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Abstract

Some results of Erdds on polynomials and some later developments are
reviewed. The topics that this survey covers are: discrepancy estimates
for zero distribution, orthogonal polynomials, distribution and spacing of
their zeros and critical points of polynomials.

1 Introduction

Polynomials were Paul Erdés’ favorite objects in analysis. He devoted many
works to them, and in his problem lectures and papers he repeatedly returned
to their theory. His major interest concerning them can be roughly divided into
the following areas:

1) interpolation,

2) discrepancy theorems for zeros,

3) inequalities,

4) size and growth of polynomials,

5) geometric problems for lemniscates,
6) orthogonal polynomials,

7) spacing of zeros,

8) geometry of zeros of derivatives,

9) polynomials with integer coefficients.

He wrote most papers on interpolation. Several surveys have been devoted
to Erdés’ work on interpolation, see e.g. D. S. Lubinsky’s and P. Vértesi’s
surveys [22] and [34] in the Erdés memorial volume and Vértesi’s survey [35]
in this volume. For inequalities, particularly for inequalities on the size of the
derivatives of polynomials see T. Erdélyi’s papers [5], [6]. We shall not touch
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topic 4) (questions like how small the norm of a polynomial with £1 coefficients
on the unit circle can be, or if polynomials of degree at most (1+¢)n interpolate
in n points, then does their minimal norm necessarily tend to infinity—for some
interpolation data—when ¢ — 07) or topic 5) (questions like the minimal
length of lemniscates or largest possible area for lemniscate domains) because
there has not been a real breakthrough in those questions; see the papers [5]
and [16]. Also, 9) (including questions on cyclotomic polynomials) has been
adequately reviewed in [3].

Therefore, this survey will be devoted to some recent developments concern-
ing

2) discrepancy theorems for zeros,
6) orthogonal polynomials,

7) spacing of zeros,

8) geometry of zeros of derivatives.

In the areas 2), 6) and 7) most of Erdés’ earlier papers were with Paul Turdn,
his lifelong friend. In their works in these directions interpolation has always
been in the background. By now more powerful tools have been developed, but
the impact of the Erdés—Turan papers has been enormous, and lasts until today.

2 Discrepancy theorems

We start with a problem of P. L. Chebyshev. In connection with a question in
mechanics he was lead to replacing z* on [—1,1] by a combination of smaller
powers. He answered the general question: how well ™ can be approximated
by linear combination of smaller powers, i.e. he determined the quantity

ty = inf Polli-
" Pn(x)lgm"+--- H n”[ L1
where || - |k denotes the supremum norm on a set K:

([Pl = sup [Pa(2)]-
zeK

He found that

2
by = —, 1
the extremal polynomials being the so called Chebyshev polynomials
1 o) o)
T.(2) = o1 cos(n arccos x).

The Chebyshev polynomials have uniformly distributed zeros in the sense that
if we project the zeros (all lying in (—1,1)) vertically onto the unit circle to get
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Figure 1: Uniform distribution of the Chebyshev zeros

2n points, then the points so obtained are uniformly distributed there in the
sense that they divide the circle into 2n equal arcs, see Figure 1.

What Erdés and Turdn observed in [13] is that if the norm of a monic
polynomial P,(z) = z™ + --- with all its zeros on [—1,1] is not much larger
than the minimal norm ¢,,, then the zeros of P, are almost like the zeros of the
optimal polynomial T}, i.e. in a sense the zeros (more precisely their projection
on the unit circle) are uniformly distributed.

Theorem 2.1 (Erdés—Turén, 1940) If P, (z) = 2" +-- - has all its zeros {z;}
n [-1,1] and

[Palli-1,1) < %, (2)
then for any —1 <a<b<1
#{z; € (a,b)} arcsinb—arcsina < 8 \/logiAn.
n T ~ log3 n
In particular, if 1

hmsup||P ||[ L] =

then the distribution of the zeros is the arcsine distribution (note that, by
Chebyshev’s theorem, necessarily

1

11m1nf||Pn|| T2 2)

In other words, the zeros of asymptotically minimal polynomials have arcsine
distribution.



Let us sketch the original argument of Erdés and Turdn from [13]; a different
approach will be given in the next section. First of all it is enough to prove the
upper estimate

#{z; € (a,)} — n(arcsinb — arcsin a) < lozgm, 3)

s

since the matching lower bound (with 4/ log 3 replaced by 8/log 3) follows if we
apply (3) to the two complementary intervals [—1,a] and [b,1]. Let a = cos j,
b=cosa, a, € [0,7], let k = [n(f — a)/n], and assume that there are at least
k + 21 zeros of P, in [a,b]. Consider the following modification of Chebyshev’s
problem: minimize the supremum norm of monic polynomials @, (z) = 2"+ -
on [—1,1] under the constraint that the polynomial has k + 2 zeros in [a,b].
There is an extremal polynomial @,, and by a simple variational argument
|Qr| takes it maximal value (with respect to [—1,1]) in between any two of
its consecutive zeros lying in (a,b). According to a lemma of M. Riesz if a
trigonometric polynomial of degree n takes its maximum absolute value at a (,
then it has no zero in the interval (( —m/2n,(+m/2n). Hence, the trigonometric
polynomial @, (cosf) cannot have more than [n(S — «)/7] = k zeros in the
interior of («, 8). Thus, to have k + 2l zeros in [«, 8] it must have 2I zeros at
a and B, so in at least one of the endpoints of [, 5] it has at least I zeros.
Therefore, by assumption,

n

— > j _ ,
on J{lﬁll%\h 11]

where v, is a polynomial which has a zero of multiplicity [ somewhere in [—1, 1].
As a consequence,

