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In this treatise, the authors present the general theory of orthogonal polyno-
mials on the complex plane and several of its applications. The assumptions
on the measure of orthogonality are general, the only restriction is that it
has compact support on the complex plane. In the development of the the-
ory the main emphasis is on asymptotic behavior and the distribution of
Zeros.

In the first two chapters exact upper and lower bounds are given for the
orthonormal polynomials and for the location of their zeros. The next three
chapters deal with regular nth-root asymptotic behavior, which plays a key
role both in the theory and in its applications. Orthogonal polynomials
with this behavior correspond to classical orthogonal polynomials in the
general case, and many extremal properties of measures in mathematical
analysis and approximation theory turn out to be equivalent to this type of
regularity. Several easy-to-use criteria are presented for regular behavior.

The last chapter contains applications of the theory, including exact rates
for convergence of rational interpolants, best rational approximants, and
nondiagonal Padé approximants to Markov functions (Cauchy transforms
of measures). The results are based on potential-theoretic methods, so both
the methods and the results can be extended to extremal polynomials in
norms other than L? norms. The Appendix contains a brief introduction
to potential theory.
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Preface

The theory of orthogonal polynomials can be divided into two loosely re-
lated parts. One of them is the formal, algebraic aspect of the theory, which
has close connections with special functions, combinatorics, and algebra,
and it is mainly devoted to concrete orthogonal systems or hierarchies of
systems such as the Jacobi, Hahn, Askey—Wilson, ... polynomials.

The investigation of more general orthogonal polynomials with meth-
ods of mathematical analysis belongs to the other part of the theory. Here
the central questions are the asymptotic behavior of the polynomials and
their zeros, recovering the measure of orthogonality, and so forth. This part
has applications to approximation processes such as polynomial and ratio-
nal interpolation, Padé approximation, and best rational approximation,
to Fourier expansions, quadrature processes, eigenvalue problems, and so
forth.

Textbooks on orthogonal polynomials usually cover material from both
parts of the theory but give different emphasis in accordance with indi-
vidual preference. Only the classical book [Sz3] by Gébor Szegé aims at a
treatment of the subject in an encyclopedic manner. The present book is
exclusively devoted to the second part of the theory. The main emphasis is
on the investigation of the asymptotic behavior of general orthogonal poly-
nomials, but related questions as, for instance, the distribution of zeros are
also taken into consideration. A whole chapter is devoted to applications
of the results in other areas.

Until now most of the asymptotic theory of orthogonal polynomials has
concentrated on orthogonal systems for which the measure of orthogonality
is supported on the real line or on the unit circle. Even then it has usu-
ally been assumed that the measure of orthogonality is sufficiently thick
on its support. The present work is devoted to orthogonal polynomials
with respect to general measures y. The only requirement on p is that it
has compact support in C, that is, both the support S(u) of u and the
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“thickness” of y can be arbitrary. Thus, we allow both the measure and its
support to be “wild,” each of which has its own reflection in the general
theory.

For orthonormal polynomials p,(u; z), as for sequences of polynomials
in general, there exists a hierarchy of types of asymptotic behavior. We
mention here the most common ones, which are called power (or Szego),
ratio, and nth-root asymptotic behavior. Roughly speaking, these mean
that the sequences

(P.2) {Ij;_:(l,%)i) ‘n e N},

and

(P.3) {3/Pn(; 2) |n € N}

respectively, tend to a limit on a certain set of values z € C as n — o
(in (P.1) the function ¢ has to be appropriately chosen). It is easy to see
that each type of asymptotics in the hierarchy (P.1) to (P.3) implies the
next one. Consequently, the nth-root asymptotic behavior is the most gen-
eral of the three types and it requires the weakest assumptions. At the
same time it is sufficient for many applications, as, for instance, the conver-
gence of polynomial (Chebyshev-Fourier) expansions based on the system
{pn(p; z) | n € N}, or the convergence of continued fractions or Padé ap-
proximants to Markov functions (for other applications see Chapter 6).

In this context the present work can be classified as a monograph on nth-
root asymptotic behavior. Earlier research in this direction has been mainly
due to P. P. Korovkin, J. Ullman, P. Erdés, G. Freud, P. Turan, and H.
Widom, although the case of general support has barely been touched upon.
It was especially J. Ullman who systematically studied different bounds and
asymptotics on orthogonal polynomials with respect to arbitrary measures
p on [—1,1], and we owe a lot to his research and personally to him for
initiating and keeping alive the subject.

The present monograph synthesizes and considerably extends earlier re-
search concerning general orthogonal polynomials. A large part of it (cf.
Chapters 3-6) contains new results very often without any precedence (cf.
Chapter 5, Sections 3.2-3.4, 4.2-4.6). We have put special emphasis on ex-
amples illustrating that our results are sharp. It has also been important
for us to illustrate the possible connection with and the applicability of our
theory to other fields of mathematical analysis (see Chapter 6).

Our proofs use potential-theoretic considerations. The usefulness of log-
arithmic potentials in the general theory can be easily understood if we
recall that the modulus of a polynomial is basically nothing else than the
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exponential of a discrete potential. We very rarely use explicitly the orthog-
onality property — most of our proofs are based on the L2 minimality of the
monic orthogonal polynomials. Hence, our method works for LP-extremal
polynomials as well.

The content of the different chapters is briefly as follows. In Chapter 1 we
give sharp upper and lower bounds for orthonormal polynomials and their
leading coeflicients. Chapter 2 examines the location and asymptotic dis-
tribution of the zeros. An extremely important concept, “reqular (nth-root)
asymptotic behavior” (in symbols, 1 € Reg), is introduced and character-
ized in Chapter 3. Polynomials with this property are the natural analogue
of classical orthogonal polynomials in the general case, and they have many
applications and equivalent formulations in different subjects of approxima-
tion theory. To facilitate these applications one needs easy-to-use criteria
for 4 € Reg, which are given in Chapter 4. In Chapter 5 a surprising
phenomenon is investigated: The regularity is basically a local property.
Finally, Chapter 6 contains several applications of 4 € Reg of which we
mention here only the results in Sections 6.1 and 6.2, where the classical
conunection between continued fractions and orthogonal polynomials is ex-
tended to rational interpolation and best rational approximation of Cauchy
transforms of measures i, and it is shown that y € Reg is equivalent to
an exact maximal rate of convergence for these rational interpolants or
approximants.

In the Appendix we assemble those results from the theory of logarithmic
potentials that are frequently used in the text. A list of symbols and an
index helps the reader to keep track of notations.

We used formula numbers of the form (a.b), where a denotes the section
number within the actual chapter, and b the formula number within the
section. If we want to refer to a formula in a different chapter, then we use

the form (c.a.b), where ¢ denotes the chapter number and a and b are as
above.
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Upper and Lower Bounds

This chapter is devoted to sharp upper and lower bounds for orthonormal
polynomials with respect to general weights. The two bounds are given in
terms of Green functions related to the carriers of the measure in question. As
a corollary, sharp bounds are obtained for the leading coefficients. All subse-
quent chapters use both the notations and the results from the present one.

The chapter is organized as follows: Section 1.1 contains the statement
of the main results; in Section 1.2 we prove some potential-theoretic pre-
liminaries needed in the proofs. The actual proofs of the upper and lower
estimates are carried out in Section 1.3, and the proof of their sharpness
is given in Section 1.4. Finally, in Section 1.5 we construct some examples
that illustrate the results.

1.1 Statement of the Main Results

The main results in this section are lower and upper asymptotic bounds for
the nth root of the orthonormal polynomials p, (u; z) as n — oo, as well as
their unimprovability.

In what follows cap(S) denotes the (outer logarithmic) capacity of a
bounded set S C C, that is, cap(S) = infy cap(U), where the infimum
extends over all open sets U D S (see Chapter 11, Section 2 of [La] or
Appendix I), and we say that a property holds qu.e. (quast everywhere)
on a set S C C if it holds on S with possible exceptions on a subset of
capacity zero. The abbreviation “qu.e.” will be also used for “quasi every.”
By gp(z;00) we denote the (generalized) Green function with logarithmic
pole at infinity associated with a Borel set B C C with bounded comple-
ment C \ B. For our investigation and especially for the definition of the
minimal-carrier Green function given in (1.3), it is essential that the Green

function is defined for Borel sets B C C, and not only for domains in C,
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as it is the case in most text books. More details about the definition of
Green functions will be given at the beginning of the next section and in
the Appendix (see Appendix V).

