollary 2.7. Let P € P, and P(z) has no zeros in |z| <k, k > 1. Then for all z on |z| = 1, we have
— n 2
Py < PO [nk=1) 2 (Viel- VFTal\| PGP | 13
2 1+k  1+k Tcol IP@)II>

The result is best possible and equality in (13) holds for P(z) = (z + k)", evaluated at z = 1.

For k = 11in (13), we get the following refinement of (2):
Corollary 2.8. Let P € P, and P(z) has no zeros in |z| < 1. Then for all z on |z| = 1, we have

IP@E)Il {n ~ ( Vicol - \/H) P(z)P }

PEI< W JIPG)IP

Next, we prove the following extension of (9).

Theorem 2.9. Let r(z) = 5\,((22)) € Ry, where P(z) = 2™(co +c1z2+ -+ - + Cp—mz™™™), 0 < m < nand r(z) has all its zeros

in |z| <k, k < 1. Then for all z on |z| = 1, we have
n(l—k)+2mk 2k ( VK=, | = Vlcol ) }lr(Z)l
1+k 1+k VK= ep

max|r' ()| > 5 {|B (2)] + (14)

The result is best possible and equality in (14) holds for

and B(z):(lz_%lzz) ,atz=1,b>1.

z"(z + k)™

r(z) = =Dy
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Taking m = 0, we get the following generalization of (9):

Corollary 2.10. Let r(z) = P(Z) € Ry, and r(z) has all its zeros in |z| < k, k < 1. Then for all z on |z| = 1, we have

n(1—-k) N 2k VKk"|c,| = Vlcol }|V(Z)|
1+k  1+k N/ '
The result is best possible and equality in (15) holds for

Ztg” and B(z)=(%) ,atz=1,b>1.

Remark 2.11. If we assume that r(z) has a pole of order n at z = a with |a| > 1, then W(z) = (z — )" and
B(z) = (1 ‘*Z) With this substitution, we have

(z—a)"P'(z) — n(z — a)" 'P(z)

mwwm>{ww

0 (15)

(2) =

r'(z) = =P
_ _{nP(z) —(z- a)P’(z)}
(Z _ 0()”+1
D,P(z)
- (Z _ a)n+1 Y
where

DoP(z) := nP(z) = (z = )P’ (2),
is the polar derivative of P(z) with respect to the complex number «. It generalizes the ordinary derivative

in the following sense:

D,P
P/(2) = lim 22P@
a—o ¥ —Z
uniformly with respect to z for |z| < R, R > 0. Further, as in Remark 2.5, we have

3o = (12,

Z—

implying that

, n(l —az)" '(af - 1)
B (Z) = (Z — a)n+1

With this choice, from (14) for |z| = 1, we get

n(la? —=1)  n(l —k) +2mk
IDaP(z )|>2{ |z — a| * 1+k Iz~ al
2k an_m|cn—m| - V|C0|
+ |z — al |P(z)|
1+k VK= )|
1(n(al—D(al+1) n(l-k)+2mk
—2{ |a|+1 A ww e G
+ 2k(|er| - VE =y \/m }|P(Z)|
1+ k VK= ey
_Ial—l{ +n(1—k)+2mk
-T2 " T+k

VK=l — Vlcol
+ [P()].
LHk\ VE=e,
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Thus, from Theorem 2.9, we immediately get the following result for the polar derivative of polynomial

P(z):

Corollary 2.12. Let P(z) = z"™(co + c1z + -+ + Ch—m2™™™) and P(z) has all its zeros in |z| < k, k < 1 with m—fold

zeros at the origin. Then for all z on |z| = 1, and for every complex number o with || > 1, we have
1 VE e

+k
For k = 1in (16), we get the following result which is a generalization of a result due to Wali and Shah [19].

(16)

Corollary 2.13. Let P(z) = z"(co + c1z + -+ + w2 ™) and P(z) has all its zeros in |z| < 1 with m—fold zeros at
the origin. Then for all z on |z| = 1, and for every complex number a with |a| > 1, we have

) > (Ialz_l){n+m+ Vel \/_}

Cn—m

max |D,P

IP(2)I.

3. Auxiliary results

For the proofs of our results, we need the following lemmas.

