EXTREMAL PROBLEMS FOR POLYNOMIALS WITH REAL ROOTS
ARTURAS DUBICKAS AND IGOR PRITSKER

ABSTRACT. We consider polynomials of degree d with only real roots and a fixed value of
discriminant, and study the problem of minimizing the absolute value of polynomials at a
fixed point off the real line. There are two explicit families of polynomials that turn out to
be extremal in terms of this problem. The first family has a particularly simple expression
as a linear combination of d-th powers of two linear functions. Moreover, if the value of the
discriminant is not too small, then the roots of the extremal polynomial and the smallest
absolute value in question can be found explicitly. The second family is related to generalized
Jacobi (or Gegenbauer) polynomials, which helps us to find the associated discriminants.
We also investigate the dual problem of maximizing the value of discriminant, while keeping
the absolute value of polynomials at a point away from the real line fixed. Our results are
then applied to problems on the largest disks contained in lemniscates, and to the minimum
energy problems for discrete charges on the real line.

1. EXTREMAL PROBLEMS AND THEIR SOLUTIONS

We study polynomials of degree d of the form

d d
f(z) = Z et = ¢y H(x — 1) € Rlz],
k=0 k=1
with d real roots x1, ...,z and leading coefficient ¢4 € R, ¢4 # 0. The discriminant of f is
defined by
A= Af = C?id72 H (Qij — Slfk)Q.
1<j<k<d
It is positive if all the roots xp, k = 1,...,d, are distinct.

Earlier, various extremal problems involving discriminants of polynomials with real roots
were considered by Stieltjes [19]-[21], Schur [17], Siegel [18], and others, because of many
applications of such results in analysis and number theory. In this paper, we are interested
in minimizing the absolute value of f at a given point off the real line, among all polynomials
with a given value of the leading coefficient ¢; = A and a fixed value of discriminant. Since
discriminant is invariant with respect to the translation of all the roots by a real number
and |f(ai)| = |f(—ai)| for a € R, without restriction of generality, we may assume that we
minimize the value of | f(ad)| for a given a > 0. Note that there is no loss of generality if we
assume that the polynomial f is monic, since by replacing f with leading coefficient A # 0
by the monic polynomial f/A its discriminant A = A will be replaced by A/A?~2 whereas
the minimum of |f(at)|, say m, will become m/|A].
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Throughout, let K (d, D) be the set of monic polynomials of degree d with d real roots and
discriminant D. In all what follows, we will investigate the following natural problem.

Problem 1. Leta >0, D >0 and d > 2. Find all f € K(d, D) that realize the minimum
of | f(ai)].

We also state the dual problem:

Problem 2. Let a > 0, m > a® and d > 2. Find all monic polynomials f of degree d with
d real roots and fized value |f(ai)| = m that have the largest possible value of discriminant.

The value |f(ai)| for any monic polynomial f(z) = [[¢_,(x — 1) of degree d with real
roots is easily estimated as follows:

d
m = |f(ai)| = [ [ lai — 2| > a®.
k=1

Equality holds above if and only if z;, = 0 for all k = 1,...,d. Hence, it is natural to use
the restriction m > a? in the statement of Problem 2.
Our first theorem solves Problem 1 if a is not too large in terms of d and D.

Theorem 3. Let a >0, D >0 and d > 2. Then, for each f € K(d, D), we have

(1) ‘f(CLZ)’ > (2a)d/2d_d/(2d_2)Dl/(Zd_2).
If, in addition,
(2) o < 27 1F2/dg-1/a=1) pl/d-1).
then equality in (1) is attained if and only if f(z) = F(z) or f(x) = (—=1)*F(—x), where

1
(3) F(r) = Fup(@) = 5= ((ad — Bi)(z + ai)® + (ad + Bi)(z — az’)d),
with
(4) B = B(a,d, D) := (—1)%ad/a=922-4d—d/(&-) D1/(d~1) _ 1.
Here, the roots of F, g can be expressed in the explicit form
(5) {z1,...,24} = {atan(y + kr/d), k=0,1,...,d— 1},
where v = vy(a,d, D) € [0,7/(2d)] is given by

d,D

arccospla, &, D) e v o

(6) 7= arcsinpla,d, D) .
g , if d is even,

with

— 4/29d/2-1 1d/(2d-2) 1) ~1/(2d-2) <
(7) p(a,d, D) :=a""2 d D <1.

We remark that inequality in (7) holds by (2), and the expression under the square root
that defines B in (4) is nonnegative also by (2). Note that, by (3), the coefficient for z%~! in
F, g(x) is B. Combining this with (5), we obtain the following relation between B and +:

d—1
(8) B = —aZtan(v—i—lm/d) = ad cot(dm /2 + d).

k=0
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Here, the last equality holds by identity (432) of [12, pp. 80-81]. Also, for B = 0, by (3),
we have F,o(z) = (—=1)%F, o(—x), so equality in (1) is attained by the unique polynomial
f = F, 0, when the upper bound for @ in (2) is attained.

We also state the companion of Theorem 3 for Problem 2.

Theorem 4. Suppose that a > 0, d > 2 and m > a®. Then every monic polynomial f of

degree d with d real roots and fized value | f(ai)| = m satisfies

m2d72dd

(9) Af < 20y
If, in addition,

(10) m > 29 tg?,

then equality in (9) is attained if and only if f(z) = F(x) or f(x) = (=1)¢F(—x), where
F = F, g is defined in (3) and its roots are given by (5).

Theorems 3 and 4 are equivalent. We prove Theorem 3 and then derive from it Theorem 4.
However, using our argument one can do it the other way around.

Consider now the alternative case a? < m < 2%71a, which is not covered by Theorem 4. In
that case the answer to Problem 2 is given in terms of the discriminant Ag of the polynomial

ld/2] o d 2k — 1N )
(1) G@)=Gar(e) =2 +Z< g k(zk)nf-1<§—2d+>2j+1>)xd k

for some A = \g. This family of polynomials is directly related to Jacobi (or Gegenbauer)
polynomials with parameters outside the classical range. They appeared in the literature
several times under different names like pseudo-Jacobi, twisted Jacobi or Romanovski-Routh
polynomials; see, for instance, [13] and a recent survey [23]. More details about this connec-
tion are given in Section 5.