@ will always denote a finite Borel measure on C with compact support
S(p) := supp(p). Let @ = Q(p) denote the outer domain of S(u), that
is, the unbounded component of C \ S(p), Co(S(u)) the convez hull, and
Pc(S(u)) the polynomial convex hull of S(u), that is, Pe(S(u)) = C\ £
(The name polynomial convex hull is derived from the fact that for any
compact set S C C the set Pc(S) is the intersection of all sets Sp := {z €
C| |p(z)| € sup,cg [p(z)|} with p a polynomial not identically zero.) The
set 90 C 0S(u) is called the outer boundary of S(u).

We shall always assume that the support of p consists of infinitely many
points. Then we can form the uniquely existing orthonormal polynomials

pn(p:2) = m(p)z" + -+, n(p) >0, n €N,
with respect to y, which are defined by the orthogonality relations

/ Pr(; 2)pm (1 2)dp(2) = bn,m,

where épym = 1 if n = m and é,m = 0 otherwise. v (1) is called the
leading coefficient of py (y;-).

Whereas cap(S(x)) and gq(z; 00) depend only on the set S(u), or more
precisely, on the outer boundary 9 of S(u), we now introduce a type of
capacity and Green function that depends on the carriers of the measure y.

Definition 1.1.1. Let I'(i) be the set of all carriers of the measure u, that
18,

(1.1) T(p):={C C C| C a Borel set and u(C\ C) = 0},

then the minimal-carrier capacity (of the measure i) is defined as

(1.2) ¢y = inf{cap(C) | C € I'(y), C bounded}

and the minimal-carrier Green function (of the measure u) is defined as

(1.3)  gul(z;00) := sup{gf\c(z;oo) | C eT(u), C bounded}, =z¢€C.

Lemma 1.1.2. We have

(1.4) cu < cap(S(p))
and
(1.5) gu(z; 00) > ga(z; o)

for all z € C.
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Proof. The lemma immediately follows from S(p) € T'(p). O

The Examples 1.5.1 and 1.5.2 show that in (1.4) and (1.5) proper in-
equality as well as equality may hold true.

Before we come to the main theorems of this section, we state a lemma
about the location of the zeros of the orthonormal polynomials py(y; 2),
n € N. It will be proved together with related materials in Section 2.1.

Lemma 1.1.3. All zeros of the orthonormal polynomials pn(p; 2z), n € N,
are contained in the convexr hull Co(S(p)), and for any compact set V C Q
the number of zeros of pn(p;2), n € N, on V is bounded as n — oo,

Remarks. (1) If S(u¢) C R, then Co(S(x)) is the smallest interval I C R
containing S(u). Lemma 1.1.3 shows that a well-known result from the
theory of orthonormal polynomials associated with measures p with sup-
port S(x) C R, namely, that all zeros of pp(u;2), n € N, are con-
tained in Co(S(p)) (see Section 1.2.2 of [Fr]), carries over to weight
measures p with compact support in C. However, the result that all zeros
of pn(u; z), n € N, are simple, which holds in the case of measures p with
S(u) C R, is no longer true in the general case. (See, for instance, the very
simple Example 1.5.1.)

(2) In the case S(¢) C R the orthonormal polynomials py(u;z), n € N,
can have zeros outside Pc(S(p)) only if S(p) is disconnected. The arc
measure on the unit circle and Example 2.1.2 show that for measures u
with support in C the situation is different. There the support S(u) can be
a continuum (but not convex), and the orthonormal polynomials pp, (u; 2)
can have zeros outside Pc(S(p)). These zeros may even cluster outside of
Pc(S(p)) as n — oo. The phenomenon explains why in the next theorem
the lower asymptotic bound requires different formulations for each of the
three cases z € Co(S(p)), z € 2N Co(S(1)), and z € O

For the formulation of our main result we introduce the following limit
relation. We say that

liminf | fn(2)| 2 h(2)

holds true locally uniformly in an open set D if for every z € D and z,, — 2
as n — oo we have

l;{gio%f |fn(zn)| > h(z).

Thus, the two notions “locally uniformly in D” and “uniformly on compact
subsets of D” are different. In general, the latter is stronger than the former
one. However, if h is continuous, or merely upper semicontinuous (for a
lim sup relation, h lower semicontinuous), then these two notions coincide.
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Theorem 1.1.4. We have

(1.6) lim sup |pn, (1 2)|M/™ < 9 (2:0)
n—00

locally uniformly in C, and
GRS .o l/n ga(z;00)
(L.7) lim inf |pn (4; 2)[ /™ 2 9

locally uniformly in C\ Co(S(p)). In Co(S(u)) N Q the asymptotic lower
bound (1.7) holds true only in capacity, that is, for every compact set V C Q
and every € > 0 we have
(1.8) lim cap({z € V| |pn(p;2)|"" < e9(#%0) _ £}y = 0.

n—00

In Co(S(u)) N2 the lower bound can also be given in the following form:
For every infinite subsequence N CN we have

(1.9) limsup |pn(p; 2)Y™ > g9 (#i00) gu.e. in QN Co(S(y)),

n—oo, neEN

and on the outer boundary 8Q2 of S(u) we have

(1.10) limsup |pn(p )™ > 1 qu.e. on 0.

n—oo, nEN

Remarks. (1) If the two Green functions gq(z;00) and g, (2; 00) are iden-
tical, then we have proper and identical limits in (1.6) and (1.7). (The exis-
tence of a proper limit and equality in (1.7) will be called regular asymptotic
behavior in Section 3.1.) If the two Green functions are not identical for a
weight measure p, that is, if we have a proper inequality in (1.5) for some
value z € C, then it will be shown in Theorem 1.1.9 that there exists a
measure v having the same set of carriers as u, that is, I'(v) = I'(u) and
hence g,,(z;00) = gu(z;00), such that we have equality in both (1.6) and

(1.7) for {|pn(v;2)|Y/™ | n € N}. Hence, both bounds are sharp.

(2) Whereas the upper asymptotic bound (1.6) holds true locally uniformly
on C, the lower bound (1.7) holds true in this strong sense only on compact
subsets of C \ Co(S(u)). This weakness of the lower asymptotic bound in
Co(S(u)) is caused by the zeros that the polynomials py(y; z) may have
everywhere in Co(S(u)). In Corollary 1.1.5 the zeros in Co(S(1)) N will
be factored out.

(3) The upper asymptotic bound (1.6) is not specific for orthonormal poly-
nomials. It holds true for any sequence of polynomials normalized in L2(y),
as will be shown in Theorem 1.1.8.

(4) On the outer boundary 9Q of S(u) an asymptotic estimate in capacity
such as the one in (1.8) cannot, in general, be true since there the asymp-
totic density of the zeros can be positive almost everywhere.
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(5) The simple Example 1.5.1 shows that in the interior of the polynomial
convex hull Pc(S(u)) we cannot, in general, expect 1 as a lower asymp-
totic bound. The special case Int(Pc(S(p))) = @, which includes all weight
measures y on the real axis, is formulated separately in Corollary 1.1.6.

Corollary 1.1.5. Let U,V C Q be two compact sets, U containing V in its
interior, and let Tn 1, ..., Ty pm(n) be the zeros of pn(p;2z), n € N, on U.
Then we have

1/n
(1.11) lim inf mf’n’;(”; ?) > ¢9a(z:00)
nmee Hj:l (2 — xnj)

uniformly on V.

Corollary 1.1.6. If the interior of Pc(S(p)) is empty, then for any infinite
subsequence N C N we have

(1.12) lim sup |pn(,u;z)|1/” > 1 qu.e. on S(p).

n—oo, nEN

Note that the interior of Pc(S(u)) is empty exactly when S(u) has con-
nected complement and empty interior.

If we consider the orthonormal polynomials pn(p; z), n € N, near infinity,
then from the upper and lower asymptotic bounds (1.6) and (1.7) in Theorem
1.1.4 we immediately deduce upper and lower asymptotic bounds for the nth
root of the leading coefficient ~,(u) of the orthonormal polynomials:

1

Corollary 1.1.7. We have

1
1.13 — < liminf 1/n <y I/n « —
(1.13) ap @) S i in ()" < ﬂs;pvn(u) <o

where cap(S(p)) = 0 or ¢, = 0 is allowed.

