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Location of the critical points
of certain polynomials

ABSTRACT. Let D denote the unit disk {z : |z] < 1} in the complex plane C.
In this paper, we study a family of polynomials P with only one zero lying
outside . We establish criteria for P to satisfy implying that each of P and
P’ has exactly one critical point outside D.

1. Introduction. Let P be a polynomial in the complex plane C. We
denote the degree of P by deg P. We say that « is a critical point of P
if P'(a) = 0. Throughout this paper, if not otherwise stated, when we
talk about the number of zeros of a polynomial in a domain, we mean the
number of zeros counting multiplicities. As the critical points of P are the
zeros of P’, this applies also to the number of critical points. There are
several known results involving the critical points of polynomials. The most
classical one is the Gauss—Lucas Theorem, [8, p. 25].

Gauss—Lucas Theorem. Let P be a polynomial of degree n with zeros
21,29, - .., 2n, not necessarily distinct. The zeros of the derivative P’ lie in
the convex hull of the set {z1,22,...,2n}-

Another classical theorem concerning the location of the critical points is
the Walsh’s Two-Circle Theorem, [9].

2010 Mathematics Subject Classification. Primary: 30C10.

Key words and phrases. Polynomial, critical point, anti-reciprocal.

This material is based upon work supported by the National Science Foundation under
Grants No. 0758226 and 1068857. This research was also supported by the grant 07365
from the Campus Research Board of the University of Illinois at Urbana—Champaign.



2 S. Chaiya and A. Hinkkanen

Walsh’s Two-Circle Theorem. Let P be a polynomial of degree n > 2.
Let ny and ny be positive integers with n1 + ng = n, let aq and ag be two
distinct complex numbers, and let r1,12 be positive real numbers. Let C; =
{zilz—a1| <}, Co={z:|z—ag| <ra}, and let C ={z : |z — ap| < r},
where
aony + a1ng nir2 + Nty
o= —-———= and r=-—""""+.
n n
Assume that P has ni and ny zeros in C1 and Co respectively. Then all

critical points of P lie in C1 UCy UC.

In this paper we are interested in the location of the critical points of a
certain type of polynomials. If P has a zero lying outside the closed unit
disk D = {z € C : |2] < 1}, by the Gauss-Lucas Theorem, it follows that
the zeros of its derivative are in the convex hull of the zeros of P, which
includes a region outside D. But we do not know how many zeros of P’
are outside D. We may ask the question of under what conditions does P
have only one critical point outside the closed unit disk? A consequence of
Walsh’s theorem gives a partial answer to the question. That is,

Theorem ([5, see (4.1.1) on p. 117]). If S € {C4,C,C} is a disjoint com-
ponent of C1 UCyUC, then S contains exactly

(S)_ nj—l Zf S:CJ
R B if S=C

critical points of P.

Let P be a polynomial of degree n > 2 that has only one zero, say «,,, that
lies outside the closed unit disk D. Let C; =D and Cy = {2 : |2 —ay| < 2}
By taking o — 0% we see by the above theorem that if |a,| > "H , then P
has exactly one critical point « in C = {|z (” 1) ap| < 1} Whlle C does
not intersect . Hence P has exactly one critical point outside I whenever
| Oén‘ > n+1

Here we give a general criterion for determining the number of critical
points outside D.

Theorem 1.1. Let Q(z) = c[[,_,(z — o) be a polynomial of degree n > 2,
where ¢ # 0. Suppose that oy ¢ D for 1 < k < m, and the remaining points
ar are in D. If we have

n

Z 1+]ak] Z|ak|—1

k=m+1

then Q has exactly m critical points outside D, counting multiplicities. If,
in addition, all the points ay, lying on the unit circle are simple zeros of Q,
then Q' has no zeros on the unit circle.
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Note that if Q has only one zero o, lying outside D with |a,| > Z—ﬂ,

which is the same condition as discussed previously, then by Theorem 1.1, )
has exactly one critical point outside D. From Theorem 1.1, we can deduce
that the result still holds even though |a,| < Z—ﬂ if Q satisfies an additional
condition.