Theorem 5. Suppose that a > 0, d > 2 and

(12) a® <m <2l

Then every monic polynomial f of degree d with d real roots and fixed value |f(ai)] = m
satisfies

(13) Ay < Ag,

where G = Gy, s the polynomial defined in (11) with a unique Ao = Xo(a,d,m) > 2d — 2
satisfying

1d/2]
(2k — )N ~m
(14) 1+Z< ) (A0—2d+2j+1)_ad'

Moreover, equality in (13) is attained if and only if f(x) = Gax,(2).
Finally, for any A\,a € C, where X\ ¢ {2[d/2] —1,2[d/2] +1,...,2d — 3}, we have
ot iy R T O = 202

(15) Ag, .
A d— }d/ﬂ ()\ 2k + 1)2k—1
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Note that the left hand side of (14) is decreasing in Ag from oo to 1 when Ay € (2d — 3, 00).
In the only case m = 297 'a? that is allowed in both Theorems 4 and 5, by the identity

2,
1 1 = 2d-1
(16) +ZQQ

and (14), we obtain \g = \g(a, d, 2% a?) = 2d — 2. Hence \g = A\o(a,d,m) € [2d — 2, 0) is
indeed unique for each m in the range (12), which corresponds to the range (1,2971] for the
right hand side of (14). Moreover, by (3) with B = 0 and (11) with Ay = 2d — 2, we obtain

. . 1d/2]
(z + ai)? + (x — ai)? d koonf 4\ a ok
(17) Foo(z) = Gapaa(z) = 5 ="+ ;(—1) @ g )5

Next, we give a completely explicit version of Theorem 5 with a = 1 for d = 2, 3,4, 5.

Corollary 6. Let a =1 in Problem 2. For d =2 and 1 < m < 2, the mazimal value for A
is 4(m — 1). It is attained iff {x1, 22} = {—v/m — 1,v/m — 1}.
For d = 3 and 1 < m < 4, the mazimal value for A is 4(m — 1)3. It is attained iff

{x1, 29,23} = {—v/m —1,0,/m — 1}.

Ford=4 and 1 <m < 8, the maximal value for A is
1024
(18)

3125
It is attained iff xq, x9, x3, 24 are the Toots of the polynomial

2 3m + 3 — 2v/m? + Tm + 1
(19)  Gla)=a"—=(m—4+Vm? T Tm+ 1)a? + 20t o Tm 1

(2(m2 +Tm+1)¥2(m? — 18m + 1) + (m+ 1) (2m* — 17m® + 462m? — 1Tm + 2)).

5
Ford=15 and 1 <m < 16, the maximal value for A is
(20) Ag = 22295 2 4 9sm 1 13/2(m2 — bam — 25) <m2 +om — i)
823543 27
N 55296 (m+ )(m6 B ims’ . 56755m4 N 287435m3 . 56755m2 B ﬂm N 1>'
823543 2 27 27 27 2

It is attained iff xq, w9, x3, T4, x5 are the roots of the polynomial

2
(21) G(z) =2" - %(m —6+vVm?+23m+1)2° + om+5 2\/? +25m 1x.

The expressions (18) and (20) indicate that one should not expect an explicit version of
Theorem 3 similar to (1) when the inequality opposite to (2) holds. Although we do find
an explicit monic polynomial that realizes the minimum (as described in Theorem 5) and
know its discriminant by (15), it is impossible to express the smallest value for m in terms
of a,d, D explicitly already for small values of d, say d = 4 (see (18)) and d = 5 (see (20)).
Note that \g is a root of the polynomial of degree |d/2| by (14), so it is impossible to find
Ao explicitly in terms of a,d, m for d > 10.

The rest of our paper is organized as follows. In the next section, we give two applications
of the main results to problems on the largest disks contained in lemniscates, and to the
minimum energy problems for discrete charges on the real line.

Section 3 deals with Lagrange multiplier approach to Problem 2, and its relation to Prob-

lem 1. In particular, we prove that the extremal polynomials for Problem 2 satisfy a second
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order differential equation, which implies that their coefficients satisfy certain recurrence re-
lations; see Theorem 12. The mentioned recurrences allow us to find two different families of
extremal polynomials in Theorem 13, and analyse the complete range of possible Lagrange
multipliers corresponding to these families. Results of Section 3 serve as the main ingredi-
ents of the proof of Theorem 5. It turns out that only polynomials from family (36) given
in Theorem 13 can attain the value for m as in (12).

On the other hand, Theorem 3 will be proved directly, without the use of the extremal
families obtained in Theorem 13. This time, in the range for m as in (10) there are poly-
nomials in both families that attain this m. By Theorem 4, for each m satisfying (10) the
polynomials from (37) have smaller discriminants than those from (36). For the proof of
Theorem 3 we relate our constrained extremal problem on the real line to a well known
problem of maximizing the absolute value of the discriminant for points on the unit circle.
For this, in Section 4 we state and prove some auxiliary results on maxima of the arising
products of cosines and sines. In Section 5 we discuss the relation between the polynomials
that appear in (11) and Gegenbauer (or ultraspherical) polynomials

Ld/2]

) D)t d—k—1) o
) Cite) = 3 () D D ey,

which are special cases of Jacobi polynomials.
Finally, we will collect all proofs of the main results in Section 6 and group them by
section.

2. APPLICATIONS

Let us consider some applications of the extremal problems from the previous section
to questions about the size of lemniscates for polynomials with real zeros, and about the
discrete minimum energy configurations of charges on the real line.

For a given polynomial f, let E(f) be the filled-in lemniscate {z € C : |f(2)] < 1}.
Studies of geometric structure, shape and size of lemniscates are classical in many areas of
mathematics. Lemniscates play important roles in various problems of analysis, algebraic
geometry, number theory, applied mathematics, etc. Many interesting problems about poly-
nomial lemniscates originated in the paper of Erdds, Herzog and Piranian [8], and some of
them still remain open. The latter paper considered problems related to the size and shape of
lemniscates for polynomials with zeros in the unit disk, and with real zeros. In particular, in
8] it is shown that there is a sequence of monic polynomials fy of degree d — oo, with all ze-
ros in the closed unit disk, such that the areas of E(f;) decay to zero as d — co. The authors
also asked a number of questions related to the rate of this decay and the size of the largest
disk contained in E(f). Erdés and Netanyahu [9] proved that if all the roots of a monic
polynomial f of degree d are contained in a fixed compact connected set of transfinite diam-
eter (logarithmic capacity) ¢ < 1, then E(f) contains a disk of radius r. that depends only

on c. The assumptions of Erdés and Netanyahu imply that limsup,_, A}/ (d(d=1)) <c<l,
i.e., the roots are relatively close to each other, while in the case of the unit disk the value
of this lim sup can be equal to 1, indicating much better separation of roots.