It has already been mentioned in Remark 3 to Theorem 1.1.4 that the
upper asymptotic bound (1.6) is not specific for orthonormal polynomials.
In the next theorem we state the result for arbitrary sequences of polyno-
mials. The upper bound (1.6) then follows as a corollary.

Theorem 1.1.8. For any sequence of polynomials Py, not identically zero
and of degree at most n € N, we have

1/n
(]_,14) limsup (M) S egp(Z;OO)
n—oo \ [[Pnllrz

locally uniformly in C.
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Finally, we show the sharpness of the estimates in Theorem 1.1.4. To do
this let us call two measures v and p carrier related (denoted v ~ p) if v
and p have the same carriers, that is, I'(v) = I'(). Obviously, this is the
same as their mutual absolute continuity on each other. Since for carrier-
related measures v and p the Green functions g, and g, are identical, and
furthermore S(v) = S(u), it follows that the upper and lower bounds (1.6)
and (1.7) are the same for carrier-related measures. Now, from this point
of view they are sharp.

Theorem 1.1.9. (a) There is a v1 ~ p such that
(115) n]‘wl_’moo |pn(V1§Z)|1/n — egu(z;oo)

locally uniformly for z & Co(S(p)).
(b} There is a vy ~ p such that
(1.16) nll»n;o \Pn(l/2;z)|1/n — p9n(2;00)

locally uniformly for z & Co(S(p)).
(c) There is a v3 ~ u such that

(1.17) lim inf |pp (v3; 2)| /™ = e (%)
n— 00

and

(118) lim sup Ipn(lj?” z)‘l/n - egp(z;oo)
n—o0

for every z & Co(S(u))-

The unimprovability of the other estimates in Theorem 1.1.4 can also be
verified. Without going into details we only remark concerning (1.8):

Corollary 1.1.10. With u and vo as in Theorem 1.1.9, for every compact
set V C Q we have

(1.19) lim sup |pyp, (vg; 2)|1/™ < g9n(2i20)

n—co

untformly on V.

1.2 Some Potential-theoretic Preliminaries

Minimal carriers will be introduced in this section. Representations for the
minimal-carrier Green function g, (2; c0) and a related principle of domina-
tion will be proved. All results will be used throughout the whole chapter.
We start with some terminology.
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A sequence of measures {v,} is said to converge weakly (or in the weak*

topology) to a measure v (in C), written vp . v, if for every function f
continuous in C we have

[fdunﬁ/fdy as n — oo.

Since the unit ball of positive measures is weak* compact, from every
sequence {vp,} of probability measures we can select an infinite subsequence
with index set N C N such that {v, | n € N} is weak™ convergent. This
result is often called Helly’s selection theorem.

For a (Borel) measure v with compact support S(v) in € we set

(2.1) p(v;z) = /log

o)
and call it the (logarithmic) potential of v.

For a polynomial P we denote by vp the positive measure that has at
every zero of P a mass equal to the multiplicity of that zero. This measure
is called the zero distribution of P. Thus, |vp]| = deg(P) and for monic
polynomials P we have log |P(z)| = —p(vp; 2).

The Green function gg(z;00) of a Borel set B C C with bounded com-
plement has already been mentioned in Section 1.1. In order to have a basis
for proofs, we state three fundamental properties of gg(z;00), which can
be taken as defining properties:

(i) gp(z;00) is nonnegative and subharmonic in €, and harmonic in
Int(B) \ {oo}.
(i) gp(z;00) = log|z| — log(cap(C \ B)) + o(1) as |z| — oo, where o(1)
tends to 0 as |z| — .
(iii) gg(z; 00) = 0 for qu.e. z on C\ B.

If cap(C\ B) = 0, then gg(z; 00) = co. The function gg(z; 00) exists and is
uniquely determined by (i) to (iii) for every Borel set B C C with bounded
complement C\ B; see Appendix V. We note that we have defined gg(z; o)
for all z € C. If the bounded complement C := C\ B is of positive capacity,
that is, if

(2.2) cap(C') > 0,

then (see Appendixes IV and V) there uniquely exists a probability measure
wo, called the equilibrium distribution of C, with S(we) C C such that the
Green function gg(z;c0) has the representation

(2.3) 9B(%; 00) = —plwe; z) — log(cap(C)).

If C is a compact set, then S(wc) is contained in the outer boundary
OPc(C) of C; in general, however, we only know that S(wg) € C. Since
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we is in general not carried by C, it is sometimes useful to know that the
set C can be exhausted from within by nested compact sets Cp, C C so the
capacity, the associated Green functions, and the equilibrium distributions
converge to the corresponding objects of the set C. More formally:

There exist compact sets Cp, C C, n € N, with C, C Cp41 andcap(Cyp) > 0
such that

(2.4) nlLH;O cap(Cp) = cap(C),
(2.5) m gz o (2:0) = ggy o (73 00)

for all 2z € C, and wg, — wg asn — oo. The sequence {QE\C,,(Z§ o0)} is
monotonically decreasing.

We will only sketch the proof: From the capacitability of Borel sets (see
Appendix I) it follows that a sequence {Cr} exists so that (2.4) holds true.
The existence of limit (2.5) and the weak* limit of the equilibrium distri-
butions follows from the monotonicity of the sequence {gE\Cn (z;00)} (see

Theorem 1.26 of [La]). That the limit (2.5) is identical with the Green
function gg(z;00) can then be derived with the help of the three defining
properties of Green functions by standard techniques (see also the reason-
ings applied in Appendix IV and V).

We note that all sets and functions to be subsequently defined are Borel
measurable and therefore we do not have to care about inner and outer
capacity.

After these general results from potential theory we turn to results re-
lated to the minimal-carrier Green function g, (z;c0).

The elements of I'(u) are partially ordered by inclusion and the capacity
is a monotone set function. It is therefore possible and often useful to
consider elements in I'(x) which are minimal with respect to capacity.

Definition 1.2.1. The elements of the set
(26)  To(p):={CeT(p)| cap(C) =¢c, and C C S(p)}

are called minimal carriers.

Lemma 1.2.2. The set Tg(p) is not empty, and for every C € I'(u) there
exists an element Cy € Tg(p) with Cy C C.

Remark. Contrary to the minimal-carrier capacity ¢, and the minimal-
carrier Green function g,(z; oc), which are both uniquely defined, there
exist in general more than one minimal element in ['g(u).

Proof. Let C € T(u) be arbitrary. By (1.2) there exists a sequence
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Cn € I'(p), n € N, with cap(Cy) — ¢, as n — oo. If we set Cp, =
S(p)N Cp, n €N, then we have Cy, € I'(i) for all n € N, and therefore

oC
(2.7) Cp = n Con € I'(p) and cap(Cp) = c,.
n=1
Hence, Cy € I'g(p) and Cy C C. Ul

The minimal carriers of I'g(u) provide us with a representation of the
minimal-carrier Green function g,(z; c0) as an ordinary Green function.

Lemma 1.2.3. For any C € T'g(p) we have

(2.8) ge\c (23 00) = gu(z; ),
and
(2.9) gu(z;00) =0 qu.e. on C.

Proof. If ¢, =0, then g—\C(z' o0) = oo and cap(C) = 0 for all C' € Ty(p).
Since in this case we also have g, (z;00) = oo, the identities (2.8) and (2.9)
hold true.

Let us now assume c,, > 0, and let C'; and Cg be two arbitrary elements of
Lo(p). Cg := C1NCy also belongs to T'g(x), and therefore cap(C;) = ¢, for
j = 0,1,2. By checking the three defining properties (i) to (iii) of a Green
functlon it is easy to verify that both Green functions 98\, (z;00), J =

1,2, are at the same time the Green function of the set C \ Cy. Hence, by
the uniqueness of Green functions we have

(2.10) ge\c (z;00) = 96\02(?5; 00},
which shows that all Green functions QE\C(Z; ), C € I'p(p), are identical.
Since for two bounded Borel sets C1,C2 C € the inclusion C; € Co
implies
96\01(2500) > gE\Cz(Z; o0) forall zeC,
and since every carrier C' € I'(iz) contains a minimal carrier Cy € ['g(p),
identity (2.9) follows from identity (2.10) and definition (1.3) of the mini-

mal-carrier Green function g, (z;00). Equality (2.9) then follows from the
corresponding property of gf\o(z; 00). O

The next lemma immediately follows from Lemma 1.2.3 together with
representation (2.3) for ordinary Green functions.