Corollary 1.2. Let Q(z) = c[[;_,(z —ax) be a polynomial of degree n > 2,
where ¢ # 0. Suppose that a1 = a, as = a~ ', where « is real and |a > 1,
and all the remaining points oy, if any, are in D. Then Q has exactly one
critical point outside D, counting multiplicities. If, in addition, all the points
ar, that are on the unit circle are simple zeros of Q, then Q) has exactly n—2
critical points in D, counting multiplicities.

A polynomial P is said to be anti-reciprocal if P(z) = —z%°8FP(z71). If
P is anti-reciprocal, then so is ¢P for any non-zero complex number c¢. Note
that if P is anti-reciprocal, then 1 is a zero of P, we have P(0) # 0, and
for o # 0, we have P(a) = 0 if, and only if, P(a~!) = 0. Furthermore,
and a~! have the same multiplicity as zeros of P, as we see (for o # +1)
by writing P(z) = (z — a)™(z — 1/a)"g(2), where g(a)g(1l/a) # 0 and
using P(z) = —z%8PP(z~1). Therefore, if the leading coefficient of P is
real and each zero of P is real or has modulus 1, then the coefficients of
P are real. If P is an anti-reciprocal polynomial with exactly one zero,
counting multiplicities, lying outside I, and which furthermore is real, then
P satisfies the assumptions of Corollary 1.2, and so P has only one critical
point outside D. Indeed, if P is anti-reciprocal with exactly one zero, say «,
which is furthermore simple, outside D, then P has exactly one zero (namely,
1/a) in D, and all the other zeros of P must lie on 0D. In Theorem 1.3, we
prove that if P satisfies certain additional conditions, then not only does P’
have only one zero outside D but the same is also true for P”.

Theorem 1.3. Let QQ be an anti-reciprocal polynomial with real coefficients
of degree n > 3. Suppose that the zeros of () are simple and that o > 1 is
the only zero of Q lying outside D. Then each of the polynomials Q' and Q"
has ezactly one zero outside D, counting multiplicities.

We can construct a family of anti-reciprocal polynomials satisfying The-
orem 1.3. Let P be a polynomial with real coefficients, and set P*(z) =
zdee P p(z=1). Suppose that P has a real zero greater than 1, that the re-
maining zeros of P are in D (so P(1) # 0), and that P* # P. Boyd [1,
p. 320] showed that the polynomial
(1) Q(z) = 2"P(z) — P*(z)
satisfies the assumptions of Theorem 1.3 provided that n > deg P — 2%
and that all zeros of P are simple. The polynomial in (1) was originally
introduced by R. Salem [6, Theorem IV, p. 166], [7, p. 30]. Therefore, this

gives the following corollary.
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Corollary 1.4. Let P be a polynomial with real coefficients such that P* #
P. Forn > degP — 2%(11)), let Q be defined as in (1). Suppose that P has
a real zero greater than 1, that the remaining zeros of P are in D, and that
all zeros of P are simple. Then each of Q, @', and Q" has exactly one zero

outside I, counting multiplicities.
2. Proof of Theorem 1.1.

Lemma 2.1. Let Q(z) = c[[;_,(z — ax) be a polynomial of degree n > 2,
where ¢ # 0. Suppose that ay ¢ D for 1 < k < m, and that the remaining
points oy are in D. If we have

— 1 - 1
— + — >0,
2Tl 2, T e
then there is a positive § such that for any r € (1,1 +0), we have
/
Re{zQ (2)} >0 on |z =r.
Q(z)

Furthermore, we have Re{zggg)} > 0 whenever |z| =1 and Q(z) # 0.

Proof. By an elementary calculation, we can show that if |z| > 1 and
ar # 0, then Re {Zfak} > 1+‘1&k| for m +1 < k < n, the two sides being

equal if o = 0. Also, if |z| = 1 then Re{ﬁ} >_—1 for1<k<m.

