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Abstract

Let P, be the class of all complex polynomials of degree at most n. Recently Rather et. al.[ On
the zeros of certain composite polynomials and an operator preserving inequalities, Ramanujan J.,
54(2021) 605-612. https://doi.org/10.1007/s11139-020-00261-2] introduced an operator N :

P — Py, defined by N[P](z) := Z?ZO Aj (%)J P(j-)(z), kE <nwhere \; € C, 7 =0,1,2,...,k are such

2 J!
that all the zeros of ¢(z) = S°* (’;) A;2’ lie in the half plane |z| < |z — 2| and established certain

§=0
sharp Bernstein-type polynomial inequalities. In this paper, we prove some more general results
concerning the operator N : P,, — P, preserving inequalities between polynomials. Our results not
only contain several well known results as special cases but also yield certain new interesting results

as special cases.
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1. Introduction

Polynomial inequalities have been investigated for quite some time and have important appli-
cations in all those mathematical models whose solutions lead to the problem of valuing how large
or small the maximum modulus of the derivative of an algebraic polynomial can be in terms of the
maximum modulus and degree of that polynomial. Polynomial inequalities are also fundamental for
the proofs of many inverse theorems in polynomial approximation theory, which is concerned with
approximating unknown or complicated functions by polynomials. In the first place, this concept of
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best approximation was introduced in Mathematics mainly by the work of the famous mathemati-
cian Chebyshev(1821-1894), who studied some properties of polynomial with least deviation from
given continuous function. He introduced the polynomials known today as Chebyshev polynomials
of first kind, which appear prominently in various extremal problems concerned with polynomial.
Historically, the questions relating to approximations by polynomials have given rise to some of the
interesting problems in Mathematics and engendered extensive research over the past millennium.

2. Preliminaries

Before we state some of the fundamental results in this circle of ideas, we first have a look at the
symbols and notations which will be used throughout this paper.

We shall use P,, to denote the vector space of all polynomials of degree at most n over the
field C of complex numbers. By P,, we shall be referring to the class of all complex polynomials
P(z) =370, a;z’ of degree exactly n. For any ¢ € C, the linear function taking z — cz, will be
denoted by o.. We shall also be denoting by v the function which maps z + z". Further we shall
use o to denote the usual composition of functions. Thus, in this notation, for any complex function
F : C+— C, the function F o oy is defined as F o og(2) := F(or(2)) = F(Rz), for z € C.

For P € P,,, we have

max [P'(z)] < nmax|P(2)] (2.1)
and
max |P(z)| < R"max|P(z)| (2.2)
|z|=R>1 |z|=1

Inequality (2.1 is due to S.Bernstein [5] (see also[12, §]), whereas inequality (2.2)) is a simple con-
sequence of the maximum modulus principle [9, p.346]. Aziz and Rather [4] generalized inequalities

(2.1) and (2.2) by proving if P € P,, then for every 5 with |3| <1,R>1 and |z| > 1,

|P(Rz) — BP(z)] < [R" — 6||2|"1|§1‘g>1< 1P(2)], (2.3)

which clearly includes inequalities (2.1) and (2.2)) as special cases. For P € P, having all its zeros
in |z| <1, Aziz and Dawood [3] proved that

|Ir‘11n |P'(2)| > n|n‘11n |P(2)| (2.4)
z|=1 z|l=1
and
in |P(z)| > R" min |P(2)]. 2.5
Join 1P()] = B min [P(2)] (2.5)

Equality in (2.1]), (2.2),(2.3)), (2.4) and (2.5) holds for polynomial P(z) = 2", v # 0. If we restrict

ourselves to the class of polynomials P € P,, having no zero in |z| < 1, then the inequalities ({2.1))
and (2.2) can be significantly improved and their right hand side can be respectively replaced by

max | P'(2)] < = max|P(2)] (2.6)

|z|=1 2 |z|=1
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and

max |P(2)] < Zt L max |P2) (2.7)

|z|=R>1 2 |z|=1

Inequality ([2.6) was conjectured by Erdés and verified by Lax [6], while inequality (2.7)) is due to
Ankeny and Rivlin [I]. Aziz and Rather [4] used (2.3)) to prove that if P € P, has no zero in |z| < 1,
then for every 5 with |B| <1 and R > 1,

[B" — Bllz[" + |1 - B
max
2 |z|=1

|P(Rz) — BP(z)| < |P(z)], for |z|>1. (2.8)

Inequality (2.8)) is a compact generalization of inequalities (2.6 and ([2.7)).