Lemma 1.2.4. If ¢, > 0, then all C € To(p) possess the same equilib-
rium distriution, which we denote by w,, and for g,(z;00) we have the
representation

(2.11) gu(z;00) = —plwy; z) — logcy.
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Definition 1.2.5. The probability measure w,, is called the minimal-carrier
equilibrium distribution associated with p.

Lemma 1.2.6. We have

(2.12) ga(z;00) = gu(z; )
if and only if
(2.13) cu = cap(S(p)).

Proof. Let us assume (2.12). Then (2.13) follows from considering both
Green functions in (2.12) near infinity.

Let us now assume (2.13). Then S(gx) is a minimal carrier and (2.12) is
a consequence of (2.8). O

Next we investigate the special case when the weight measure p is equal
to the equilibrium distribution wg,,y of S(x). We shall need the results
later. But besides that, the lemma shows that the equilibrium distribution
is an instructive example of a weight measure u that satisfies (2.13).

Lemma 1.2.7. Let S C C be a compact set with cap(S) > 0, and set
w :=wg. Then we have

(2.14) cw = cap(§) = cap(S(w)),
(2.15) gu(z;00) = 96\5(2’;00),
and

(2.16) Wy = W.

Proof. If we represent go(z;00), Q := C \ Pe(S(w)), and g, (2; 00) as in
(2.3) and (2.11), respectively, by logarithmic potentials and apply Fubini’s
theorem, then we get

(2.17) /gw(z;oo)dw(z) = /gg(z;oo)dww(z) + log @%_(w_))_

(For the case cap(S(w)) = ¢, = 1, equality (2.17) is known in potential
theory as the formula of reciprocity.)

Let Cy be the set of all z € € with g, (z;00) = 0. Then from Lemma
1.2.3 we know that cap(C \ Cg) = 0 for any C € I'g(w). Since w = wg is
of finite energy it follows that w(C \ Cy) = 0 and therefore Cy € I'(w).
Hence, the integral on the left-hand side of (2.17) is zero. The integral on
the right-hand side of (2.17) is nonnegative, which implies ¢,, > cap(S(w))
and with inequality (1.4), formula (2.14) follows.

H



1.2 Some Potential-theoretic Preliminaries 11

Identity (2.15) then follows from Lemma 1.2.6, and (2.16) follows from
(2.15) together with representation (2.11). O

The last result in this section is a domination principle for the mini-
mal-carrier Green function g,(z;00). It turns out that a combination of
the measure-theoretic “u—almost everywhere” and the potential-theoretic
“quasi everywhere,” which we call “g—quasi everywhere,” is very appropri-
ate in this connection. It is also very helpful for the formulation of polyno-
mial extremality problems in L?(u).

Definition 1.2.8. We say that a property holds - quasi everywhere (-
qu.e.) on a set S C C if there exists a Borel set Sy C S with cap(Sg) = 0
and the property holds p—almost everywhere on S\ Sg. If S = C or = C,
the reference to S may be dropped.

From Lemma 1.2.3 we know, for instance, that the minimal-carrier Green
function g, (z;00) is equal to zero u—quasi everywhere.

Lemma 1.2.9. Let v be a probability measure with compact support S(v) C
C, and let ¢ be a constant such that

(2.18) p(v;z)+¢>0 p-quasi everywhere in C.

Then we have

(2.19) p(v;z) + ¢ > —gu(z,00) forall ze€C,
and
(2.20) ¢ > logey.

Remark. The case ¢, = 0 has not been excluded in Lemma 1.2.9. The
assumption that S(r) is compact is not essential; it has been made here in
order to safeguard the existence of p(v; z).

Proof. If ¢, = 0, then g,(z;00) = oo, and (2.19) and (2.20) are trivially
satisfied. Let us now assume c, > 0, and let C' be the set of all points
z € C where the inequality in (2.18) holds true. From Definition 1.2.8
it follows that there exists a Borel set C” C S(u) of capacity zero such
that C' U C” € T'(p). From Lemma 1.2.2 we know that there exists a
minimal carrier C' € Tg(p) with C C C'UC”. As in (2.4) and (2.5) there
exist compact sets Cp, C C, n € N, with Cp, C Cpy1, cap(Cn) > 0,
such that the limits (2.4) and (2.5) hold true. Let w;, be the equilibrium
distribution of the set Cp. Because cap(Cy) > 0, the measures w, are of
finite logarithmic energy and therefore w,(C”) = 0 and so C' € I'(wy,) for
all n € N.
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From C' € T'(wy) and from the definition of the set C’ it then follows
that

(2.21) plv;z)+ec>02> ~98\C, (2; 00) = p{wn; z) + log(cap(Ch ))

wp—almost everywhere. Since wy, is of finite energy, it follows from (2.21)
and from the principle of domination of potential theory (see Appendix III)
that

(2.22) p(riz) + ¢ 2 —gg\¢, (z500) forall zeC.

Using the limit (2.5) and representation (2.8) for g, (z; o), we derive (2.19)
from (2.22). The inequality (2.20) follows from (2.19) by considering both
sides in (2.19) near infinity. O

1.3 Proof of the Upper and Lower Bounds

The positive results of Section 1.1 will be proved here. There are two groups
of problems which require separate treatment: On the one hand, the upper
asymptotic bound in Theorem 1.1.4 and in Theorem 1.1.8, and on the
other hand, Lemma 1.1.3, the lower asymptotic bounds (1.7) to (1.10) in
Theorem 1.1.4, and the lower asymptotic bound (1.11) in Corollary 1.1.5.
We start with the first group.

The proof of Theorem 1.1.8 is a combination of the principle of domi-
nation for g,(z:0oc), which has just been proved in Lemma 1.2.9, and the
next lemma.

Lemma 1.3.1. For any infinite sequence of functions hy, € L%(n), n €
N, N CN, with

1/n <1

(3.1) lim sup llhn“Lz(u) S

n—00, neN

there exists an infinite subsequence Ng C N such that

(3.2) lim sup lhn(z)\l/"‘ <1 p-almost everywhere.

n—oo, n€ENg

Proof. Set fn := {|hnl/(nllhnliz2(u)}% n € N. Then f — 0in L(u),
and therefore there exists an infinite subsequence Ny C N such that

(3.3) lim fn(z) =0 p-almost everywhere.

n— 00, nENo

Using |hn|? = fan]ihnH%z(m, we get (3.2) from (3.3) and (3.1). O
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Proof of Theorem 1.1.8. Since the polynomials Py, n € N, in Theorem
1.1.8 can be multiplied by a nonzero constant without changing the value
of the terms on the left-hand side of (1.14), we can assume without loss of
generality that all polynomials Py, » € N, are monic.

(a) In a first stage we still assume that all zeros of the polynomials P, are
contained in a disc {z | |z| £ R} with a fixed radius R > 0. From Helly’s
selection theorem and an ordinary compactness argument it follows that we
can select an infinite subsequence N C N so that the following two limits
exist:

1 *
—vp — VU,
n

3.4

(3.4) 1

- log || Pnllz2() — c €RU {—oc}

as n — oo, n € N. It is easy to verify that the measure v is positive,
S(v) € {z | |2| £ R}, and |lv|| £ 1. From (3.4), the principle of descent
and the lower envelope theorem of potential theory (see Appendix III) we
deduce that

P
(3.5) limsup 1 log Pn(z)] < —p(v;z) —c¢

n—oo, neN T ”PRHLZ(#) -

locally uniformly for all z € C, and equality holds true in (3.5) for qu.e. z in
C. If we now apply Lemma 1.3.1 to the sequence hy := Pp/||Prlif2(,y, 7 €

N, then (3.1) is trivially satisfied. From (3.2), from the fact that we have
equality quasi everywhere in (3.5), and from the definition of p-quasi ev-
erywhere (see Definition 1.2.8) it follows that

(3.6) —p(v;2) —c¢ <0 p-quasi everywhere.
From Lemma 1.2.9 it then follows that
(3.7) -p(v;2z) —c L gu(z;00) forall zeC.