= 1—|ag]
Let
m 1 " 1
DD S D
ml- || k=m+1 1+ fay|

Since Re { Z_Zak } is a continuous function except at z = «aj, and since |ay| >

1 for 1 < k < m, there exists a positive constant § with 1 + 0 < min{|ay| :
1 <k < m} such that

Ui z Ui 1 15
R > —_—— =
— e{z—ak} Zl—|ak| 2

k=1

on |z| =r, for all r € (1,1 + 6). Therefore, if r € (1,14 6) and |z| = r, we
have

2Q'(2) z “ 1 5 - 1«
Re{ Q(z) }_ZRG{Z—%}>21—|%|2+ le+|akz| S 2

k=1 k=1 k=m+

This proves Lemma 2.1. ]

Now we are ready to present a proof of Theorem 1.1.
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Proof of Theorem 1.1. We are to show that 2Q’(z) and Q(z) have the
same number of zeros lying in . By Lemma 2.1, there is § > 0 such that,

for all » € (1,14 0), we have Re {Z&S)} > 0 on |z| = 7. So, for each fixed
r € (1,1+9), we have

1+

)

1o 220 Q(2)
QL) Q)

hence |zQ'(z) — Q(z)| < |Q(2)] + |2Q'(2)|, on |z] = r. Then, by Rouché’s
theorem [4, Theorem 3.6, p. 341], 2Q'(z) and Q(z) must have the same
number of zeros lying in {z : |z| < r} for all » € (1,1 + §). This proves the
first part of the theorem.

Next suppose that all the zeros «j that are on the unit circle, if any,

are simple. If Q" has a zero v on the unit circle, then Re {%} = 0,

which contradicts the fact that Re {Z&S) } > 0 on |z| = 1 outside the zeros
of Q. Hence Q' has no zeros on OD. The proof of Theorem 1.1 is now

complete. n

For a proof of Corollary 1.2, we note that it follows from the fact that

Re{ 2+ = 1} =1 for all z with |2| = 1 and the argument in the proof

zZ—Q zZ—a
of Lemma 2.1.

3. Preliminaries for Theorem 1.3. To prove Theorem 1.3, we need the
following lemmas.

Lemma 3.1. If z > 1 and y € [-1,1), then

1+ 2% —22(1 + 22)y + 222(2y% — 1) Yy <9
(22 = 2zy + 1) 21-y)

Proof. This can be proved by using only elementary calculus (see [3, Lem-
ma 5.10, p. 54]). O

Lemma 3.2. If Q) is an anti-reciprocal polynomial of degree n > 2 with real
coefficients, then

@ {55} -1 o i hem )

whenever |z| =1 and Q(z) # 0.

Proof. We give a proof that yields the entire statement of this lemma, but
we note that the first equality in (2) has been proved in [8, (7.5), p. 229] for
reciprocal polynomials Q.
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Now, since @ is anti-reciprocal, we have Q(z) = —2"Q (%) Taking the
derivative and multiplying both sides by z, we get

20/(2) = —n2"Q <i> +oanlgy (i) — Q) + Y <i> .
So, we have
) 219 (1) =200 - nate)

After taking the derivative of both sides of this equation, and then multi-
plying both sides by z and applying the identity (3), we obtain

@ =20 (1) = QU+ 201 - Q) 4 nln - QL)

Let z € 0D with Q(z) # 0. Next dividing both sides of (4) by n(n —1)Q(z),

we get

(5) B zanQ// (%) _ ZQQ//(Z) B QZQ/(Z)
nn—1Q(z) nn—-1Q(z2) nQ(z)

By replacing Q(z) on the left side of (5) by —2"Q (%), the left-hand side
becomes

+ 1.

anQQ// (%) B 2’72@” (%) B ( Z2Q”(Z) >
n(n—1)2"Q (2) nn-1)Q () n(n—1)Q(z) )
Here we have used the fact that since |z| = 1 and @ has real coefficients, we

have Q(1/z) = Q(Z) = Q(z), and similarly for Q" instead of Q). Then from
(5) we derive

< 2Q"(2) )_ 2QU) L 2:Q()
n(n—1DQ())  nl

n—1)Q(z) nQ(z)

which gives 2iTm { ;29| = 28 _ 1. This implies that Re { 232}
o ZQQ// 2 N ZQI(Z) .
= % and Im {ﬁ} = Im{ 0] }, as desired. ]

Lemma 3.3. Let Q(z) = [[}_,(z — o) be an anti-reciprocal polynomial of
degree n > 3. Suppose that a; =7 > 1, ag = 71, a3 = 1, and |ag| = 1

for k > 3. For|z| =1 with Q(z) # 0, if ZQgg;gz) is a real number, then it is

positive. In particular, then Q"(z) # 0.