/2
oo R )
wZTpiP(ﬂ Liiet) o

If I,,(zo) is the minimum value of the norm on the right for all 4,, which has a
zero at xg of multiplicity [, then clearly

A,
— > i I .
on 2,0 | Inl@o)

On applying the Zhoukowskii transformation ( = %(z + %), it follows after
multiplication by 2" that I,,(z0)? is the minimum of

1 ™
e |1l

where the minimum is taken for all algebraic polynomials U5, = 22" +- - - which
have a zero of multiplicity [ at both e*%, where cosfy = zo. Reduce the



assumption to have a single zero of multiplicity [, which then can be moved to
any point on the unit circle by rotation, hence (by moving it to —1)

1

@0 2 oy i [ @i P (@)

the minimum being taken for all polynomials ®5,,_;(2) = 22"~! 4 ... of degree
2n — 1.

Regard here |1 + z|?! as a weight function w on the unit circle. It is well
known (easily follows from orthogonality) that the minimum in (4) is attained
for the (2n — [)-th monic orthogonal polynomial with respect to w. Erdés and
Turédn figured out the explicit form

Z(in+ l) (1422 / (2= )11 + D lde
-1

for this orthogonal polynomial (once this form is given, one can rather easily
check that it is a polynomial of degree (2n — ) with leading coefficient 1 and
that it is orthogonal to every smaller power). In other words, the minimum in
(4) is attained for this function, and the minimum value for the right-hand side
in (4) can then be explicitly calculated and it is

1 (2n+1\ (2n -1
22n l l ’

Now Stirling’s formula easily yields the lower bound

1. log3)* 12
2n *P 4 n
2 72

AnZeXp l<10g3> l‘| 9
4 n

from which (3) immediately follows.

for I,(xp). Thus,

Indeed, this is a marvellous argument that gives a sharp estimate. However,
it is also clear that it would be difficult to carry it over to Jordan curves or
to disconnected sets. We shall see an alternative approach in the next section
suitable in such situations.

3 Some logarithmic potential theory

Theorem 2.1 has been used in a number of situations, and has been extended
to various directions. Erdds himself proved in [7] that if, besides (2) with A, =



O(1), the maximum of |P,| in between any two consecutive zeros is > ¢/2",

then
#{z; € (a,b)} arcsinb — arcsina logn

<C .

n ™ n

To have a basis for generalization and to understand what is behind Theorem
2.1 (in particular, why the number 1/2 and the arcsine distribution play such a
prominent role) we need to consider what happens if the norm is taken on two
intervals or on an even more general set. To do that we shall need to introduce
some concepts from potential theory.

First of all, if K is any compact set on the complex plane then we can
form Chebyshev’s problem on K: what is the minimal norm || P, ||k of monic
polynomials P, (z) = 2™ + --- for a given n? Call this minimal norm ¢, (K).
We assume that K has infinitely many points (otherwise ¢, (K) = 0 for all
large n). It is immediate from the definition that t,1.,(K) < t,(k)tm(K),
i.e. logtnim(K) <logt,(K)+logtm,(K), and then it is an easy exercise about
sequences that the limit (log ¢, (K))/n exists (it is actually, equal to the infimum
of all the numbers {(logt,(K))/n}22 ;). In other words, the limit

t(K) = lim tn (KM (5)

exists. This t(K) is called the Chebyshev constant of K.

A related quantity is the so called logarithmic capacity that can be obtained
via the equilibrium measure of K. If p is a unit Borel-measure on E, then its
logarithmic energy is

1= [/ log ——rdi(:)dut)
If this is finite for some p, then there is a unique minimizing measure pg, called
the equilibrium measure of F. Examples:
e the equilibrium measure of [—1,1] is
dﬂ[—m] (t) = #
/1 -2

which is called the Chebyshev (or arcsine) distribution,

dt,

e if (7 is the unit circle, then
dpc, (e') = idt
! 2

is the normalized arc measure on Cj.

Now with the minimal energy I(K) = inf, I(u) the logarithmic capacity
cap(K) of K is defined as
cap(K) = e~ 1UO), (6)

Naturally, if all energies I(x) are infinite (in which case there is no equilibrium
measure), then cap(K) = 0.
Examples:



e if K is a disk/circle of radius r then cap(K) =r,
o cop([~1,1]) = 1/2.

It is a simple fact (a consequence of the maximum principle for subharmonic
functions) that if P,(z) = 2™ + - -, then

[Pl = cap(K)". (7)

Now in the original Chebyshev problem and in Theorem 2.1 the constant 1/2
appears because it is the logarithmic capacity of [-1, 1]: cap([—1,1]) = 1/2. We
can also see that Chebyshev’s theorem ¢,, > 2-(1/2)™ (see (1)) is just a sharper
form of (7).