This together with (3.5) proves (1.14) for the subsequence N.

From (3.7) the proof that (1.14) holds true locally uniformly in C is easy:
Suppose on the contrary that the latter one fails to hold. Then there are a
subsequence N of the natural numbers, a point z € €, and for every n € N
a point z, € C such that z, —» zasn — oo, n € N, but

1/n
lim | Pr (21 =~y > e9u(200)
n—00 \ || Pl L2y

From N we can select a subsequence, which we continue to denote by N,
for which the limits in (3.4) exist. Now the preceding relation implies via
the principle of descent that

exp(—p(v; z) — ¢) > v > exp(gu(z; o)),



14 1. Upper and Lower Bounds

but this contradicts (3.7), and this contradiction fully proves that (1.14)
holds true locally uniformly.

(b) In the second stage of the proof we drop the temporary assumption
that all zeros of the polynomials P, are contained in a disc {z | |2| < R}.
Let V C € be a compact set and let R > 0 be so large that S(u) UV C
{z | |z| < R}. Furthermore let k£ > 1 be a fixed constant. We factorize the
polynomials P, into two monic polynomials h, and ¢, so that

(3.8) Pn = thn, ne N,

hn(2) # 0 for all |2} < kR, and ¢, (2) # O for all |z| > kR. By elementary
calculations we can show that

1/n 1/2
|Pr(2)| k1] _lan(2)]
1Pl L2(p) k=1 |llgnilza(y

(3.9)

for all z € {z | |2| £ R}. Since the sequence of polynomials ¢, n € N,
satisfies the assumption of the first part of the proof, and since k can be
chosen arbitrarily large, from (3.9) the theorem follows in full generality.

O

Together with Theorem 1.1.8 we have also proved the upper asymptotic
bound (1.6) of Theorem 1.1.4.

Next we come to the second group of problems: the proofs of the lower
asymptotic bounds (1.7) to (1.10) of Theorem 1.1.4, and the lower asymp-
totic bound (1.11) of Corollary 1.1.5. These proofs are based on the fol-
lowing well-known and easily provable extremality property of the leading
coefficient v, (p) of the orthonormal polynomial py,(1; 2), n € N, in L?(p):

We have
f lgn|*dps

for every monic polynomial g, (2) = 2™ +- - - of degree n, and equality holds
in (3.10) if and only if ¢, = pn(p; 2)/vn(p). In fact, it is enough to write
gn as a linear combination of the pi(u;-)s, and to apply orthogonality.

In the sequel we denote the monic orthogonal polynomial with respect
to the measure y by

1
’)’n(ﬂ)2

(3.10) pn(ﬂa

iz
(3.11) g (s 2) 1= Pol52).
Besides minimality (3.10) the next lemma plays a major role.

Lemma 1.3.2. Let V, 5 C C be two compact sets.
(a) If V and Pc(S) are disjoint, then there exist a < 1 and m € N such that
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for arbitrary m points z1,... .z, € V there exist m points y1,... ,ym € €
for which the rational function

(3.12) rm(z) = H ﬂ

has on S a supremum norm satisfying
(3.13) Irmlls < a.

b) If V and Co(S) are disjoint, then we can assume in part (a) that
m = 1.

Proof. Without loss of generality we may assume that cap(S) > 0 and
that Pc(S) is regular with respect to the Dirichlet problem in C \ Pc(S).
For otherwise we can replace S by {z € C | dist(z;S) < e} withe > 0
sufficiently small.

(a) Let us assume that V and Pc(S) are disjoint, and let us further assume
that part (a) of the lemma is wrong. Then there exists Ny € N such that

for every m € Ny there exists a set X, := {z1,... ,Zm} C V of m points
so that for any choice of a set Yy, := {y1,... ,ym} C C of m points we have
(3.14) liminf |[rm|ls > 1,

n—oo,me Ny

where ry, is defined as in (3.12). We will disprove (3.14).
By Helly’s selection theorem there exists an infinite subsequence N C Ny
with
1 *

(3.15) —VX, —V a8 m— oo, me€N,

where v is a probability measure with S(v) C V. We consider the Green
potential

(3.16) 1) 1= [ g\pegs) ()i (e),

where gE\PC(S)(z;:E) is the Green function of the domain C \ Pc(S) with

logarithmic pole at z & Pc(S). Since Pc(S) has been assumed to be regular,
we have gg\ pe() (z;z) = 0 for all z € Pc(S) and z & Pc(S) (see Theorem

4.7 of [La] or Appendix VI). As a consequence we have ¢(z) = 0 for all
z € Pc(S). As an analogue to representation (2.3) of the Green function
gE\Pc(.S‘)(Z; 00), we have for x € C\ Pc(S) the representation

98\Pe(5)(#: %) = P8z — was 2) + g\ pe(sy (25 00),

where w; is the balayage of the point mass §; on dPc(S) (see (A.18) in
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Appendix VII or Chapter IV, Section 3, p. 217 of [La}) and é; is Dirac’s
measure of the point x. This representation yields the identity

q(z) = /p(éw — wg; z)dv(z) + /gE\PC(S)(:E;oo)du(a:),
from which we see that

(3.17) p(v —wy;2) = ¢q(2) — q(o0),

where w, is the probability measure on 0Pc(S) defined by

(3.18) Wy 1= /wzdu(w),
and
(3.19) g(oo) = /gE\Pc(S)(‘E; o)dr(x) > 0

is a positive constant since QE\PC(S)(‘E;OO) > 0 for all z € V. It may be

of some help for the reader to remark that (3.18) is nothing else than the
balayage of v onto 0Pc(S) (see Appendix VII).
Since the discrete measures are weak* dense in the unit ball of posi-

tive measures, we can select a sequence of sets Yy, := {y1,... ,ym} C
OPc(S), m € N, with

1
(3.20) ;n—wml»w,, as m— oo, me€ N,

From (3.15) it follows that

(3.21) lim — log H - = p(v; 2)

uniformly on S, and from (3.20) together with the principle of descent of
potential theory (Appendix III) it follows that

1. 1
3.22 liminf —1 > p(wy;
om g o] s
locally uniformly on S. Since the regularity of Pc(S) implies that p(wy; 2)
is continuous throughout C, it follows that (3.22) is true uniformly on S.

Hence, by (3.17) and the fact that ¢(z) = 0 for all z € S, we have shown
that

(3.23) lim sup IITm]lé/m < e"9®) <1,

m—00, NE
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where the rational function ry, is defined as in (3.12) by the points of the
two sets Xy, and Y,,. The asymptotic estimate (3.23) contradicts (3.14),
and therefore part (a) of the lemma is proved.

(b) Let us now assume that V and Co(S) are disjoint. Set m = 1 and

dist(V, S)
(3.24) a:= 1/\/ dlam dam(S) ) < 1.

For an arbitrary z7 € V define y; € Co(S) as the nearest point to z; in
Co(S). By elementary geometrical considerations we can easily show that
the convexity of Co(S) implies that

(3.25) il <a forall zeCo(S5).
Z— I
Thus, part (b) of the lemma is also proved. O

Proof of Theorem 1.1.4 and Corollary 1.1.5. Since the upper asymp-
totic bound (1.6) in Theorem 1.1.4 follows immediately from Theorem 1.1.8,
only the different forms of the lower asymptotic bounds (1.7) to (1.11) re-
main to be proved. We start with the proof of (1.10), which turns out to
be the key for the proof of all other lower bounds.

(a) By Helly’s selection theorem and an ordinary compactness argument we
know that any infinite subsequence N C N contains an infinite subsequence,
which we continue to denote by N, such that the two limits

(3.26)

1 1
— Vpn (i) %5 v and - logyn(p) = c€RU {0} asn — o0, n €N,

exist (cf. also Lemma 1.1.3 which easily follows from Lemma 1.3.2 and will
be proved in Theorem 2.1.1). From the lower envelope theorem of potential
theory it then follows that

1
(3.27) lim sup " log |pn(p; 2)| = —p(v;2) + ¢

n-—+00, nEN
qu.e. in C. Note that the right-hand side of (3.27) is defined quasi every-
where even if ¢ = oo, for a potential can be infinite only on a set of zero

capacity (see, e.g., Theorem 7.33 of [He]). From Lemma 1.1.3 we know that
Pn(p; 2) has all its zeros in Co(S(u)). Therefore, (3.26) implies

(3.28) lim log |pn(p; 2)| = —p(v;2) + ¢

n—oc, nEN N
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locally uniformly for z € C \ Co(S(u)). Furthermore, from (3.26), Lemma
1.1.3, and from the fact that deg p,(y;-) = n, it follows that v is a proba-
bility measure with

(3.29) S(v) € Pe(S(p)).