Proof. Since () is monic and each zero of @ is real or has modulus 1, Q
has real coefficients. Let z be a point on the unit circle with Q(z) # 0. We
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have
2Q"(2) _ <Q’>' <<Q’> >2 (ZQ’(Z)>2 ~ 2
— =z — ] )+ (|=)(z = -y —.
Q0 o) W+ \\g)™ o) ) 2Ty
22Q"(2) . 2Q'(2) -
Suppose that oG s a real number. Thus, by Lemma 3.2, w0(z) 18 real

as well, and so is also Y, ﬁ Since Re {‘j%((zz))} = 1 on |z| = 1 when

Q(z) # 0, we have

Z2Q”(Z) B Tﬁ B n 22
©) TE R ey

2

Next we want to find an upper bound for the real part of > ;_; (z—ZTP

on the unit circle. Let z = ¢, where § € (0,27) (note that z # 1 since
Q(1) =0). If « is real, we have

Re{ 22 }_1—2@6050—1—@2(200529—1)
( 2 (14 a2 — 2acos ) '

z— )

2

For k > 3, by letting ag, = €%, 6, € [0,27), we have Re{ z 2} =

(z—ag)
%, where 3;, = 0 — 0;. Therefore,

e {Z (z — o)? }

k=1

1+ 7t =271+ 7%) cos 0 + 27%(2cos? 6 — 1) zn: cos S,

(14 72 — 27 cos )? k:32—2C055k.

Taking x = 7 and y = cos# in Lemma 3.1, we see that

14—74—27(1—1—7’2)(3059—|—27'2 (2(30529—1) cos <9
(1+72—27cosb)? 2—2cosf
It is easy to see that =5 < i for all w € (0,27). So, we obtain
n 2
z 1 n—+95
R ——= <2+ -(n-3) = .
e{;(z—akﬂ} +4(n ) 4
Hence, from (6), we derive
22Q"(z)  n? & 22 n? n+5 0
Q(z) 4 —(z— ag)? ” 4 4

if n > 3, as desired. This proves Lemma 3.3. (Il
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4. Proof of Theorem 1.3. Let the assumptions of Theorem 1.3 be sat-
isfied. By Corollary 1.2 we know that @’ has only one zero outside D and
has no zeros on dD. Let G(z) = —2"72Q" (1) and T'(2) = 2"7'Q’ (). In
order to prove that Q" has exactly one zero outside D, it is equivalent to
show that G has only one zero in . Since @’ has only one zero outside D
and has no zeros on 0D, T has exactly one zero in D and has no zeros on
OD. If we have

(7) G(2) +2(n = DT(2)| < |G(2)[ +2(n = D|T(2)]

on JD, then, by a form of Rouché’s Theorem [4, Theorem 3.6, p. 341], both
G and T have the same number of zeros inside . This will prove the
theorem. From (3) and (4), we have

(8) G(2) +2(n — 1)T(2) = 2°Q"(2) — n(n — 1)Q(2).
Let z € OD. It is easy to see that if Q(z) = 0, then (7) holds. Now, for

~— —

Q(z) #0, erte% = a+1b, where a,b € R. So G(z)+2(n—1)T ( ) =
20" (2 P z

(a—n+1ib)(n—1)Q(z). Since, by Lemma 3.2, Im{%} { 0 }
| =

and Re { 2 ((Z)) } %, we have 2Q)'(2) = (2+4ib)Q(z). We also have |G(z)

22Q"(2)| = (n — 1)]a +ib]|Q(2)| and, by (3),
2|T(2)] = 2|2Q'(2) — nQ(2)| = | — n + 23d[|Q(2)].
Thus, the inequality (7) is equivalent to
la —n +ib| < |a+ib| + | — n + 2ib|

which is clearly true if b # 0. If b = 0, then by Lemma 3.3, we have a > 0
and so the inequality above is true. Therefore, the inequality (7) holds on
0D, as desired. The proof of Theorem 1.3 is now complete.
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