There is yet another related quantity introduced by M. Fekete, the transfinite
diameter of K. For a given natural number n we consider n points on K that
maximize the product of their distances, i.e. for which the supremum

dn(K):= sup H|zi—zj|

21y.-y2n €K it

is achieved. They may not be unique, the points in any maximizing system are
called (n-th) Fekete points on K. It is not difficult to show that the limit

1
S(K) = tim 677 (K) ®)
exists, and this limit is called the transfinite diameter of K.

It is a theorem due (different parts) to Fekete, A. Zygmund and G. Szeg (see
e.g. [28, Theorem 5.5.2, Corollary 5.5.5]) that the three quantities: the Cheby-
shev constant (see (5)), the logarithmic capacity (see (6)) and the transfinite
diameter (see (8)) are the same:

cap(K) = 0(K) = t(K). (9)

In modern mathematics mostly the logarithmic capacity is used. Of course,
Erdés knew (9), but he never used logarithmic capacity — he was always talking
about the transfinite diameter of a set (after all he must have heard it from
Fekete himself).

After these preparations let us return to the Erdés—Turan discrepancy The-
orem 2.1. It can be formulated as: for any —1 <a<b<1

#{z; € (a,b)} /b 1 8 [log A,
_ < . 1
‘ n o ™1 _$2da: ~ log3 n (10)

Let 6, the “Dirac delta” at z, i.e. the point mass 1 placed to x. If we introduce
the normalized zero distribution

Vp = %25%
J




P

Figure 2: A neighborhood J* of a J of K

associated with the zeros of P,,, then an equivalent form is: with the Chebyshev
distribution

1
dp— r) = —=dx
Ky 1,1]( ) =2
for any interval T C [—1,1]
8 log A,
{Vn(j) - N[—1,1](I){ < Tog 3 -

Note that here pj_; ) is the equilibrium measure of [—1,1], and this is the
appropriate form for generalizations.

Let K be a finite union of smooth Jordan arcs (homeomorphic images of
[0,1]), and let P,,(z) = 2™ + - - - be a monic polynomial. Recall from (7) that we
necessarily have || P,||x > cap(K)", so asymptotically minimal polynomials on
K satisfy

lim ([P} = cap(K). (11)

Erdés and Turdn repeatedly mentioned (see e.g. [12, p. 165]) a theorem of
Fekete that was communicated to them verbally which claimed that if all zeros
of P, are on single Jordan curve K then (11) is true if and only if the zeros are
distributed uniformly with respect to the conformal map ® of C\ K onto the
exterior of the unit disk (i.e. the ®-image of the zeros is uniformly distributed
on the unit circle). This seems to be the first extension of the Erdés—Turdn
discrepancy theorem from an interval to a general curve. Note that the equi-
librium measure pg is the ®-pull-back of the normalized arc-measure on the
unit circle: pux(E) = |®(F)|/27, so Fekete’s theorem can be rephrased saying
that (11) is true if and only if the asymptotic distribution of the zeros is the
equilibrium distribution.
The most general form of the Erdés-Turan discrepancy theorem is due to V.
V. Andrievskii and H-P. Blatt [1, Theorem 2.4.2]. It involves the quantity A,
for which
[Pl < Ancap(K)™, (12)

and neighborhoods J* of subarcs J C K depicted in Figure 2.



Theorem 3.1 (Andrievskii-Blatt, 1995-2000) Let K be a finite union of
disjoint smooth Jordan arcs; let v, be the normalized zero distribution of a monic
polynomial P, of degree n and let A, be defined by (12). Then for any subarc
J C K we have

log A,

on(77) = mac(77)] < O =5, (13)

where C' depends only on K.

In particular, if ||Pn||}(/" — cap(K), then v, — g, as was claimed by Fekete
for one arc.

When K consists of piecewise smooth arcs, then the square root on the right
of (13) must be replaced by a different power that depends on the angles in
between the different smooth arcs of K.

To give a flavor of a potential-theoretic argument, in closing this section we
give a “modern” approach to the discrepancy Theorem 2.1 of Erdés and Turdan
(modulo the exact constant).

Let p = puj_1,4) be the equilibrium measure of [—~1,1] (the arcsine measure).
It is again enough to prove an appropriate upper bound for (v, — p)([—1,al),
a € (—1,1). For simplicity assume that a € [—2/3,2/3]. For a § > 0 consider
the pair of intervals IT := [~1,a], I~ := [a + §,1] (a so called condenser).
All the constants ¢; below depend on §, but the important cs, c3, cs5, cg and ¢
lie in between two fixed constants independent of §. The following are rather
simple facts from potential theory. There is a signed measure ¢ = ¢ — o~ (the
so called condenser equilibrium measure) such that o® are positive probability

measures, o is supported on I+, the logarithmic potential

U7 (2) = / log — L do (1)

|2 — ]

of o equals a constant ¢; on I~ and another constant ¢; + c2/log(1/4) on

I't, and everywhere else it lies in between these two constants. It is also true

that if I = It U I~, then the equilibrium measure pu; of I majorizes o+ 4 o~:

ot +0~ < (c3/dlog(1/8))pur, furthermore (by Frostman’s theorem [28, Theorem

3.3.4]) the equilibrium potential U#' is constant ¢4 (= log1/cap(I)) on I, it is

everywhere else less than ¢4, but on the interval [a, a+4] it is bigger than ¢4 —c50.
Using these, we obtain from Fubini’s theorem

f/U"d(,usn) = f/U“*”"da.