Recently Rather et. al., [I1], studied the comparative position of the zeros of a polynomial which is
derived by the ’composition’ of two polynomials and obtained the following result:

Theorem 2.1. If all the zeros of polynomial f(z) of degree n lie in |z| < r and if all the zeros of
the polynomaial

9(2) = Ao + (T>A12+---+ <Z)>\kzk, k<n

lie in |z| < s|lz—o|, s >0 and o € C~ {0}, then the polynomial

(02)

1!

k

—~

0z)

k!

h(z) = Mof(2) + Mf/(2) 2+ + A fP(2)

has all its zeros in |z| < rmax(1, s).

As an application of above result, they [I1] introduced a linear operator N : P,, — P, defined by

k nz\i P9 (z
NIPI() = YN (7) Pﬂ( ), (2.9)

where \; € C, j =0,1,2,...,k are such that all the zeros of
" /n
P(z) = (,))\-zj, k<n
93 ()

lie in the half plane |z| < ‘z — %{ and established various new Bernstein type polynomial inequalities.

3. Main Results

In this paper, we prove some more general results concerning the operator N : P,, — P,, preserving
inequalities between polynomials. Our results not only contain several well known results as special
cases but also yield certain new interesting results as special cases. We begin by proving the following
result:
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Theorem 3.1. If f € P, has all its zeros in |z| <1 and P € P, is such that
[P() < |f(2)]  for |z[=1,
then for every a € C with || <1, R>1 and |z| > 1,
IN[Poog](2) — aN[P](2)| < [N[f o or](2) — aN[f](2)] (3.1)
The result is sharp and equality in holds for P(z) = e f(z), B € R.

Many sharp results can be derived from Theorem Here we mention few of these.
Setting f(z) = M 2" where M = max,/—; |P(z)| in Theorem [3.1} we obtain the following result.

Corollary 3.2. If P € P,, then for |o| <1, R>1 and |z| > 1,

IN[P o or)(2) = aN[P|(z)| < |R" = af|[N[y](z)| max | P(2)], (3.2)

z|=1
The result is sharp and equality in (3.2) holds for P(z) = Az", A # 0, A € R.
Next taking \; = 0V i < k and Ay # 0 in Corollary [3.2 it follows that if P € P,, then for
la| <1, R>1and |z]| > 1,

|
IR"P®)(Rz) — aPW(2)| < —“|R" — al|z["* max |P(2)]. (3.3)
(n—k)! |2]=1
Remark 3.3. For k =0, inequality (3.3) reduces to inequality (2.3)).

On the other hand, if we choose P(z) = mz" in Theorem where m = minj,— [f(2)], we obtain
the following result.

Corollary 3.4. If f(z) is polynomial of degree n having all its zeros in |z| < 1, then for |a| <1, R >
1 and |z| > 1, we have

IN[f o orl(z) — aN[f](2)| = |[R" = of[N[¢](z)[m, (3.4)

The result is sharp as shown by polynomial f(z) = Az", A #0,A € R.
Setting Ay =0V 1 < k and A\, # 0, inequality (3.4) yields

R FO(R2) — af® ()] =

n n—=k
_mm —allz["m, (3.5)

which for & = 0, leads to

[f(Rz) —af (2)] = IR"—OéIIZI"‘Iglli:qIf(Z)I- (3.6)

Remark 3.5. On taking o = 0, inequality (3.6]) reduces to inequality (2.5)).

Next we present the following result for the class of polynomials having no zero inside the unit circle.
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Theorem 3.6. If P € P, and P(z) # 0 in |z| < 1, then for a € C with |o| <1, R>1 and |z| > 1
1
NP o aal(2) — aNTPI)] < 5 (1R = all NI + 1~ al}al ) M, (3.7)
where M = max,—; |[P(z)|. The result is best possible and equality in (3.7) holds for P(z) = az" +
b, laf = [b] # 0.

Remark 3.7. For k = 0 inequality (3.7) reduces to inequality (2.8)) which includes inequalities (12.6))
and (2.7)) as special cases.

Further, if we set \; =0V i < k and A, # 0 in Theorem [3.6], we get the following result.
Corollary 3.8. If P € P, and P(z) # 0 in |z| <1, then for |a| <1, R>1 and |z| > 1

|
k p(k) 10 n: n_ n—k
|R"P"W (Rz) — aP"(2)] < 2 — ) <|R allz] )M

Taking in particular k£ = 1, we get

IRP'(Rz) — aP'(2)] < g(mn - a||z|n—1) M.

A polynomial P € P, is said be self-inversive if P(z) = P*(z) where P*(z) := 2" P(1/Z). It is known
[10] that the inequality ([2.6]) also holds if P € P, is self-inversive polynomial. In this direction we
prove the following result:

Theorem 3.9. If P € P, is a self-inversive polynomial, then for every a € C with |a| <1, R > 1
and |z| > 1,

NP o 0al(z) — NP < 5 (1" = alINl)] + 11 alll ) M, (33)

where M = max,—1 |P(2)|. Equality in (3.8)) holds for P(z) = 2" + 1.