More details on transfinite diameter and capacity can be found in many books on potential
theory, see [16], for example. Erdés [7] conjectured that for any set of transfinite diameter

1 there is a sequence of monic polynomials f; of degree d — oo, with all zeros contained
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in this set, such that the areas of E(f;) decay to zero as d — oo, and hence E(f;) cannot
contain disks of a fixed radius. This conjecture remains open. We show, however, that one
can construct a sequence of monic polynomials f; of degree d with real zeros that are well
separated in the sense that the discriminant of f; is as large as 217%d¢, and E(f;) contains a

disk of radius 27'*1/¢ > 1/2. This result comes from the following consequence of Theorem
3 with D = 21-dq?,

Corollary 7. Assume that D >0, d > 2 and
(23) ag = 2_1+2/dd_1/(d_1)Dl/d(d_l),

Then, there is a unique f € K(d, D), namely,
(7 + agi)? + (7 — agi)?

(24) Fa) = s |
satisfying
(25) | f(agi)| = 2d-%/@=D p1/(d=1),

Note that the lemniscate E(f) is symmetric with respect to the real line for any monic
polynomial f with real roots. Pommerenke [14] showed that E(f) for such f is a union of
closed disks centered on the real line, and the diameter of the largest disk contained in E(f)
is equal to the vertical width of the set E(f).

Let r(d, D) be the largest possible radius of the disk with center on the real line that is
contained in the set E(f), among all f € K(d, D). Evidently, r(d, D) < 1 ford > 2, D > 0,
and limp_,o7(d, D) = 1 for each d > 2. Also, one can see that r(d, D) as a function in
D € [0,00) is decreasing from 1 to 0. In the next theorem, we describe r(d, D) in terms of
Problem 1, and investigate the situation when D is not too small.

Theorem 8. Let d > 2 and D > 0. Then r(d, D) is the largest r for which | f(ri)| = 1 holds

for some f € K(d, D). Furthermore,
JL/(d-1)
(26) r(d, D) < S hvaa-ny

and
(i) Ifd>2 and 1 < D < 2'7%q% then 2712/dq=1/(d=1) < r(d, D) < d/(4=1 /2;
(i1) If limg o |log D|/d?* = 0, then limg oo r(d, D) = 1/2;
(173) If limg_,o0(log D) /d* = oo, then limg o 7(d, D) = 0.

It follows that the radius of the largest possible disk contained in E(f) for f € K(d, D)
can be close to 1/2 for large d, when the discriminant D is neither too large nor too small,
and this constant 1/2 is best possible. Theorem 8 extends the results of Pommerenke [14]
and [15], see Theorems 2 and 3 of [15] in particular.

The second application of our results is related to the minimum energy configurations of
discrete charges on the real line. It is clear from the definition of discrete energy below
that minimizing this energy (finding the equilibrium position of charges) is equivalent to
maximizing the discriminant. Problems on the equilibrium position of charges on the real
line were considered by Stieltjes [19]-[21], Schur [17], Ismail [10] and others. For a general

compact set E in the complex plane, points {z,}¢_, C E maximizing the absolute value
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of discriminant [[,;_, 412 — z|* were introduced by Fekete [4] in connection with the
transfinite diameter of F, and thus are often called Fekete points. These points are useful
in analysis and computations, e.g., for interpolation of functions, but they are difficult to
find explicitly. Fekete points are known only for several sets such as segment and disk. In
particular, the case of [—1, 1] was settled by Stieltjes in [19], while further progress was rather
limited. For example, if the set consists of two intervals of the real line, then Fekete points
are not known even for any special configuration. It is therefore of interest that we are able
to find a completely explicit solution of a constrained minimum discrete energy problem
described below. The topic of minimizing discrete energy received close attention in recent
years; see, for instance, the book of Borodachov, Hardin and Saff [1] for the references on
this subject.

For a monic polynomial f with real roots z1, ..., x4, we consider the associated counting
measure

1d
= 5 5;1:7

where §, denotes the unit point mass at x. The logarithmic potential of 7, is defined by

U™(z) = —/log |x — t] dry(t) = —élog |f ()],

and the discrete energy of 7, is defined by

1 1
Ilrq) = —mzlog |z; — x| = —mlog|Af|~
J7#k

Thus it is immediate to see that our Problem 2 is equivalent to minimization of the discrete
energy I[r,] under the condition U™ (ai) = —(logm)/d, i.e., to finding the equilibrium posi-
tion of d unit charges on the real line so that their total potential has a prescribed value at
a point off the real line. Recall from the discussion after the statement of Problem 2 that
m > a® with equality iff 2, = 0 for k = 1,...,d. This gives the possible range for the values
v="U"(ai) < —loga, with v = —loga iff 2, =0, k =1,...,d, and I[ry] = oco. Hence we
can only consider the range v = U™ (ai) < — log a below.

Applying Theorems 4 and 5, we obtain the complete description of minimum energy
configurations in this setting.

Theorem 9. Suppose that a > 0, d > 2 and v < —loga. Then any configuration of points
{x,}4_, C R such that U™ (ai) = v satisfies

logd
(27) I[74) > 2v + log(2a) — dof .
If
1
(28) v < (E — 1) log2 — log a,

then equality in (27) is attained if and only if {zx}{_, are either given by (5), or by the
reflection of points (5) with respect to the origin.
7



Iif

1
(29) (c_l_l) log2 —loga < v < —loga
then
log Ag
30 Ity > ——2—=
( ) [Td] — d(d _ 1)’

where G = G, s the polynomial defined in (11) with a unique A\e = Ac(a,d,v) > 2d — 2
satisfying

14/2) .
d 2%k — 1) vd
(31) 1+ <2k> G L i
P [[oi(Ae —2d + 25 +1) a

Moreover, equality in (30) is attained if and only if {x}4_, are the roots of G, ().

As an application of the first part of Theorem 9, we show that the weak™® limit for the
counting measures of the minimum energy points, when the value of potential satisfies (28),
is given by the arctan distribution. Recall that the weak* convergence 7, — u means that
for any continuous ¢ : R — R with compact support we have limy,o, [ ¢drg = [ ¢ dp.

Corollary 10. Ifa > 0, d > 2 and v satisfies (28), then the minimum energy points satisfy

« adx

(32) Td — m as d — 0o.

It would be interesting to determine the asymptotic distribution of charges for the remain-
ing range of v given in (29).