Because of (3.27), the lower asymptotic bound (1.10) is proved if for any
infinite subsequence N C N, for which the two limits in (3.26) exist, we
can show that

(3.30) —p(v;z)+c>0

for qu.e. z on 0. Actually, we shall prove that (3.30) holds true for all
z € 0L). The proof will be carried out indirectly.
Let us assume that (3.30) does not hold true for all z € Q2. Then

(3.31) 0QNAg#0 fortheset Ag:={z€C| —p(v;z)+c <0}
This implies that there exists § > 0 such that
(3.32) ONAs#0 for As:={ze€C| —p(v;2) +c< —é}.

From the upper semicontinuity of —p(v; z) it follows that Ag is open. The
subharmonicity of —p(v; z) implies that every component of As is simply
connected. Every such component Aj has the same boundary JAj in the
fine topology and in the ordinary planar topology (see Appendix II). This
combined with that fact that potentials are continuous in the fine topology
implies that on 9A§ we must have

—p(v;z) + ¢ = —0.

In particular, if 7 > 6 and A7 is a component of Ay lying in Aj, then
we have A_; C Aj. By the minimum principle of harmonic functions this
is possible only if A¥ N S(v) # 0. Hence every component of the set Ag

has a nonempty intersection with S(v). Therefore, there exists a simply
connected domain B with

(3.33) BN S(v) #0, BNQ#®B, and BC A;.
Since B is simply connected, the set

(3.34) S :=Pc(S(u))\ B

is polynomially convex. Now let V C B be a compact set with
(3.35) Int(V) N S(v) # 0.

Since S is polynomially convex and § and V are disjoint, part (a) of Lemma
1.3.2 can be applied. Let a < 1 and m € N be the two numbers introduced
in part (a) of Lemma 1.3.2. Because of (3.35) and the first limit of (3.26),
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for sufficiently large n € N there exist at least m zeros z14,...,Zmn
of the polynomial p,(y;2z) on V. From Lemma 1.3.2 we know that there
also exist m points y1 p,... ,Ymn € C so that the rational function ry,
defined in (3.12) by the points 1 5,... ,Tmn and Y1 p,... ,Ym,n satisfies
the inequality (3.13).

Using the rational function r,,, we construct the modified monic poly-
nomial

(3.36) Gn(2) = T2 (piz) = 2" + -+

where gn(u;-) are the monic orthogonal polynomials corresponding to f,
and derive an upper estimate for the L?(p) norm of .

Since the polynomials ¢, and ¢,(u; z), n € N, differ only in m zeros,
both sequences of polynomials have the same asymptotic zero distribution,
that is, we have

1
(3.37) —vz — v as n— oo, n€N,
n

where v is the same probability measure as in (3.26). From (3.37), (3.32),
and the principle of descent of potential theory (see Appendix 111) we derive
that

1
(3.38) lim sup - log |gn(2)| < —p(v;2) < =6 —¢

n—0c, neEN

locally uniformly for z € A5 and so the inequality between the left- and
right-hand sides holds true uniformly for z € B. From (3.38) and the second
limit in (3.26) it follows that there exists a zero sequence {¢, > 0} so that
the supremum norm of §, on B satisfies

i L -néj2 o _En_
(3.39) ldnlis < =

for all n € N sufficiently large. We consider now the Lz(y) norm of ¢,
and use (3.34), (3.36), (3.39), and the estimate (3.13) for the supremum
norm of the rational function r,,, which give us the following sequence of
inequalities

~ 12 ~ ~ |12
il = [ 1aalPd+ [ 1an P
B S

(3.40) < uBdnll} + llrmll? /S g )2y

u(B)e2 a? < 1
T m(p)? ()2 T ya(p)?

for all n € N sufficiently large. The estimate (3.40) contradicts the mini-
mality (3.10) of the monic orthogonal polynomials ¢, (y; z). Hence, (3.30)
and thereby also (1.10) is proved.
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(b) In the next stage we prove the lower asymptotic bounds (1.7) and
(1.9). If cap(S(p)) = 0, then there are polynomials, say, the Chebyshev
polynomials of S{u), that tend to zero on S(u) faster than any geometric
progression. This implies limy, oo 'yn(,u,)l/ " = oo and hence the estimates
(1.7) and (1.9) are trivially true (use also Lemma 1.1.3 and for (1.9) also the
fact, see, e.g., Chapter 11, Section 4, p. 173 of [La], that if pp(2) = 2"+ - --
then the lemniscate sét {z | |pn(2)| < a™} has capacity a). Therefore we
can assume without loss of generality that cap(S(u)) > 0.

Let us assume that N C N is an infinite subsequence such that the two
limits in (3.26) exist. If ¢ = oo then exactly as before we are ready. Thus,
let ¢ < o00. Since go(z;00) = 0 for all regular points of 02 (see Appendix
V1), it follows from (3.30), which has been proved in part (a) for all z € 02,
that

(3.41) —p(v;z) + ¢ — ga(z;00) > 0 for all regular points on 0f.

Seeing that quasi every point of 01 is regular (see Appendix VI or Kellogg’s
lemma in [La, Chapter IV, Section 10, p. 232]) we get the inequality in
(3.41) for quasi every z € 9€2. We claim that

(3.42) —p(v;z) + ¢ > ga(z;00) forall z el
Suppose that on the contrary there is an € > 0 such that the set
Ae ={z € Q| —p(v;2) +c— ga(z00) < —¢}

is not empty. Then by a variant of the minimum principle for harmonic
functions (see, e.g., Theorem 111.28 of [Ts]) for every component A} of A,
we must have

cap(0AZ N o) > 0.

Thus, there is a point zg € dAF N0 for which (3.41) holds with 2 replaced
by 2. Since zg is also a boundary point of A} in the fine topology, and the
left-hand side of (3.41) is continuous everywhere in this topology, we have

—p(v; z0) + ¢ — galzg; 00) < —¢,

which contradicts the choice of zg (namely, that (3.41) holds true at zp).
This contradiction proves (3.42).

From (3.42) together with (3.27) the estimate (1.9) follows for any infinite
subsequence N C N for which the two limits in (3.26) exist. But since any
infinite subsequence N C N contains an infinite subsequence for which
the two limits in (3.26) exist, and since the right-hand side of (1.9) is
independent of the subsequence N, (1.9) is generally proved.

The lower asymptotic bound (1.7) follows for any infinite subsequence
N C N for which the two limits in (3.26) exist from limit (3.28) and in-
equality (3.42). Since the right-hand side of (1.7) is independent of the
sequence N, (1.7) is also generally proved.
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(c) Next we prove the lower asymptotic estimate (1.11) of Corollary 1.1.5.
Let U,V C Q be two arbitrary compact sets with U containing V in its
interior. Consider the factorization

(3.43) Pn(p; z) = hn(2)sn(z), n €N,
where hy(z) # 0 for all z € U, hy, a monic polynomial, and s,(z) # 0 for
all z € U, that is,

(344)  Pa(z) =2 4 sp(2) = ya(w) T 4

with m(n) the number of zeros that the polynomial h, has on the set U.
By Lemma 1.1.3 this number is bounded as n — oo. Therefore, we have

.1

(3.45) nli)néo Hm(n) = 0.
Let now N C N be an infinite subsequence such that the two limits in
(3.26) exist. Since the polynomials s, and pp(p;2), n € N, differ only in
m(n) zeros, both sequences of polynomials have the same asymptotic zero
distribution, and as in (3.37) we have

1
(3.46) v, —s v as n— 00, n€N,

n
where v is the same probability measure as that in (3.26). Since the zero
distributions vg, of the polynomials s, have no mass on U, that is, S(v, )N
U =0 for all n € N, it follows from (3.46) and the second limit of (3.26)
that

1
3.47 li 1 — 1y
(3.47) i o loglsn(2)] = —p(viz) +
uniformly for z € V, which is an analogue of (3.28). From (3.47) and in-
equality (3.42) we deduce (1.11) for the subsequence N. Since the right-
hand side of (1.11) is independent of the subsequence N, (1.11) is generally
proved.