Remark 3.10. By taking \;, = 0V ¢ < k and \; # 0 we get the following inequality which contains
a result due to O’hara and Rodriguez [10] as a special case.

|
k p(k) 10 n n_ n—k
|RFPW(Rz) — aPW(2)] < 20— ) <|R allz| )M.

4. Lemmas

For the proofs of these theorems, we need the following lemmas. The first lemma follows from
Theorem 2.1

Lemma 4.1. If all the zeros of a polynomial P(z) of degree n lie in |z| < r, then all the zeros of
N[P](z) also lie in |z| < r.

Lemma 4.2. If P € P, and P(z) has all zeros in |z| < 1, then for R > 1 and |z| = 1,

|P(R2)| > |P(2)]
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The proof of above Lemma is simple, we omit the details.
Lemma 4.3. If P € P, has all its zeros in |z| > 1, then for every a € C with |o] <1 and R > 1,

IN[Poagl(z) — aN[P]|(z) < [N[P" o ag|(z) — aN[P"](2)], (4.1)

where P*(z) = 2"P(1/z). The result is best possible and equality in (4.1)) holds for P(z) = 2" + 1.

Proof . Since P € P, has all its zeros in |z| > 1, therefore in view of [I12, Lemma 11.5.2], it follows
that for every v € C with |y| > 1, the polynomial F'(z) = P(z) — vP*(2) has all its zeros in |z| < 1.
Applying Lemma to the polynomial F'(z), we conclude that for R > 1,

|F(2)] < |F(Rz)| for |z] =1.
Using Rouche’s Theorem it follows that for every av € C with |a| < 1 that all the zeros of polynomial

g(z) = F(Rz) — aF(z) lie in |2z| < 1. Invoking Lemma [4.1| with s = 1,¢ = n/2 and noting that the
operator N is linear, it follows that for || <1, |y| > 1 and R > 1, all the zeros of the polynomial

G(2) = Ngl(2) )
= (N[Poog|(z) — aN[P](2)) = y(N[P" 0 0g|(z) — aN[P"](2)) '
lie in |z| < 1. This implies
|IN[P oog](z) — aN[P](z)| < |N[P*oog](z) — aN[P*](z)|, for |z| > 1. (4.3)

If inequality (4.3)) is not true, then for some point z = zy with |z9| > 1 we have
IN[P oogr|(z) — aN[P](z)| > |[N[P* o og](20) — aN[P*](20)]-

Since all zeros of P*(z) lie in |z| < 1, therefore it follows (as in the case of F(z)) that all the
zeros of P*(Rz) — aP*(z) lie in |z| < 1. Applying Lemma it follows that all the zeros of
N[P* o og|(z) — aN[P*|(z) lie in |z] < 1, so that N[P* o og|(20) — aN[P*](z2y) # 0. Taking

N[P @) O'R](Zo) — OéN[P](Z()>
N[P* o og|(z0) — aN[P*|(z)

and noting that 7 is well defined complex number with |y| > 1, with this choice of ¥ in equation
(4.2), it follows that G(z) = 0, |2 > 1, which is contradiction to the fact that all the zeros of G(z)
lie in |z| < 1. This completes the proof of Lemma (4.3)). O

Finally we need the following lemma.
Lemma 4.4. If P € P,, then for every a € C with |a| <1, R > 1 and |z| > 1,

IN[Poag|(z) = aN[P](z)| + [N[P" o 0g|(z) — aN[P"](2)]
< (IR" = ol [IN[Y](2)] + [1 = al[Ao]) M,

where M = max,|—1 |P(z)|, P*(z) = 2" P(1/7).
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Proof . Since |P(z)| < M for |z| = 1, hence by Rouche’s Theorem it follows that for u € C, |u| > 1,
F(z) = P(z) — uM has all zeros in |z| > 1. Applying Lemma (4.3) to F(z), it follows that « €
C, |la| <1, R>1and |z| > 1,

IN[F o 0or|(z) — aN[F](z)] < [N[F" o og|(z) — aN[F"](2)], (4.5)

where F*(z) = 2"F(1/z) = P*(z) — mz"M. Hence for o, p € C with || > 1, |o| <1, R > 1 and
|z| > 1, we obtain

[N[Poog](z) = aN[P](z) — p(1 = a)ro M|

4.6
< I[P 0a](=) = aN[P'](2) ~ Fi(R" — Q)N [V)(2) M. o)
Choosing argument of p such that

IN[PT o og](2) — aN[PT](2) = B(R" — a)N[¢](2) M|
= [ul|B" = o [N[¢](2)|M — [N[P" 0 0g](2) — aN[P"|(z)],

which is possible by inequality (3.2), we obtain from (4.6) that for |u| > 1, |a] < 1, R > 1 and
2] > 1,

IN[P o ag|(z) — aN[P](z)] + [N[P" 0 og](2) — aN[P"](2)|
< [ul(1R" = af[N[)(2)] + [1 = a[A]) M.