3. EXTREMAL POLYNOMIALS VIA LAGRANGE MULTIPLIERS

In this section, we address Problem 2 by the method of Lagrange multipliers. We consider
the equivalent logarithmic version of the maximization problem for

g(x1,...,2q) =log A = Z log(zj — x1,)*
1<j<k<d

under the condition
d

1
h(xy,...,xq) =logm = 5 Zlog(a2 + 73),
k=1

where z1,..., x4 are distinct real numbers. This gives the standard Lagrange multiplier
equation Vg = AVh, where A € R, X\ # 0. It is clear that Problem 1 is equivalent to
minimizing h under the condition g = log D, which leads to the the Lagrange multiplier
equation Vh = pVg. Thus arising equations are identical by setting u = 1/A, and the
results of this section can be applied to Problem 1 as well.

Replacing each root z, of the polynomial f by axj, we change its discriminant from Ay
to a¥"Y A, and its value at ai changes to |f(ai)| = a? szl 1+ z2. Thus we can study

the normalized version of Problem 2 with a = 1, restated as follows:
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Problem 11. Given m > 1 and d > 2, find all collections of real numbers xi,...,xq

satisfying
d
m = H \/ 1+ a2
k=1

that give the mazimal value of A = [, <; peq(j — 21)*,

It is clear from the constraint condition that any solution of Problem 11 must satisfy
|z < m, k = 1,...,d. Hence we seek the maximum of continuous function A over a
compact set, and a solution of this problem definitely exists. Below, we find a unique critical
point for Problem 11, by the method of Lagrange multipliers, such that all z, k=1,...,d,
are distinct. Since the minimum of A is equal to zero when some of the points coincide, this
critical point provides the maximum of A for Problem 11.

We first show that the polynomials HZ:1(-’E — x4) corresponding to all possible solutions
x1,...,xq of Problem 11 satisfy certain second order differential equations, and hence their
coefficients satisfy some useful recurrence relations.

Theorem 12. If
f(x):xd+cd_1xd_1+"'+00:($_$1)"'(x_xd)

s a solution to Problem 11, then its coefficients satisfy the equations

(33) (A=2d+2)c4_1 =0

and

(34) (k+1)(k+2)cpao=(d—=k)(d+k—1—=XNcg, k=0,...,d—2,
where A € R.

Proof. We apply the approach of Schur [17] and [22, Section 6.7] to Problem 11. Consider
the equivalent logarithmic version of the maximization problem for

g(x1, ... xq) =log A = Z log(zj — x1)*

1<j<k<d

under the condition

d
1
h(xy,...,xq) =logm = 5 ;log(l + 23),

where x4, ..., x4 are distinct real numbers. Clearly, the standard Lagrange multiplier equa-
tion Vg = AVh, with A € R, gives
2 A
- — 20, k=1,....d
T —x;  wp+1

ik
The latter can be written in the form
Pla)  Aae
fllag)  a3+1

0, k=1,....d,

or, equivalently,

(2 + 1) f"(x) — Ao f'(z1) =0, k=1,...,d.
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Since (2 + 1) f"(z) — Az f'(x) is a polynomial of degree d that vanishes at d distinct points
{x,}4_,, it must be a constant multiple of f(x). Thus, we arrive at the differential equation

(22 + 1) f"(2) — e f'(2) = f (),
where ¢ € R. Equating the leading coefficients of polynomials on both sides gives
dld—1)— M =c.
Thus, the differential equation for f takes the form
(35) (2 4+ 1) f"(z) = Maf'(z) + d(X —d + 1) f(z) = 0.

Substituting f(z) = ZZ:O cpx®, where ¢y = 1, into (35), we obtain

d

d d d
Z k(k — 1)cpa® + Z E(k — 1)cpa®™2 — A Z kepr® +d(N —d+ 1) Z et = 0.
k=0 k=0 k=0 k=0

By considering the coefficient for z¢~!

, we get
(d — 1)(d — 2)Cd_1 — )\(d - 1)Cd_1 + d()\ —d + 1)Cd_1 = ()\ —2d + 2)Cd_1 = 0,

which is (33). Note also that, by changing k to k + 2, we can rewrite the second sum on the
left in the form Y202 (k + 2)(k 4 1)cpi97*. Evaluating coefficients for #%, k= 0,1,...,d — 2,
we find that

k(k —Dep + (K4 2)(k+ 1)cpyo — Mecg + d(A — d + 1), = 0.
By the identity
k(k—1)—X+dA—d+1)=(d—k)A—-d—k+1),
this leads to
(k+1(k+2)ckra+ (d—k)(A—d—k+ 1)z =0
for each k =0,...,d — 2, as stated in (34). |

The next theorem describes various f for all possible .

Theorem 13. If the Lagrange multiplier X # 2d — 2, then A > 2d — 3 and the solution of
Problem 11 is contained in the family of polynomials

o (AT 21 -
(36) f@)_x+;<(2k)n2d—2j—1—>\>x '

j=1

Here, the values of X # 2d — 2 corresponding to extremal polynomials (36) must satisfy the
constraint equation | f(i)| = m.
If A =2d — 2, then
1

(37) f@) = o

where B = cq_1 may be found from |f(i)| = m.
10
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Proof. We begin with the case A = 2d — 2. Inserting this value of A into (34), we deduce
that for k =0,...,d—2

ke DE+2) ke Dk+2 ()
B T Y (7 5 [ /R DR R Rt

The last recursion, used with initial values c¢; = 1 and c¢4_1 = B, implies that

Cd—ok = (—1)’“(262), k=0,...,1d/2],

and
Cd2k1:#<2kil), k’:O,,L(d—l)/2J

Hence the extremal polynomial f takes the form

k=0

- %((:c i) (- i)) + 251 (<f’3 +i)! =z =)

1 Nd . Nd
2d<(d Bi)(z + i) + (d + Bi)(z — 1) )
which is (37).

Assume now that A #d+k —1for k =0,1,...,d — 1. Since A\ # 2d — 2, we find that
ca—1 =0 by (33). Also, from (34) and A #d+k—1for k=0,...,d— 2, it follows that

(k+1)(k+2)
Ck+2-

(d—k)(d+k—1—-X)
Applying the latter relation iteratively, with initial value c¢;_; = 0, one can easily see that

Cqok—1 =0 for k =0,...,|(d —1)/2]. Similarly, applying it with initial value ¢; = 1, we
find that

d\ 1 2j — 1 d (2k — 1)
(39) :( ) . :<—1>'f( ) 4
2k ]1:[12d—2;—1—>\ 2k Hle()\_gd+2]+1)

for k=1,...,|d/2]. This implies (36). Since the polynomial (36) is of the form g(z?) (if d
is even) or xg(z?) (if d is odd), it may only have d real roots if cq_» < 0 by Descartes’ rule
of signs. This yields A > 2d — 3 by (38) with k& = 1.
Finally, suppose that A = d + K — 1 for some K € Z in the range 0 < K < d — 2. Then
ca—1 = 0 by (33). From (34) we find that
(k+1)(k+2)cky2=(d—k)(k—K)cg, k=0,...,d—2.