Lemma 3.1. If P € P, and P(z) has no zeros in |z| < k, k > 1, then for all z on |z| = 1 other than the zeros of P(z)
we have

(zP’(z)) 1 { ( Vlcol = VK|, )}
Rel < ——{n-
P(z) 1+k lcol

Proof of Lemma 3.1. Without loss of generality, we will prove the above inequality with the assumption
that ¢, = 1, by the use of principle of mathematical induction on the degree 7, and for this, we first verify
that the result holds for n = 1.

If n = 1, then P(z) = z — w with |w| > k, k > 1, and therefore for all z on |z| = 1 other than the zeros of P(z),
we have

“(5e) =)
1

< .
1+ |w|

(17)

Since k > 1 and |w| > k, then it follows easily

SR B G )

1+w ~— 1+k 0]

So,

w7 = el - ()
P(z) 1+k [w] ’

which is nothing but (17) whenn = 1.

Assume that the result holds for the polynomials of degree n. Let Q(z) = (z — w)P(z) with [w| > k, k > 1
where P(z) is a polynomial of degree n having all its zeros in |z| > k, k > 1. Then for z on |z| = 1 other than
the zeros of Q(z), we get by using induction hypothesis

2= rf25) (2
N

< —11
+k o] 1+k col
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To complete the induction principle, we need to show that for all |z| = 1 other than the zeros of Q(z),

zQ'(2) 1 Viwllcol — Vk*+!
R(Q(z))_1+k{wrl ( [wllcol )}
Clearly, the inequality (18) holds if
Vil - vk Vieol - Ve Viollell = Vi

[w] lcol [wollcol

(18)

which is equivalent to

k kn+1 kn
1—,/—+w/ 21/—,
w [wl|col |col

which on simplification and using the fact that all the zeros of P(z) lie in |z| > k, k > 1 gives the desired
assertion. This proves Lemma 3.1 completely.

Lemma 3.2. If P(z) = 2"(co + c1z + - - - + Cp_m2™™™) is a polynomial of degree n having all its zeros in |z| > k, k > 1,
except a zero of order m > 0 at the origin, then for all z on |z| = 1 other than the zeros of P(z), we have

Re(zzljéj)) =1 Zk 1 ik{m - %( Vol - \/|IZ—Z|_m|Cﬁ_M|)}'

Proof of Lemma 3.2. Let P(z) = z"H(z), where H(z) = by + b1z--- + b,—,,z" ™™, m > 0, then for all z on |z| = 1
other than the zeros of P(z), we have,

Re (lej;(j)) m+ Re(ZII:II—;S)). (19)

Since H(z) is a polynomial of degree n — m having no zero in |z] < k, k > 1, therefore, on applying Lemma
3.1 to H(z) in (19), we get for all z on |z| = 1 other than the zeros of P(z), that

) 2o - (VBT

which is equivalent to

Re(zzljég)) =1 T—k 1 ik{m_

T

This completes the proof of Lemma 3.2.

Lemma 3.3. If |z| = 1, then

zW'(z)\ _ n—|B'(z)|
Re( W<z>)‘ 2

where W(z) = [T,_,(z — by).

The above lemma is due to Aziz and Zargar [2].
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Lemma 3.4. Ifr € R, and v*(z) = B(z)r (%), then for |z| = 1, we have

I @] +1(r"(2))'] < |1B'(2)] max|r(z)l

The above lemma is due to Li, Mohapatra and Rodriguez ([11], Theorem 2).

Lemma 3.5. If P € P, and P(2) has all its zeros in |z| < k,k < 1, then for all z on |z| = 1 other than zeros of P(z), we
have

Re(zlljég)) > ﬁ{n + k(%)} (20)

The above lemma is due to Singha and Chanam [17].

4. Proofs of the main results

Proof of Theorem 2.1. Recall that r € R, and r(z) has no zeros in |z| < k, k > 1, except a zero of order
n—-m

m, 0 < m < n, at the origin. That is, r(z) = P((ZZ)) where P(z) = z"H(z) and h(z) = cy-m [1(z = 2j), cp-m # 0,
j=1