Letting |u| — 1, we get inequality (£.4). This completes the proof of lemma [4.4 O

5. Proof of the Theorems

Proof .[Proof of Theorem By hypothesis f(z) is a polynomial of degree n having all zeros in
|z] <1 and P € P, such that

[P()] < [f(z)]  for |z] =1 (5.1)

If z is a zero of f(z) of multiplicity ¢, on the unit circle |z| = 1, then it is evident from (5.1]) that
21, 1s also a zero of P(z) of multiplicity at least ;. Let fi(z) = [] (2 — 2x)" where X = {2, € C:

zr€X
f(zx) = 0,|2x| = 1}. Then from (5.1]), we have

P
(2) < ' /() for |z] =1.
[T AR
By Rouche’s theorem for every v € C with |y| > 1, the polynomial u(z) = % has n — Yt
zeros in |z| < 1. Since the polynomial fi(z) has >ty zeros on |z| = 1, the polynomial g(z) =

u(z) fi(z) = P(z) —vf(z) has all the n zeros in |z| < 1. Applying Lemma[4.2] to the polynomial g(z),
it follows that for R > 1 and |z| = 1,

l9(2)| < lg(Rz)].

Since all the zeros of g(Rz) lie in |z| < 1/R < 1, therefore by Rouche’s Theorem all the zeros of the
polynomial

T(z) = g(Rz) — ag(z)
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lie in |z| < 1 for every a € C with |a| < 1. Using Lemma 4.1 with s = 1,¢ = n/2 and noting that the
operator N is linear, it follows that for || < 1, |y| > 1 and R > 1, all the zeros of the polynomial

N[T)(2) = N[goog](z) — aN[g](z)
= (N[Poog](z) —aN[P](z)) = y(N[f o 0r](z) — aN[f](2)) (5.2)
lie in |z] < 1. This implies,
IN[P oog|(z) —aN[P](z)| < [N[f o og](z) —aN[f](z)| for [z] = L. (5.3)
For if is not true, then there exists a point zg with |z9| > 1, such that
IN[P o og](z0) — aN[P](z0)| > [N[f o or](20) — aN[f](z0)],

Since all zeros of f(z) lie in |z| < 1, therefore it follows (as in the case of g(z)) that all the zeros of
f(Rz) — af(z) lie in |z| < 1. Applying Lemma [4.1] it follows that all the zeros of N|[f o og](z) —
aN|[f](z) lie in |z| < 1, so that N[f o or](20) — aN[f](z0) # 0. Taking

_ N[Poog|(20) — aN[P](20)
N[f o or](z0) — aN[f](20)
and noting that v is a well defined complex number with |y| > 1 and with this choice of v, from

(5.2), we get N[T](z0) = 0, |20| > 1. This contradicts the fact that all the zeros of N[T](z) lie in
|z| < 1 and thus establishes ([5.3]). This completes the proof of Theorem . O

Proof .[Proof of Theorem Since P € P, having all its zeros in |z| > 1, therefore from Lemma
(.3 and Lemma [£.4]it follows that for |[a| <1, R > 1 and |z| > 1,

2|N[P o op](z) — aN[P](2)|
< [N[P o ogl(z) — aN[P](2)| + [N[P" o 0g](2) — aN[P"](z)]
< (IR" = ol IN[¥](2)] + [1 = al[o]) M,

which is equivalent to inequality (3.7). This completes the proof of Theorem . O

Proof .[Proof of Theorem Since P € P, is a self-inversive polynomial, therefore,
P(z) = P*(2) vV zeC,
this gives,
|IN[P o og](z) — aN[P](z)| = |N[P* o og](2) — aN[P*|(z)] V z e C.
Combining this with Lemma [£.4] we get for |a| <1, R > 1 and |z| > 1,

2|N[P o og|(z) — aN[P|(z)]
= [N[Poogl(z) — aN[P]|(z)| + [N[P" o 0g](z) — aN[P"](z)]
< (IR" = ol IN[¥](2)] + [1 = af[Xo]) M,

which is equivalent to inequality (3.8) and completes the proof of Theorem . O
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