Inserting k = K, K +2,..., we see that cxy9; = O forall j =1,2,..., such that K 425 <d.
Since ¢g = 1, we get K —i— 2] # d, and so d — K must be odd. Iteratlng the above recurrence
relation from ck to find the lower coefficients, we obtain that

(39) o = (— (Qk)Hd JK_+12] k=1, |K/2].

11

C =




Similarly, starting with ¢; = 1, and iterating as in the first part of the proof, we derive that

k

(40) QQkZ(%)IIdQQTg] k=1,...,|d/2],

which yields

d/2]

k
2)—1 d—2k
41 -
(41) x'+§:<(%>11d z<—%>x
L5/2) 21
K B K—2k
bt e ) <( <2A>Ild Aﬁ+2j>x |

Now, by using Descartes’ rule of signs, we will show that the above polynomials (41)
cannot have d real roots, so that this family is not compatible with the assumptions of
Problem 11. It is obvious that the coefficients of (41) listed in (39) alternate in sign, unless
cx = 0 and then all of them vanish. The coefficients given in (40) are positive if 2k < d— K,
and alternate in sign for larger k. This means that in the list of all coefficients for (41),
arranged in the decreasing order of index, we first have d — K nonnegative coefficients (from
x? to 1), Then, we have coefficients (39) and (40) interlaced from 2% to x°.

If cx > 0 then the coefficients for 2%, 251 £5=2 2K=3 have signs + — —+ and period-
ically afterwards. This gives at most [(K + 1)/2] sign changes for f. In case cx < 0 the
corresponding signs are — — ++ and continue periodically afterwards. This gives at most

[(K +2)/2] sign changes for f. Consider the polynomial (—1)¢f(—z). Then, the picture is
the same except that cx becomes —cg, since d + K = d — K + 2K is odd. So the number
of both positive and negative roots of f cannot exceed [(K +2)/2] + [(K +1)/2] = K + 1.
Adding one more possible root = 0 we obtain at most K + 2 real roots for f. Since d — K
is odd, K # d — 2. Consequently, K < d— 3, and so f has at most K +2 < d — 1 real roots.
This proves that not all the roots of f given in (41) are real. O

4. PRODUCTS OF SINES AND COSINES

We give some explicit values and estimate for products of sines and cosines arising in the
proofs of main results.

Lemma 14. For each integer d > 2, we have
d—1

o 5 ThN _ eod 2, [ 222 cos?(dx), if d is odd;
P(z) = HCOS (x—l— pi ) = 2°"%sin"(dx — dr /2) = { R

i 22-% gin?(dx), if d is even.

Proof. We use the identity

(42) sin(dr) = 277! ﬁ sin (93 + de>
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found in 1.392 of [6, p. 41]. This immediately gives the corresponding formula for P(z)

Hcos <a:+—) Hsm <a:——+%k>

9202 (4 e f2) = { 22724 cos?(dx), if d is odd;

222 sin?(dx), if d is even,

and thus completes the proof of the lemma. O
Lemma 15. For any yi,...,yq € [0,7), we have
(43) H sin?(y; — yp) < 274D gd,

1<j<k<d

Furthermore, equality in (43) is attained if and only if the set {yi,...,ya} is an arithmetic
progression with difference 7/d.

Proof. By subtracting y := min;<;<q¥; from each y;, k = 1,...,d, and then rearranging the
new elements y; — y in ascending order, we may assume that y; =0 <y < -+ < yg < 7.
Notice that

2sin(yy — y;) = |e* — 2|
for any pair of indices j < k satisfying 1 < j < k < d. Hence

9d(d—1) H Sin2(yj . Z/k) _ H ’eQiyk _ eZiyj‘2.
1<j<k<d 1<j<k<d

Here, the product on the right hand side is the square of the absolute value of the Vander-
monde determinant for e?¥! = 1,¢e%¥2 ... e?Wi [t is well known that the maximum of the
latter does not exceed d¢, with equality iff y, = w(k — 1)/d for k = 2,...,d, by Hadamard’s

inequality, cf. [2]. See also [5] for an alternative proof of this fact due to Fekete. This implies
the assertion of the lemma. U

5. POLYNOMIALS G, IN TERMS OF JACOBI AND GEGENBAUER POLYNOMIALS

Note that the polynomial (11) is defined for any a € C and any A € C, where A # 2d—2j—1
for j € {1,2,...,|d/2]}. It is easy to see that the latter condition is equivalent to

(44) X¢{2[d/2] —1,2[d/2] +1,...,2d — 3},

where the right hand side of (15) is defined. The formula (15) obviously holds for a = 0, so
from now on we assume that a # 0. In all what follows we will first prove (15) for all real A
greater than 2d — 2 and then give an argument which extends this formula to all complex A
satisfying (44).

Recall that Jacobi polynomials are defined by

e L Gy IS

(a+B+d+1)a

dl 24 T
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where (t)g :=t(t+1)...(t +d — 1) is Pochhammer’s symbol (or the rising factorial), and

(szt@—nug?—d+n

is a generalized binomial coefficient. In the special case, when v = = pu — 1/2, Jacobi
polynomials (45) are also expressible as

_ _ 1/2

(46) pptn gy = WL gy
(211)a
where C/(x) is defined in (22), see (4.5.1) of [11, p. 94].
Let us evaluate the polynomial (11) at iaxz. We have

ld/2]
2% — 1)l
(z’a)_de (iaz) = 2% + Z ( ) (2K ) 42k,
(A=2d+2j+1)

Notice that p i
2k — I\ = —M—
(Qk)( W= 2FEN(d — 2k)!

and

AN=2d+2j+1) =2 (—p—d+ 1), = (—D)*2k(pu+d—1)...(u+d—Fk)
7=1
_ (_1)k2k (1)a
(1)a—k’
where p:= —(\ + 1)/2. Therefore, using these identities, (22) and (46), we derive that
d/2]

o d! (1)a—k _a—ok
(ia) Gan(iax) = 27 + Z 22’%' d — 2k)! (lsdkx
d/2] d! () d-k 4o
= kz:; (—1)k22kk!(d —2k)! (p)a o
472 a2 _ 27
2 D e = i

k=0
= — d!( )d P(u—l/lu—l/?)(x) _ 274! P” 1/2,u— 1/2)( ).
29(p +1/2)a(pt)a (21 + d)a
Note that, by (45), the leading coefficient P~"/**~/2)(z) equals (2u + d)4/(2%d!), so the

polynomials standing at leftmost and rightmost of this equality are both monic. In view of
= —(A+1)/2, this yields