Here, since by Frostman’s theorem [28, Theorem 3.3.4] the equilibrium potential
U* is identically equal to log1/cap([—1,1]) = log2 on [—1, 1], we have

log A
Urvn(z) = log 2 + log | Pa(2)[/" < 2220 2 e [-1,1],

n



by the definition of the constant A, in (2). Hence, since o(C) = 0, we can
continue the preceding line as

log A log A,
—/UH_VndU _ / ( og Ap _ UM—Vn) do S / ( og _ UH—Vn> d(o-++o'_).
n n

Replace on the right o + ¢~ by the larger (c3/dlog(1/8))pr, and apply again
Fubini’s theorem to conclude the following bound for the right-hand side

c3 log An c3 / e
Slog1/o) n alogije) ) U ).

In the last integral U#! can be replaced by UH! — ¢4 (the total mass of u — v,
is 0), and since U — ¢4 = 0 on I, the integral becomes

at+o
/ (UM — ea)d(i— vn).

Since U*! — ¢4 < 0, if we omit here the measure —v,, then we decrease the
integral. Finally, from p([a,a+0]) < ¢ and from U — ¢4 > —c5d on [a, a+ 9]
we can conclude

c3 log A, c3
— [ U%d(p —v,) <
/ =) < 50178+ Sloa(1/9)

On the left we can replace U’ by U? — ¢1, and then the left-hand side becomes

6506(52.

Co a+6 .
_W(M—l/n)([—l,a])—/a (U7 = c1)d(p — vy).

Since the last signed integral is at least

a+d - s o s> 260
—/a (U7 — 1) ﬂf—mﬂ([‘”ﬁ D*‘W’

we finally obtain

o 62665 C3 IOgAn 0
log(1/8) ~— dlog(1/6) n log(1/6)’

—m(u—lm)([—lva])

i.e.

(v — i)([~1,a)) < er <1°g§‘“ n s) .

n

Now the § = 4/ % choice gives the desired

(v = ([ 1)) < 20ry 222

It is clear from this proof that with appropriate modifications it can be given
on smooth Jordan curves, or even on unions of such curves.

10



4 A second discrepancy theorem

Erdos and Turan had a second discrepancy theorem for the zeros of polynomials
which had equally important consequences.

Note first of all, that the results from the preceding sections have no direct
analogues for Jordan curves (homeomorphic images of the unit circle). Consider
e.g. the polynomials z" on the unit circle C;. These have norm 1, which is the
(n-th power of the) capacity of C, and still all their zeros lie far from C7, which
carries the equilibrium distribution. In this section we shall discuss how to get
discrepancy theorems for the zeros on Jordan curves.

Let us start with a theorem of R. Jentzsch from 1918: if the radius of
convergence of a power series Z;io ajzj is 1, then the zeros of (all) the partial
sums Y., a;27, n = 1,2,... are dense at ever point of the unit circle. Szegd
made a refinement in 1922: there is a sequence n; < ny < --- such that if z; , =
rjne%in, 1 < j <mn are the zeros of > ¢ a;27, then {0;,, }1* is asymptotically
uniformly distributed (and r;,, ~ 1 for most j, i.e. for every ¢ > 0 there are
only o(ng) zeros outside the ring 1 —e < |z] < 1 +¢).

In connection with these Erdés and Turdn proved in [15] the following. Let
Po(2) = ap2™ + -+ + ag be a polynomial with zeros z; = rje?%, 1 < j <n, and
let C1 = {|z| = 1} be the unit circle.

Theorem 4.1 (Erd8s—Turdn, 1950) For any interval J C [—m, 7]

) 16\/1og(||Pn||c1/\/m), (14)

#{0; € J}

n

1
2T

Note that

1Palle, < lagl,
i

so we can replace || Py ||c, on the right of (14) by >~ |a;|:

16 \/log@j a1/ v/Taotal)

#{6; € J} |J]
n 2

An immediate consequence is that P, has at most

32\/n10g(z la;1/v/|aoan|)

real zeros (jus apply the inequality (15) to the degenerate intervals J = {0} and
J = {n}). This is better than previous estimates of B. Bloch, G. Pélya and E.
Schmidt on the number of real zeros of polynomials, and recaptures a theorem
(modulo a constant) of I. Schur.

11



Figure 3: The position of zy and the neighborhood J* of an arc J

Next, consider Szeg6’s theorem mentioned before. In considering Z;’;O ajz
we may assume ag # 0. Now the radius of convergence of this power series is 1
precisely if
lim sup |a, |"/" = 1,
n

and this easily implies the existence of a subsequence {n;} with

) 1/n
o = Z?io |a,| ’ 1
e V |a0an‘ .

™ are the zeros of Z?:O a;z?, then, by (15), we have

0., J J
‘W_g"§16\/bg70w—>0,
k s

which shows the uniform distribution of the arguments of the zeros. A relatively
simple argument gives that the number of zeros outside any ring 1 — e < |z| <
1 + € tends to zero. Thus, one can easily get both the Jentzsch and the Szegd
theorem mentioned before from the Erdés-Turén inequality (14).