W

Izl >k>1, j=1,2,..,n —m. Suppose first k > 1, then for all z on |z| = 1, we have
zr'(z) zP'(2) zZW'(2)
Re|—=|=Re|——=|—-R .
e( @) ) e( PE )\ WE)
On using Lemma 3.2 and Lemma 3.3, we have for all z on |z| = 1, that

zr'(z) n k 1( Vool = VK™ eunl\\ _ 1= B'(2)]
Re( )S1+k+1+k(m__( ))_

r(z) k col 2
_ntmk 1 Vieol = VE e, ]\ 1 =B (2)]
T 1+k  1+k Ico] 2
1, n(k — 1) — 2mk 2 ( Vlcol = VK" el
L e - e e
Ifr(z) = B(z)r(%), then it easily follows for |z| = 1, that
2r' @) [ _ | 2 (2) [
@ |- B’(2)| - @)
e 2(r'(2) [ , zt’(2)
=B +| | -2 @R )
which on using (21) for |z| = 1, gives
2r@) P 2r'(2) [
o | 2PN
, , n(k — 1) — 2mk 2 Vicol = VE"c, ]
o [, (o )
@)L [ne=1) =2mk 2 [ Vieol = VTl
LEE) +'B(Z)'[ T+k +1+k( el )]
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Equivalently for |z| = 1, we have

n(k —1) — 2mk 2 ( Vicol = \/k"—mlcnml)]};

{|(r'(z))|2 + |B’(Z)||F(Z)|2[ 1+k T1rk |col

<@yl

which in combination with Lemma 3.4, gives

, , n(k — 1) — 2mk 2 ( Vicol = VE" ezl
(') + |B (Z)Ilr(Z)Iz[ T+% 1 +k( = )]

< |B'@PIIAP + Ir' @) = 21B @)l @)l

which after simplification gives

¥ (2)l
lr@ll |, nk=1)=2mk 2 ( Vlcol = VK" el || Ir(2)P _
< T {lB (Z) - [ 1+k + 1+ k( o )] ”r(Z)HZ}, for |z = 1. (22)

For k = 1, the above inequality (22) is trivially true for z with |z| = 1 such that r(z) = 0 by (6). This completes

the proof of Theorem 2.1.
Proof of Theorem 2.9. Since r € R, and r(z) has all its zeros in |z| < k, k < 1. That is, r(z) = P@)

e) where

n—m
P(z) = z"H(z) and H(z) = cpm [1(z = 2)), cp-m # 0, Izjl £k <1, j =1,2,..,n — m. By direct calculation, we
j=1
obtain for |z| = 1, other than the zeros of 7(z), that
zr’(z) zP’(z) zZW'(2)
R =R -R
e( @) ) e( Pe) )\ W)

B zl' (z) zW'(z)
—m+Re( e )—Re( e) )

On using Lemmas 3.3 and 3.5, we get

zr’(z) 1 VK=" cy_ml — Vicol n—|B'(2)|
Re( r(z))2m+1+k{n_m+k( )}_( )

VK = e,y 2
B l{IB’(z)I N n(1 —k) + 2mk 2k ( VEk™=m|c, | — V|Co|)}
2 1+k 1+k Ve ’

for all z on |z| = 1, other than the zeros of r(z). Hence, we have
n(1 - k) + 2mk N 2k [ VK" c—m| — Vlcol }Ir(z)l
1+k 1+k VK el ’

for all z on |z| = 1, other than the zeros of r(z). Since (23) is trivially true for z on |z| = 1 such that r(z) = 0. It
follows that for all zon |z| = 1,

n(1 —k) + 2mk N 2k [ VK" c,ml — Vlcol }|7’(Z)|
1+k 1+k VE= el ’

which is (14), and this completes the proof of Theorem 2.9.

@Iz S{B @)+ 23)

1
/ > _ BI +
Ilg‘gflr @] = 2{I (2)l
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Remark 4.1. In fact, excepting the case when all the zeros of P(z) lie on |z| = k, the bound obtained in
Corollary 2.7 is always sharper than the bound obtained in (4). As an illustration we consider the following
polynomial of degree 4 to compare the bounds.

Let P(z) = z* + 2% + 2z° + z + 81. Clearly the zeros of P(z) are —2.2724 + 2.2107i and 1.7724 + 2.2176i, which
all lie in |z] > 2. By taking k = 2, we obtain from (4) for |z| = 1, that

’ n||P|| 1|P(z))?
[P’(z)| < > {1 - gw},

while as Corollary 2.7 gives

Py < P {1 23 |P(z>|2}

2 54 ||P||?
showing that (13) gives a considerable improvement over the bound obtained from (4).
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