(2ai)*d! (“A/2-1,-A/2-1), -
47 Ga = P ? _ X
( ) 7)\(1‘) (_1)d(>\_2d+2)d d ( Z:U/a>
It is important to observe that the value of Jacobi polynomial parameters o = f =

—A/2 —1 < —d in our case, i.e., these parameters are outside the classical range o, 5 > —1

typically considered in most of references. Extending the formula for the discriminant of
14



Jacobi polynomials found in (3.4.16) of [11, p. 69] to arbitrary parameters a and £, in
Lemma 5.3 of [3] we have shown the following:

Lemma 16. Let P;a’ﬁ) be the general Jacobi polynomial defined in (45) for o, € C and
some fitedd > 2. Ifa+pf# —d—k, k=1,...,d, then the discriminant of Pd(a’ﬁ) 1S given
by

d
(48) A = 27D T2k + ) (k+ B)F N (d + k + o+ B)F
d
k=1
Let us apply this lemma to & = § = —A/2 — 1. Then, the condition on « + /3 is satisfied,
because A\ > 2d — 2. By (48), we find that

d
A peazronan = 27D TR0 (6 — A2 = )2 (d + k- A - 2)*F
d
k=1
( 1)d(d 1)/2
22d(d 1) d12d—2

Hkk (A+2—2k)* 2N 42 —d— k) *

The discriminant of the polynomial PCE_)‘/ =LA 2_1)(

tiplied by (—1)4=1/2q=dd=1) "that is,

—ix/a) is thus the above number mul-

1 - —
qd(d—1)92d(d—1) J12d— 2Hkk (A+2- k)% 2()\+2—d—k)d F
=1

In order to find the discriminant of G, , we need to multiply this by ¢**~2 where c is the
constant factor near P( AMETLEA2E n (47). Since

d
2d-2 _ ((im)j;;):;; 22 — 2d(d-1)92d(d~1) 7)2d—2 H(A +2—d—k)>%,
o d k=1
we deduce that
kRN + 2 — 2k)22

4
(49) 17 )\+2—d )2

for A > 2d — 2. Next, we express the factors containing A in the nominator of this fraction
in the form

d Ld/2)-1 d-1
H A+2-26)"72= ] =20 J] (A—20)*
= k=1 k=|d/2]

Similarly, since each k € {1,...,d} can be written either as k = 2j — d 4+ 2 with integer
j in the range [(d — 1)/2] < j < d—1or as k = 2j — d + 1 with integer j satisfying
[d/2] < j <d-—1, we can split the factors with A in the denominator of (49) into two parts
as follows:

d d—1 d—1
[[a+2-d—r)**2= ] =2)% J[ A =2+
k=1 [(d—1)/2] j=l1d/2]

15



Note that |d/2] = [(d — 1)/2], so the term thﬂ "(\ = 2k)?* cancels out, and hence (49)
implies (15) for each A > 2d — 2.

As we already observed above, the right hand side of (15) is defined for all complex A
satisfying (44) exactly when the polynomial G, is defined. To extend the formula (15)
from real A > 2d — 2 to complex A in the range as claimed, we can use the same argument
as that in the proof of Lemma 16 (see Lemma 5.3 in [3]). Since the discriminant Ag, , is a
polynomial in the coefficients of G, , it is a rational function in A by (11). Note that the
right hand side of (15) is also a rational function in A. These two rational functions coincide
for A > 2d—2. Hence they must coincide for each A € C\{2[d/2] —1,2[d/2]+1,...,2d—3}
by the uniqueness theorem for holomorphic functions. This completes the proof of (15).

6. PROOFS
6.1. Proofs for Section 1.

Proof of Theorem 3. Write the roots xy of f € K(d,D) in the form z, = atany;, where
yp € [0,7/2) U (n/2,7) for k =1,...,d. Then,

d

|f(ai)? = [](a? +aumyk—fﬂ1

k=1

1
cos?

Also,

202
— S1n P — Yk
DZAF:II<Mww—Mme=ﬂd”IIzgﬁ%é%
J

1<j<k<d 1<j<k<d
d
1 \d-1
_ d(dfl)( > L0
=a :
H cos? Y H S (5 = )
k=1 1<j<k<d
This yields
d(d-1)
a/ . 2
sy = 1] s — we).

Bounding the right hand side from above by Lemma 15, we find that

441
50 s < 27U
o e =
Now, by rewriting this inequality in the form |f(ai)>@Y > (2a)%?Vd=?D and taking
2(d — 1)th root of both sides one gets (1).
By Lemma 15, equality in (50) and so in (1) holds iff {y1,...,y4} € [0,7/2) U (7/2,7) is
an arithmetic progression with difference 7/d. Then

{v1, ..y} ={y,y+r/d,y+2r/d,....y+(d—1)7/d}
16



for some ~ € [0,7/d), so that
pY/d(d-1)

d
1 1/d . 1/d(d— 1) J1/(d-1) 1 1/d
a N (11_11 cos? yk> ( H sin*(y; - yk)) 2 <H >

2
COS
1<j<k<d k=1 Yk

d—1

d1/(d=1) 1 v d1/(d=1)
2 <k:0 COS2(’}/—|—7T]{3/d)> 2P( 2P ()1’

with P(z) as defined in Lemma 14. Therefore, P(7) = (a/2)%d% @Y D=1/(4=1) Now, in view
of Lemma 14 we arrive at the equations

(51) cos’(dy) = p(a, d, D)
for odd d, or
(52) sin’(dy) = p(a, d, D)?

for even d, where
pla,d,D) = q/29d/2-1 4d/(2d-2) [)—1/(2d—2)

as defined in (7). Note that p(a,d, D) <1 by (2).

Since v € [0,7/d), the equations (51), (52) give two possible values for v € (0,7/d) when
pla,d,D) < 1 (one is v = 7(a,d, D) as in (6) and the other is 7/d — 7) and one possible
value for v € [0,7/d) when p(a,d,D) = 1. (Then v = 0 if d is odd, and v = 7/(2d) if d
is even.) In the latter case, p(a,d, D) = 1, the polynomial f that attains equality in (1) is
unique, namely f(z) = F(x) with F' = Ry if d is odd and F' = R, (2q) if d is even, as defined
in (53). Assume that p(a,d, D) < 1, which corresponds to the case when the inequality in
(2) is strict. Then, as observed above, one value of v = ~y(a,d, D) is in the open interval
(0,7/2d), the other is w/d — . So, one polynomial f is for which equality in (1) is attained
is

d—1
(53) R,(z) := [ [(x — atan(y + 7k/d)),
k=0
with v € (0,7/2d), and the other is
d—1 d—1
H(x —atan(mw/d — v+ 7k/d)) = H(x +atan(y + 7k/d)) = (-1)*R,(—x),
k=0 k=0
as claimed.