This second discrepancy theorem of Erdés and Turan has also been extended
in various directions, see e.g. [2], [17]. We only mention the following general-
ization due to Andrievskii and Blatt [1, Theorem 2.4.5]. Note first of all that if
an = 1, then /|agay,| in (14)—(15) is just 1/|P,(0)], so the following statement

is a direct generalization.
Theorem 4.2 (Andrievskii-Blatt, 1995-2000) If I is a smooth Jordan
curve, zg a fized point inside T', P,(z) = 2"+ --- and

[P0

Veap(T)" [Py (z0)

SN 121
If 2j =1 e’

then for all arc J C T

e J* log B,
#{ZJ}_MF(JD’ < Cyy /108 Bn
n n

12



See Figure 3 for the position of zg and J*. Recall that ur is the equilibrium
measure of T'.
In some form the theorem is actually true for a family of Jordan curves.
The Erdés—Turan discrepancy theorems have motivated many later works;
eventually a deep theory of discrepancy of signed measures have evolved, see
e.g. the book [1].

5 Orthogonal polynomials on a finite interval

Let p be a positive Borel-measure with compact support on the complex plane.
The orthonormal polynomials p,(z) = v,2" + -+, n =0, 1,..., with respect to
p are the unique polynomials with v, > 0 and

[rmar={ 3 Hn2m

ifn=m.

If S is the support of p, then for the leading coefficients v, it is always true (see
[30, Corollary 1.1.7]) that

< liminf v/ 16
cap(9) = liminf . (16)

Earlier results on orthogonal polynomials had mostly been about the classical
Hermite, Jacobi and Laguerre polynomials. Erdos and Turdn were among the
first (along with T. J. Stieltjes, S. N. Bernstein and Szegd) who got general
results for rather general measures. However, they were always considering the
case when the support is [—1,1].

Theorem 5.1 (Erdés—Turan, 1940) If the support of p is [—1,1], dp(x) =
w(x)dx and w > 0 almost everywhere, then

a) the asymptotic zero distribution of p, s the ebyshev distribution,
(a) the asymptoti distribution of py, is the Chebyshev distributi
(b)

|pn(’z)|1/n_> ‘Z+ \% Z2_1|7 Zg[_Ll]

In the latter limit the convergence is uniform on compact subsects of C\ [—1, 1].
In particular, it also follows from this theorem that

lim W}L/” =2

n—oo

(c.f. (16) and note that cap([—1,1]) = 1/2).
Since the classical Jacobi polynomials have also this behavior, one could
say that the condition “w > 0 almost everywhere on [—1,1]” implies classical

13



behavior. This innocently looking condition turns out to be quite crucial, e.g.
we shall see that the behavior of p, and their zeros is totally different if p
vanishes on a subinterval of [—1,1].

It took about 40 years for sharper results, when, in 1977-82, E. A. Rakhmanov
[26]-[27] proved that not just (b) is true, but also the stronger

S 1C) BN s R ) (17)

Pn(2)

H. Widom showed in 1967 that no ratio asymptotics as in (17) is possible
if the support is not connected. Thus, in that case one should settle with an
analogue of (b) in Theorem 5.1. To state this analogue we need the concept of
Green’s function. Let © be the unbounded connected component of C\ S (where
S is the support of p), and we assume that S has positive logarithmic capacity,
so it has equilibrium measure pg (see Section 3). With this equilibrium measure
the Green’s function g, s(2) of C\ S with pole at infinity is the function

%\S(z) = /log |z — t|dus(t) — log cap(K), z€Q)

(it is customary to set 9G\s to be zero outside Q). An alternative definition is
that ge\s is the unique nonnegative harmonic function in  which behaves at
infinity as log |z| + const and at “almost all points” of 9 (“almost all” with
respect to logarithmic capacity) has zero limit. We also assume that there is no
set of zero capacity that carries the measure p.

Examples:

e if Cp is the circle about the origin of radius R, then

g6 (2) = log(|2]/R),

96\[-1,11(2) =log|z + v 22 —1].

Thus, the function |z + v/22 — 1| appearing in (b) in Theorem 5.1 can be
recognized as the exponential of the Green’s function of C \ [—1, 1], while the
Chebyshev distribution in part (a) is the equilibrium distribution. These guide
us to a general formulation.

In discussing the general form of Theorem 5.1 for simplicity assume that
S = supp(p) has connected complement and empty interior (e.g. S C R), and
S is regular in the sense that %\S(Z) —0asz— €N, zeQ,forall { € 00.
This latter condition is a mild one, most sets that naturally appear satisfy it.

The next result has evolved through the works of J. Ullman, Erdés, Turan,
Widom, H. Stahl and W. Van Assche; in the presented form it is taken from
the monograph [30].

Theorem 5.2 The following are pairwise equivalent.

14



(1) The asymptotic zero distribution of the orthogonal polynomials p, is the
equilibrium distribution pg of the support S of p,

(i)

1
AL as n — 0o,
cap(S)
(iii)
[pa(2)['/" = B 2 ¢ Con(S),
(iv) for all (or one) 0 < ¢ < 0o
1/n
| Palls]
p 1/n
TN

If either of these properties holds then we say that p belongs to the Reg
class. p € Reg is a very weak regularity assumption on the measure. p € Reg,
i.e. regular behavior means roughly that the measure is not too thin on any
part of its support, and in terms of the orthogonal polynomials it means that
the orthogonal polynomials behave non-pathologically.

Condition (ii) claims that the leading coefficients are asymptotically minimal
(see (16)), while property (iv) says that in n-th root sense the integral norms of
polynomials with respect to p are about the same (of the same order) as their
supremum norm on the support S of p (note that ||P,||ra() < p(C)Y9|| P, ||s).