(d) We now come to the last stage of the proof: the verification of the lower
asymptotic bound (1.8), which holds only in capacity. We assume that the
two sets V and U are the same as in part (c¢) and that for the infinite
subsequence N C N the two limits in (3.26) exist. Let £ > 0 be arbitrary
with ¢ < 1. There exists § (0 < § < o0) such that

ega(z;00) _

3. - c
(3.48) & > log eon(z0) _ § forall zeV.

Set

1
(3.49) Ap = {z e C | Eloglhn(z)| < —6} for neN.
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Since hg, is a polynomial of degree m(n), we can exactly calculate the
capacity of the lemniscate sets A, (see Chapter II, Section 4, p. 173 of
[La]) and we have

(3.50) cap(Ag) =e m0° for néEN.

Equations (3.42), (3.47), (3.48), and (3.49) imply for sufficiently large
n € N that

(3.51)

(15 )™ = [hn()] P fsn(2) [ > e (e0(220) — ) > gonzioe) _ ¢

for all z € V \ A,. With (3.50) this proves (1.8). O

1.4 Proof of the Sharpness of the Upper
and Lower Bounds

In this section we verify Theorem 1.1.9 and Corollary 1.1.10.

Proof of Theorem 1.1.9. We may assume ||z|| = 1. First of all we remark
that it is enough to show the existence of measures vj,ve,v3 with the
properties that they are carrier related to u and

. 1
(4.1) L Y (v1)H" = e
(4.2) lim yp(ve)/? = _
n—co " cap(S5(p))’

and
(43)  limsupya(ve)/m = —;  liminfy(v) /P = — =

n—00 Cu n—0o0 cap(S(p))
respectively.

In fact, the verification of, for example, (1.15) then runs as follows: Let
e > 0. By (1.6) for large n the functions

1
hne(2) = 923 00) = — log Jpus 2] + ¢
are nonnegative and harmonic in C \ Co(S(x)), and since (4.1) implies
11m hﬂn,e(OO) = £,
n—0o0

(1.15) follows from Harnack’s inequality (see Appendix III, cf. also (1.6)).
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In what follows let ¥ < u denote the absolute continuity of the measure
v with respect to p. First we prove the following lemma.

Lemma 1.4.1. For each n there is a pn < gt such that {|un|| < 2n~2 and
Ya(pin) < V2yn(Wg(yy)-

Proof. It follows from Lemma 1.2.7 and Corollary 1.1.7 that

1/n 1

~ cap(S(p)’

Now keep the natural number n fixed throughout the proof. Let I} be
the set of monic polynomials p,(z) = 2" + -+, and let

(4.4) m o (W)

I = {pn € ITZ, | [ pal?dp < 2 max |o?").
z€S(p)

We will set p, = —;(u + p), where p < p, |lpll <1 (= ||gl]). In estimating
Yn(ttn) from above we have to estimate the infimum of | |pn|?dpn for p, €
IT* from below. Now in m1n1m1z1ng [ |pnl?dpn, for p, € I, we may assume
pn € II7* (otherwise p;(z) := z" is a better choice). But II}* is already
compact in C(S(u)), hence for some € > 0

/ |pn1 de(p, /Ipnl de(p, pn € I1*.
z:|pn(2)| >

This and the uniform equicontinuity of the pps in II}* easily imply the
existence of a § > 0 such that if 0S(p) = U{VISJ-, S;iN Sy =0 for j # 5,
is a decomposition of 85(u) into measurable subsets Sy,...,Sps in such
a way that wS(,u)(Sj) < 6, diam(S;) < 6, and Aq,..., Ay are arbitrary
measurable sets with diam(A4;) < 4, dist(S;, 4;) <6, j=1,... , M, then
for any measure p for which p(A;) = ws(w)(Sj)s 4 =1,..., M, we have

1
(4.5) /|Pn|2dﬂ> §/|pn|2dw5(”)-

Take such a decomposition {S;} of 8S(u). Since supp(p) = S(u), we can
choose {A;} with the aforementioned properties such that p(A;) > 0 also
holds for each j =1,... , M. Now if

M
(4.6) pi=> (W) (Si)/m(A))p4,
=1

and p, = _17(N + p), then for p, € II}*

/|Pn|2dﬂn 2 */|pn|2dp— a2 f'pn| AW s(uy-
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Since the infimum of the left-hand side for p, € II}* gives Yol ) ™2,
whereas that of the right-hand side for p, € I} 2 IT}* gives vp(w S( “))_2,
Lemma 1.4.1 is proved. Oa

Now we return to the construction of vy, 19, v with properties (4.1)-(4.3).
Let

o0
V2 = ,LL + z ﬂ"ﬂn
n=1

where the uys are the measures from Lemma 1.4.1. Since p, < p for every
n (actually we have p, ~ p), vo and p are carrier related. Now the estimate

Ya(v2) < Ynln) < V2nym(wg()

together with (4.4) and (1.13) yields (4.2).

Next we consider (4.1). Take a carrier Cp of p of minimal capacity. There
are then compact sets K1 C Ko C --- € Cg with cap(K.,) / ¢, and
w(Km) / ||p]l as m — oo. Then C := UK, is again a carrier of .

Corollary 1.1.7 applied to pjg, implies that there are numbers Ny, and

polynomials pq(r,,m) € I}, n > Ny, such that

(m) 2 1y\"
/ lpn /| “dp < (cap(Km)-l- m) .

nt

We may assume Ni < No < -+ . We can choose positive constants ¢, such
that for N, < n < Nj,+1 the inequality

em f 5™ 2dy < (cap(Km))"

holds, and again we may assume 1 > ¢; > cg > --- .
Set

|S

c.

oo

o0
n = Z
j=1

and
Using the fact that

oC

oo
c; ¢y
E 5?— <e¢m  and E é% <1,
J=m+1 i=1
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we get for Npp <n < Nppy1, m=1,2,...,

m Ca o0 C.:
/anlzdlq =/Ip$zm)|2 d (Z —2%#|Kj) +d| > SFHIK,
1 j=m+1

1 n
< / ‘P |2dﬂ + Cm / |Pn |2du <2 (cap(K )+ —) \
K. m

and so

e i <
This and (1.13) prove (4.1), because v; ~ yu easily follows from our con-
struction. Thus, the existence of 11 has been established.

Finally, we construct a v3 ~ u that satisfies (4.3).

Let K, be as in the preceding proof, and consider the measures y, from
Lemma 1.4.1. Easy modification of the proof of Lemma 1.4.1 shows that
ttn, can be chosen in such a way that it is supported in some K, (this is
why we wrote pn < u in the lemma and not py ~ p) and py 2> n‘2u|Kn.
In fact, assuming p( K1) > 0, consider the set

{pn €11} | / Ipn|?dp < 2 max )z|2n}
K, z€S(p)

instead of II}*, and with p, = Elg(ui K, T p) argue as in the proof of
Lemma 1.4.1. If Ay, ..., Aps are the sets constructed just before (4.6) then
we must have p(Km, N A;) > 0 for all j provided my, is large enough, and
so replacing in (4.6) each A; by Ky, N A; our claim (supp(n) C Km,
and p, > n " 2u|g. ) follows.

We set

o0
v3i= Y
=1

for some {I;} to be chosen subsequently. Let {; = 1, and suppose that
h,.. ,1;_1 have already been selected. Since we may suppose that m; <

mg < ---, the measure Ek 1 #1,, is supported on Ko, - Thus, by Corol-
lary 1.1 7, there is an L; 7 such that

1/L, .