It remains to show that the polynomial R, given in (53) satisfies (3), and to verify (4).
To prove (4), in view of (8), it is sufficient to check that
(54) (—1)%cot(dm/2 + dvy) = V/a—922-dd—d/(d-1) D1/(d=1) _ 1,

For d odd, the left hand side of (54) equals tan(d~). Here dy = arccos p(a,d, D) € [0,7/2) by

(6). Hence cos(dy) = p(a,d, D) and sin(dy) = /1 — p(a,d, D)2. Now, taking into account
(7), we obtain

Vv/1-p(a,d,D)?
p(a,d, D)

tan(dy) = \/p (a,d, D)2 —1= \/afdQQfddfd/(d—l)Dl/(dfl) 1,
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which yields (54). Similarly, for d even the left hand side of (54) equals cot(dvy), where
dvy = arcsinp(a,d, D) € (0,7/2] by (6). Hence cot(dy) = /p(a,d, D)~2 — 1, which yields
(54) as above.

In order to show that the polynomial R, given in (53) satisfies (3), it suffices to prove that
R.,(ax) = F, g(ax). In view of B = cot(dn/2 + dvy) (see (8)), this is equivalent to

L[O(x —tan(y + kr/d)) = (1 — 7 cot (%l +’Yd))(:€ —H’)d_; (1 + i cot (%d +”Yd))(x B i)d.

We will show that this is an identity that holds for each x € C and all v € R for which the
involved tangent and cotangent functions are defined.

Indeed, both sides are monic polynomials in z of degree d, so it suffices to show that
the right hand side vanishes at © = tan(y + kn/d), k = 0,1,...,d — 1. Let us insert x =
tan(y+ k7 /d) into the right hand side and multiply it by i'~¢sin(dmr /2 + d) cos?(y + k= /d).
Since

isin(dm/2 4+ dvy)(1 Ficot(dr/2 + dvy)) = isin(dr/2 + dvy) £ cos(dr /2 + d),
and
i~%cos?(y + km/d)(tan(y + kr/d) + z’)d = (—isin(y + kr/d) £ cos(y + kﬂ'/d))d,
we need to verify that
ei(dw/?-l—d’y)e—i(kﬂ-i-d’y) . 6—i(d7r/2+d'y)(_1)dei(k7r+d'y) — 0.

This equality clearly holds for each k € 7Z, since its the left hand side equals
6i7r(d/2—lc) . (_1)d€i7r(k—d/2) _ eiTr(k—d/Q) (eiw(d—Qk) . (_1)d) _ 6i7r(l€—d/2) (eiTrd . (_1)d) = 0.

This completes the proof of the theorem. [l

Proof of Theorem 4. Consider any monic polynomial f of degree d with d real roots and
discriminant Ay. It follows from (1) that

m = |f(ai)| > (2a)d/2dfd/(2d72)A}/(2d72)'

Hence m?=2 > (2a)%4~Vd-4A;, which implies (9).
Assume that (10) is true, and that equality holds in (9). Then

A;/d(d—l) _ m2/dd1/(d71)(2a)71 > a2172/dd1/(d71)’

which yields (2) for the polynomial f. Since equality in (9) is equivalent to equality in (1),
the proof of this result is now completed by applying Theorem 3. U

Proof of Theorem 5. Our aim is to use Theorem 13 that solves Problem 11 for 1 < m < 2471,
and then complete the proof of this result by scaling ), — xy/a, k =1,...,d. Observe first
that for the polynomial (37) we have

|(d — Bi)(2i)¢] 2% 'd? + B?

— - — — > d—l'
m =100 — 2

So the only polynomial from the family (37) that can be useful in the case m < 247! is the
one with B = 0 when m = 297!, We already know that it is extremal by Theorem 4. In
particular, in the case 1 < m < 297!, by Theorem 13, it suffices to consider polynomials
described in (36).
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We now show that there is only one polynomial satisfying |f(i)| = m in the family of
polynomials (36) from Theorem 13. To find the required value of A we write the condition
|f(i)] = m for the polynomial (36), where f(x) = z¢ + ZL /2y ana® with cq oy, given in
(38), as follows:

i 2 OB W“( ) (2k — 1)V
(55) m=[f(i)]= i _1+;( Do = 1+Z 2k )\—2d+2j+1)

Here, the right hand side as a function in A € (2d — 3, 00) is strlctly decreasing from oo to
1. Moreover, by (16), one can see that A = 2d — 2 gives the value 2?7 for the right hand
side of (55). Hence for each m € (1,297 there is a unique A\; = \;(d,m) € [2d — 2, 00)
satisfying this equation, that is, the one defined by (14). There are no solutions in the
interval A € (2d — 3,2d — 2), since then the right hand side of (55) is strictly greater than
291 contrary to the assumpion on m.

The polynomial f with this A\; must be the only solution to Problem 11 for 1 < m <
24=1 " As we already observed, for m = 2971 one obtains the polynomial (17) with a = 1.
Replacing m by m’ = ma?, equality m = |f(i)] by m’ = |f(ai)|, and the collection of the
numbers z1, . .., g4 by the collection x} = ax, .. :Bd a:vd, we arrive at the unique extremal
polynomial in Problem 2 for m’ = ma? satisfymg al < m' < 2471q%. By (14) and (55), w
have \g(a,d, m’) = A\ (d,m). Also, by (11) and (36) (see also (38)), the extremal polynomials
f (for Problem 11) and G (for Problem 2) are related by the formula f(z) = G(ax)/a’.
Finally, (15) has been established in Section 5. O

Proof of Corollary 6. For d = 2, equation (14) implies \y = 1 + 1/(m — 1). Inserting this
value into (11) (with @ = 1) we find that G(z) = z*> + 1 — m. Clearly, its discriminant is
4(m — 1) and its roots are £v/m — 1.

For d = 3, equation (14) implies 3/(A\g — 3) = m — 1. Inserting this value into (11) (with
a = 1) we find that G(x) = z* + (1 — m)x. Its discriminant is 4(m — 1) and its roots
are 0,++vm — 1. (Note that, by (15) with d = 3, one has Ag = 2?2 - 33/(\g — 3)® with
Ao = 3+ 3/(m — 1), which also gives the discriminant 4(m — 1)3.)