If S has nonzero interior or C \ S is not connected, then the equivalence
of (ii)—(iv) is still true; but the asymptotic zero distribution may not be pug.
Consider e.g. the arc-measure on the unit circle or the area-measure on the unit
disk as p. In these cases the n-th orthonormal polynomial is a constant multiple
of 2™, which has all its zeros at the origin, while the equilibrium measure is the
normalized arc-measure on the unit circle.

With the Reg class we can see that Theorem 5.1 claims nothing else than
S = [-1,1] and dp(z) = w(z)dr with w > 0 almost everywhere on [—1, 1] imply
p € Reg. The condition “w > 0 almost everywhere” is called the (original)
Erdés—Turdn criterion. In the monograph [30] we called

dp(2)
dps
the general Erd6s—Turdn criterion. On the left the derivative is the Radon-
Nikodym derivative of p with respect to the equilibrium measure pg of S =
supp(p). (When S = [—1,1] then we have dus(z) = (7v1 — 22)~tdx and then
clearly (18) is true if and only if
dp(z)

e >0 almost everywhere on [—1, 1],
x

so (18) is, indeed, a generalization of the original Erdés—Turdn criterion.) In
the general case we have (see [30, Theorem 4.1.1])

>0 ps — almost everywhere (18)
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Theorem 5.3 (Stahl-Totik, 1990) The Erdds—Turdn criterion (18) implies
p € Reg.

By now there are many weaker (more powerful) criteria for regularity, see [30,
Ch. 4], but no necessary and sufficient condition is known. The only necessary
condition (in terms of the size of the measure p) is the following: if the support
of pis [-1,1] and p € Reg, then for all n > 0 the capacity of the set

Bni= {re 1o (o~ Ls 2] ) > o)

tends to 1/2 (the capacity of [—1,1]) as n — oo.

A closest sufficient condition is
Criterion A\*: the support of p is [—1,1] and for every n > 0 the measure of
the set E, ,, tends to 2 (as n — 00).

Thus, criterion A* implies p € Reg. An analogous criterion for general sets
using capacity is
Criterion A*: there is an L such that the capacity of the set

{z €S| p(Ayyn() > n~") (19)

tends, as n — oo, to the capacity cap(S) of the support S of p (here Ay, (2)
denotes the disk of radius 1/n with center at z).

In [12] Erdds claimed to had proven a necessary and sufficient condition for
p € Reg, but he did not state the condition and he had never published it.
He periodically returned to the following statement conjectured by him which,
according to [8], he had never been able to fully prove: if S = [—1,1] and
dp(x) = w(x)dx with a bounded w, then p € Reg if and only if cap(E.) — 1/2
as € — 0, where E. is any set obtained from {z | w(z) > 0} by removing a
subset of measure < ¢.

This seems to be still open, though the sufficiency easily follows from Crite-
rion A* in (19).

Regularity plays an important role in the general theory of orthogonal poly-
nomials. It gives a weak global condition under which many properties of orthog-
onal polynomials can be localized. We shall see examples in the next section.

6 Spacing of zeros of orthogonal polynomials

Let again dp(z) = w(z)dz be a measure on [—1, 1], p,, the orthonormal polyno-
mials with respect to p and let z; =z, = cos#b,, = cosb;, 0; € [0,], be the
zeros of p, in increasing order. In this case all zeros lie in (—1,1), and in the
1930’s and 1940’s Erd6s and Turdn had many results on the spacing of these
zeros. For the following discussion we speak of rough spacing when

1

. C C
0]-,1 — 0]' ~ ﬁ, l1.e. 51 S gjfl — 0]' S ;2 (20)
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Fine zero spacing means

s . s
Hj_l — 9j ~ E, 1.€. n(Qj_l — 9]) — E (21)

For example, classical (Jacobi) polynomials obey fine spacing inside (—1,1).
As a first result on rough spacing we mention [12, Theorem VIII] which was
the first general result on local rough spacing.

Theorem 6.1 (Erdés—Turdn, 1940) If the support of p is [—1,1], dp(z) =
w(z)dr with a w that lies in between two positive constants on some interval
[a, b], then inside any interval [a+e,b—¢e] the zeros of the orthogonal polynomials
obey rough spacing.

By now it has become clear that rough spacing of zeros is basically equivalent
to p being a doubling measure:

p(2I) < Cp(I) for all intervals I C [—1,1].

Here 21 is the interval I enlarged twice from its center. More precisely, the
following was proved in [24, Theorem 1].

Theorem 6.2 (Mastroianni—Totik, 2010) If p is doubling on [—1,1], then
pn 0bey rough zero spacing (on the whole interval [—1,1]).

This includes all previous result on rough spacing of zeros. Furthermore, if p is
doubling then for the so called Cotes numbers

n

1
S Zpk(zn,j)2

I k=0

(these appear in Gaussian quadrature) we have

Ani
0<e< Mt < (22)

n,j

uniformly in n and j. Now this uniform boundedness and rough zero spacing
is actually equivalent to the doubling condition, see [24, Theorem 3]. It is an
open problem if rough spacing alone is equivalent to p being doubling (in other
words, if rough spacing (20) implies (22)).

These results also have a local version, see [32] and [33].

Fine zero spacing requires more smoothness on the weight. It follows from
some deep results of Szegd and Bernstein that if w > ¢ > 0 (with dp(z) =
w(x)dx) on [—1,1] and w is twice differentiable on an interval, then inside this
interval there is a strong asymptotic formula for the orthogonal polynomials
which easily implies fine zero spacing. Erdés and Turdn found this approach
too restrictive (too “big gun” is used), and they gave the following beautiful
theorem.
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Theorem 6.3 (Erdés—Turdn, 1940) If dp(x) = w(x)dz where w > 0 is
continuous on [—1,1], then p, obeys fine zero spacing for the zeros lying in
any subinterval (—1 +¢,1 —¢€), i.e.

61— 0; ~ — (23)

there.

This is no longer true if w is allowed to vanish somewhere on [—1,1], and
it is a delicate question what properties of w imply fine zero spacing. It has
turned out that this question is related to some universality problems in random
matrix theory, namely to a well defined and “universal” (i.e. independent of p)
behavior of the kernel function

n

Zpk(ZJra/n)pk(erb/n) a,beC.
k=0

D. S. Lubinsky [21] proved in 2009 this universality under the p € Reg global
condition and under local continuity and positivity of w. The following is a
consequence from [19]:

Theorem 6.4 (Levin—Lubinsky, 2008) If p € Reg and w is continuous and
positive at zg € (—1,1), then (23) is true for the zeros x; that lie close to xo:

Tj— 20 = O(l/n)

Now what happens if p vanishes on some subinterval of [—1,1], or more
generally, if dp(z) = w(x)dz is supported on some general compact set S of
the real line? Then the equilibrium measure pg of S enters into zero spacing.
More precisely, we need the density of that equilibrium measure: if I C S is
an interval, then pg is absolutely continuous on I with respect to Lebesgue-
measure: dug(t) = wg(t)dt, and its density wg is a C* function there.

Examples:

e for the unit circle/disk the equilibrium density is the identically 1/2x
function on the unit circle,

1

m, t € (_1,1).

wi—1,1)(t) =

The following general fine zero spacing theorem was proved by B. Simon [29]
and by the author [31] (recall that wg is the equilibrium density of the support
S of p).

Theorem 6.5 (Simon, Totik, 2008-2009) If p € Reg and w(t) := dp(t)/dt
is continuous and positive at a zp € Int(S), then

nhHH;O nwg(20)(Zj+1,n — Tjm) = 1, ZTjn — 20 = O(1/n). (24)
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Furthermore, if w > 0 is continuous on an interval (a,b), then

Jim nws (2) (2410 = 2jn) =1 (25)

uniformly for x; € [a+¢,b—¢].

It is quite remarkable that local spacing x ;41 — «; of zeros not only reflect (via
wg(x)) the (global) support of the measure, but also the position of the zero x;
inside that support.

It is also true that if logw € L'(I) on some interval I, then (24) is true at
almost all zy € I, see [31]. It is an open problem if (24) is true (say on [—1,1])
almost everywhere if, instead of logw € L*(I), we assume only the Erdés—Turén
condition w > 0 a.e.

7 Erdos weights

Besides orthogonal polynomials with respect to measures with compact support,
orthogonal polynomials associated with weights on the whole real line have
important applications. The prototypes are the Hermite polynomials associated
with the weight function w(x) = exp(—2?). If dp(z) = w(x)dx is supported on
the whole real line, then the zeros z; ,, of the n-th orthogonal polynomials spread
out: the largest zero x,, tends to co and the smallest zero z;, tends to —oo
as n — 00. So in this case one cannot speak of classical zero distribution. One
rather considers so called contracted zeros that are obtained by transforming
the interval [x1 ,%p 5] linearly onto [—1,1], and considering the zeros under
this linear transformation. Note that this contraction brings all the zeros to
[—1, 1], and if these contracted zeros have an asymptotic distribution o, then o
is called the contracted distribution of the zeros.
In the paper [8] Erdés proved the following.

Theorem 7.1 (Erdés, 1969) Let 0 < w(z) < C' on the real line, and assume
that to every e > 0 there is an x. such that for every |x| > x if y is of the same
sign as x and |y| > (14 ¢)|z|, then

w(y) < w(z)? (26)

holds. Then the contracted zero distribution of the corresponding orthogonal
polynomials is the Chebyshev (arcsine) distribution.

It is easy to see that the condition (26) implies
w(x) =o(e™ "),  |z[ = o0 (27)

for all a. In that same paper Erdés conjectured that (27) alone is sufficient for
arcsine contracted zero distribution, but without further regularity this may not
be true (a note by Lubinsky). However, under some regularity of the weight
(like monotonicity around infinity) the results of [18, Theorem 14.2] and [20,
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Theorem 12.2] imply the conjecture (a note by Lubinsky), but those conditions
are not as simple as (26).

Why do the conditions (26) and (27) appear in this respect? Already Erdés
noticed that if w(x) = exp(—|z|*) with some a > 0, then the contracted zero
distribution is not the Chebyshev distribution (since then it has been calculated

that it is . )

«Q U

— —du te[-1,1

T A m ) [ ) ])7
so one needs faster decrease to get arcsine distribution. Today weights satisfying
(27) are called Erdds weights. The theory (orthogonal polynomials, approxima-
tion theory, polynomial inequalities) of Erdés weights has been developed by
Lubinsky and Levin (and coauthors) in a series of papers and in the mono-
graphs [20] and [18]. There is an analogue on a finite interval: there those
weights are called Erdés weights that vanish at the endpoints faster than any
power of x; typical examples exp(—1/(1 — 22)%), exp(—exp(1/(1 — z%)%)).