In the case d = 4, (14) gives

6 3 _3(20 - 5)

m—1:/\0_5+<)\0_5)()\0_3)_()\0—5)0\0—3)’

which reduces to < 5 15
m — m
A — A = 0.
0 m—1 o+t m—1

The only root satisfying \g > 2d — 2 =6 is
dm —1+vVm?2 +Tm+1
m—1 ‘
With Ay satisfying (56), one can easily find that the polynomial (11) is

2 3 3—2vVm?2+7 1
G(:z:):x4—g(m—4+\/m2+7m+1):c2+ me 5m rmE

as in (19). The discriminant of the polynomial 2 + cy2? + ¢q is equal to

(57) 256¢5 — 128¢3cs + 16¢5c.
19

(56) Ao =




Inserting the values of ¢ and ¢ in terms of m as in (19), by a computation with Maple, we
deduce that Ag equals to the value given in (18). (Alternatively, one can use the formula
(15) with d =4, a =1 and X\ = ) as given in (56).) We remark that the value of As given
in (18) is 0 at m = 1 and 2'* at m = 8. The latter coincides with the right hand side of (9)
for m =8 and d = 4.
Finally, consider the case d = 5. The polynomial (11) with a =1 is
10 15
x” +

G = = T 0

)Q?.

From (14), we deduce that
12m — 2 35m
_ )\0 + =
m—1 m—1
and hence the only value \g > 2d —2 =8 is
B 6m—1++vVm2+23m+1

m—1

A6

0,

Ao

With this value of Ay, we find G as in (21). The discriminant of the polynomial % +cyx®+cox
is equal to the discriminant of z* + coz? + ¢ (as in (57)) multiplied by 2, that is,

(256¢3 — 128cac + 16¢5¢0)ca.

Inserting the values of the coefficients as in (21), we find (with Maple again) that the value
of the discriminant is as in (20). As above, we remark that the value of Ag given in (20) is
equal to 12800000 = 22 - 55 at m = 16. The latter coincides with the right hand side of (9)
for m = 16 and d = 5. O

6.2. Proofs for Section 2.

Proof of Corollary 7. Note that ag defined in (23) coincides with the right hand side of (2).
By Theorem 3, one has equality in (1) only for the polynomial F' given in (3) and (5). Note
that in the extremal case a = aq the choices for v € [0, 7/(2d)] in (6) are the following: v =0
if d is odd and v = 7/(2d) if d is even. In both cases, (8) implies that B = 0. By Theorem 3,
equality in (1) holds for the polynomial

(z + agi)® + (x — agi)?

F(z) = . € K(d, D),

as stated in (24), and we have

|F(a Z)‘2 B (2a0)dD1/(d71) B 4dfd/(d71)Dl/(dfl)Dl/(dfl) B 4D2/(d71)
0 - 4/ (d-1) - qd/(d—=1) T J2d/(d-1)

This yields (25). O

Proof of Theorem 8. Let f € K(d, D). Due to the symmetry of E(f) with respect to the real
line, the largest closed disk contained in E'(f) must be centered on the real line. Assume this
largest disk is {z : |z —¢| < r}, where r = r(d, D) and ¢ € R. The result of Pommerenke [14]
implies that the point ¢ + ir is on the boundary of E(f), which means that |f(c+ir)| = 1.
For the polynomial g(z) = f(c+ z) we have g € K(d, D) and |g(ri)| = 1. This proves the
first claim. To show (26) we observe that, by (1),
1= ]g(m)] > (27“)d/2d_d/(2d_2)Dl/(Qd_z).
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It follows that 2rDY/4d=1) < /(=1 "which yields (26).
(i) Suppose 1 < D < 27444, From D > 1 and (26) it follows that r(d, D) < d'/(4=1 /2.
Let f be defined by (24). Then, by D < 2'744¢ (25) gives that

| f(aoi)| = 24~/ pi/(d=1) < 1.

The latter inequality means that agi € E(f), and hence this point belongs to one of the
closed disks centered on the real line that are contained in E(f), according to the results
of Pommerenke [14]. Thus the radius of this disk is greater than or equal to ag. Since
ag > 271+2/4q=1/(d=1) holds by (23), the lower bound r(d, D) > 271*2/d¢=1/(d=1) follows.

(ii) Setting

‘ log D
Ka,D = ma
we can rewrite (26) in the form
d1/(d=1)
(58) r=r(d,D) < Y

From limg_, | log D|/d* = 0 it follows that limg_,o, DY¥@~Y = 1, so that limy_, |kap| = 0.
Combined with (58), this yields

(59) limsupr(d, D) < 1/2.

d—o0
By Theorem 3, we have equality in (1) for the polynomial f of the form (3) under the
assumption (2). Hence f(ri) € E(f) if
(2r)d/2d—d/(2d—2)Dl/(2d—2) S 1.
This is equivalent to 2r < d¥/(@=Ye="a¢0 whereas (2) is equivalent to 2r < 2%/dg—1/(d=Derap,
So E(f) contains a disk with center on the real line and radius
L in(d/@-De—san g2ldg-1/@=1) rap).

Under our assumptions on kg p, the latter quantity tends to 1/2 as d — co. Hence

liminfr(d, D) > 1/2.
d—o0

Combined with (59), this yields the result as claimed in (ii).
(iii) This time k4 p tends to oo as d — oo, so the required result limg o r(d, D) = 0
follows immediately from (58). O

Proof of Theorem 9. We apply Theorems 4 and 5, together with connecting relations

V= UTd(CLi) _ _log |,];(CLZ)| _ _1037”

and ) )

It is immediate to see that (27) is equivalent to (9), and (28) is equivalent to (10). Hence the
first part of this theorem follows from Theorem 4. For the second part, we observe that (29)
is equivalent to (12) of Theorem 5, which implies (30) and (31) together with the equality

case. [l
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Proof of Corollary 10. Let ¢ be any continuous function on R with compact support con-
tained in [b, ¢]. Since the minimum energy points are described by (5), we deduce that

/ ¢d¢d:$2¢(xk): > gb(g’“) = > ¢(xx)(arctan(zy1 /a) — arctan(zy/a)).

b<zp<c b<zp<c

The latter sum can be recognized as an integral sum for the following Stieltjes integral

¢ d
/bqb(x) (arctan(x/a)) /¢ a26L+xx2

adx adx
i foana= [ ot 1 = [ o

and (32) holds by the definition of the weak* convergence. O

Hence
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