8 Critical points of polynomials

Let P, be a polynomial of degree n, let z1,..., 2, be its zeros and &1,...,&, 1
the zeros of P..

The classical Gauss—Lucas theorem from the mid 1800’s claims that every
&; is in the convex hull of {z1,...,2,}.

Erdés and I. Niven simultaneously with N. G. de Bruijn and T. A. Springer
proved in 1947-48 that

1 n—1 1 n
— D 18G1< - > 1S,
j=1 k=1

which implies (the reader is asked to do it!)

n—1 n
1 1
n_1 Z|fj| < EZM@‘
j=1 k=1

This latter theorem lead to a fascinating area about the location of critical
points ;. First of all, it was extended by de Bruijn and Springer [4]: for all
positive integer m

1 n—1 1 n
n—1 Z‘fﬂm < EZLZk‘m
j=1 k=1

They also conjectured that if ¢ : C — R is convex (in the classical sense that
olaz+ (1 — a)w) < ap(z) + (1 — a)p(w) for all z,w and 0 < a < 1), then

n—1 n
- i 0wl < % > ().
j=1 k=1
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Now this has known to be a very strong property through the works in the theory
of majorization by Weyl, Birkhoff and Hardy-Littlewood-Pélya. This conjecture
of de Bruijn and Springer remained open for more than half a century, and there
were several related conjectures (see e.g. [23] and [25]) about the relationship
between the zeros &; and z.

Many of these conjectures have been resolved by S. M. Malamud [23] and
R. Pereira [25] in two simultaneous and independent papers in 2003. To state
their theorem let us recall that an (n — 1) x n size A = (a;;) matrix is doubly
stochastic if

o aij Z 07
e each row-sum equals 1, and
e cach column-sum equals (n — 1)/n.

Let
21 51

7 =

[
I

Zn gnfl

With these the key property is

Theorem 8.1 (Malamud, Pereira, 2003) There is a doubly stochastic ma-
triz A such that = = AZ.

The Gauss—Lucas theorem, the de Brjuin-Springer conjecture etc. are all
immediate consequences. Indeed, we have

n
& = Z @ik 2k,

so if ¢ is convex then

j=1 Jj=1k=1
1 n n—1 n
= D elz) > a ==Y o(z)
=1 j=1 k=1

Other examples:
1)

n—1
PILTUER SIS
j=1
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2) If all zeros lie in the upper-half plane, then
1/(n—1)

n 1/n n—1
(H %zk> < | I]s%
k=1

j=1

Erdés would have loved these results particularly that their proof is quite
simple. Malamud and Pereira developed related theories of matrix operations
(inverse spectral theorems for normal matrices resp. differentiators), and they
obtained Theorem 8.1 as a consequence. But if one only wants to prove Theorem
8.1, then the Malamud-Pereira argument is rather simple (we present Pereira’s
proof without differentiators). Indeed, we may assume P, to have leading coeffi-
cient 1. Let Eq, ..., E, be the standard orthonormal basis in C”, A the diagonal
matrix/operator with diagonal entries z1,. .., 2,, and let v = (1,1,...,1)T //n.
With this

1 & 1 P! ()
Tal, - A 'v==> (w—2z) ' = -~
v (l‘n ) A\ nj:1(m Z]) nPn(x)

Let e, = v, e its orthogonal complement and P the orthogonal projection

onto e;-. Choose an orthonormal basis ey, ...,e,_; in eF in which PA | has
eTL
a triangular matrix B. Then e1,...,e, is an orthonormal basis in C" and B
is the (n — 1) x (n — 1) principal minor of the matrix A of the operator A in
that basis. Now if v = (0,...,0,1)7 is the representation of v = e,, in the basis
eq,...,ey,, then
< 1 P! (x)
T —1; -1 T -1 n
vi(el, —A) " v=((zI,—A) "e,,e,) =v (2, —A)" 'v=—
(@1~ &)1 = (a1, ~ A) ey en) = VI (el — A) Ty = S En Y
and

VI (21, — A)7¥ = det(21,,_1 — B)/det(zI, — A)

because both sides give the (n,n) element of the matrix (2I, — A)~'. Since
the denominator on the right is the characteristic polynomial of A, which is the
same as the characteristic polynomial of A i.e. P,(z), we get that P/ (x)/n =
det(zI,_, —B). Therefore, the diagonal elements in B (the eigenvalues of B) are
&,...,&n—1, the zeros of P!. Withe; =Y} _,(e;,Ex)E;, j=1,...,n—1,
we have then for 1 < j <n—1, & = (0,...,0,1,0,...,0)" (with the 1 in the
j-th position)

k=1

Now this is the required representation, since > ;_, |(e;, Ex)|> = ||e;[|> = 1 and
>2521 (65, Ba) 2 = (n—1)/n because | (eq, Bx)[2+ 3272 |(e5, By) |2 = By |2 =

1 and |(e,,Ex)|?> = |(v,Ex)|? = 1/n.
|
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