1 1
YL,_ > - -
-1 z_: Hi, C&P(Km,J_l )

J

But then, if l; is sufficiently large compared to L;_1, we have independently
of the cho1ce of lj11,1j12,... that the inequality

1 1
(4-7) YL ("3)1/1;]_1 > - -
7 Ca.p(Kmlj_l) J
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holds (note that ||pn|| < 2n~2). Choose such an lj > L;j_1, and this com-
pletes the definition of the indexes {I;}.
By Lemma 1.4.1

v, ()Y <, ()Y < (VY5 (wg )Y,

which, together with (4.4), yields

s 1/n 1
R8T S sty
Since (4.7) implies

1

Nn-—-00 - Cp
the limits in (4.3) follow by Corollary 1.1.7 once we verify the carrier relat-
edness of v3 and p. But this is easy: v3 < p follows immediately from the
construction, and p < v3 follows from the facts that each p;, and hence
vy itself, is at least as large as l 2u| Ky, » and U°° 21Ky, is acarrier of p. O

lim sup ’)’n(llg)l/n >

Proof of Corollary 1.1.10. By letting 2 — oc in (1.16) we get (4.2).
Now arguing as in the beginning of the proof of Theorem 1.1.9 but with
the functions

hp e(2) == 1 log m](?:)(l/2,z)
n Hj=1 (2 — xnj)

instead of hy ¢, where zp1,. .. ) Tnm(n) T€ the zeros of pn(ve, 2) contained

in some suitable fixed compact subset of C \ Pc(S(u)) containing V in its
interior (cf. Corollary 1.1.5), we can derive from (4.2) and Corollary 1.1.5
that

—galz;00) +¢

L/n
lim pn(v2; 2) — e90(zi0)
Hj:l (z — zn,n)

uniformly on V. Now since m(n) < Dy for some constant Dy, (see Lemma
1.1.3), this implies (1.19). O

1.5 Examples

Three examples will be given, which have been used in Section 1.1 to illus-
trate results or to prove their sharpness. The last two of the three examples
could actually be saved in view of Theorem 1.1.9, but their simplicity may
show more insight into the nature of minimal carries than the more general
construction of Theorem 1.1.9.
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Example 1.5.1. Let p be the planar Lebesgue measure on the open disc
D:={z]|z] <1}.

The support S(u) = D is convex and its complement is connected. Hence,
we have Co(S(p)) = Pe(S(p)) = S(p) and Q = {z | |2} > 1}. The orthonor-
mal polynomials (and the leading coefficients) are given by

n+1 n+1
(5.1)  pa(p;z) = - 2" (*yn(,u)s ~ ) for neN.

Hence, we have

(5.2) nIinolo \on (14 z)\l/n = |z| locally uniformly for 2z € C.

With the help of Criterion A (cf. Theorem 4.2.1) we can easily derive that
in this example

log|z| for|z| > 1;

(5-3) 9pu(2; 00) = go(z; 00) = { 0 for |z| < 1

and furthermore that cap(S(u)) = ¢, = 1. Hence, in this example the
lower and upper asymptotic bounds (1.7) and (1.6) of Theorem 1.1.4 are
identical. U

With respect to the value of ¢, and the function g, (2; oc) we shall observe
the extreme opposite situation in the next example.

Example 1.5.2. We construct a weight measure g on the closed unit dise
D with §(p) = D so that ¢, =0, cap(S(u)) = 1, and

(5.4) ga(z;00) = max(0,log|z|) < gu(z;0) =occ forall z € C.

In this example the nth root of the orthonormal polynomials pp (y; 2), n €
N, asymptotically assume the upper bound (1.6) in Theorem 1.1.4.

Let Dy := QN {z | |z| £ 1} be the set of all rational points in the unit
disc, and let {r, | n € N} = Dy be an enumeration of these points. The
measure p is defined as

o0
(5.5) pe= 27",
n=1

where 65 is Dirac’s measure of the point z € C. We have Co(S(x)) =
Pe(S(p)) = S(p) = D, and cap(Dg) = 0 since Dy is a countable set.
As Dy € T'(p), we have ¢, = 0 and therefore g,(z;00) = c0. From the

extremality property (3.10) of the monic orthogonal polynomials g, (u; z),
we derive

1 S ~
(5.6) )2 < flqnlzd# <qr N 27 <qmev, neN,
Tn il j=n+1
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where in (5.6) ¢, is the monic polynomial of degree n having zeros at

the first n points ry,...,r,. From (5.6) it follows that fyn(u)l/” — o0
as n — oc. Together with the fact that all zeros of pp(u;2), n € N, are
contained in {2z | |z| < 1} (see Lemma 1.1.3) this implies

(5.7) nlingo Ipn (15 2)]Y/™ = 00 locally uniformly for |z| > 1.

Hence, in this example the upper asymptotic bound (1.6) in Theorem 1.1.4
is assumed, whereas the lower bound (1.7) stays far away. O

For upper estimates of the leading coeflicient ~5,(u) the following lemma
is often very helpful.

Lemma 1.5.3. Let u and v be positive measures with compact support in
C, and c > 0. Then

(5.8) Yn(cu +v) < \/g'yﬂ(p,), n € N.

Proof. From the extremality property (3.10) of the monic orthogonal poly-
nomials gn (y; 2) it follows that
1

L= [t v+ 9

(5.9)

2 C/ lgn(cp + v; 7)[*du(z) > 5 O

Yr(pt)

In the next example we construct a weight measure p on 0D, for which
(5.4) holds true as in Example 1.5.2, but now the nth roots of the polyno-
mials |pn(p;2)|, n € N, behave like the lower bound in (1.7).

Example 1.5.4. We construct a weight measure y on 6D with ¢, = 0,
cap(S(p)) = 1, such that limp— e [pn (g5 2)]1/™ = €92(21%) for |2| > 1.

Let Sy, := {2z € 8D | z2"*! = 1} be the set of the (n+ 1)th roots of unity.
For every n € N we define the probability measure

1
5.10 = .
( ) Hn n+1 Z Oz
TES,

It is easy to verify that pi(un;z) = 2*, and therefore ~(p,) = 1 for all
0 < k < n. The weight measure p is defined by

(5.11) i %
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We have S(u) = 8D and Co(S(p)) = Pe(S{y)) = D. Since i has countable
carriers, ¢, = 0. For the leading coeflicient ~,(p) we can derive from Lemma
1.5.3 the upper estimate

(5.12) n(p) < nyp(pn) =n for neN,

which implies with Corollary 1.1.7 that ~,(x)/® — 1 as n — oo. Now this
yields (cf. the beginning of the proof of Theorem 1.1.9 or Theorem 3.1.1)

(5.13) lpn (p; 2)|Y/™ = |2| = €92(%%°)  Jocally uniformly for || > 1,

lim
n—oo

which shows that here the lower asymptotic bound (1.7) of Theorem 1.1.4
is assumed. M
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Zero Distribution of Orthogonal
Polynomials

This chapter is devoted to the investigation of the asymptotic zero distri-
bution of general orthogonal polynomials. In Section 2.1 we characterize all
possible weak* limits of the zeros and show that they can actually occur
at some orthogonal polynomial systems. In Section 2.2 the relation be-
tween zero asymptotics and asymptotics for the leading coefficients (called
norm asymptotics) is explored. It turns out that in the case when S(x) has
empty interior and connected complement, the existence of the asymptotic
zero distribution implies norm asymptotics and in the two extreme cases
appearing in Corollary 1.1.7 the converse implication also holds: Norm
asymptotics implies the existence of the asymptotic zero distribution. In
general, no other implication is possible in between these concepts, which
is demonstrated by several nontrivial constructions. Finally, in Section 2.3
we discuss the more difficult problem of characterizing weak* limits when
cy > 0.

2.1 Zeros of Orthogonal Polynomials

Recall that for a polynomial P by vp we denote the measure that places
mass 1 to every zero of P (counting multiplicity). Then |vp|| = deg(P)
and vp/||lvp| = ﬁ(mllp is often referred to as the normalized counting
measure on the zeros of P.

We are primarily interested in the location of the zeros of orthogonal
polynomials and in their distribution. Of course, by the existence of the
(asymptotic) distribution of the zeros we mean that the sequence of nor-
malized counting measures

(1.1) {‘:;Vpn(ur)}
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converges in the weak* topology of Borel measures. Similarly, by a weak*
limit of the zeros we mean a weak™* limit point of the measures (1.1) (we
prefer the short but somewhat inaccurate expression “weak™ limit of the ze-
ros” to the more precise “weak* limit of the normalized counting measures
on the zeros”).

Our first result, which is an immediate consequence of Lemma 1.3.2, is
basically the repetition of Lemma 1.1.3.

Theorem 2.1.1. All zeros of the orthonormal polynomials py (i; z), n € N,
are contained in the conver hull Co(S(u)) of S(p), and for any compact
set V.C Q the number of zeros of pn(u;2), n € N, on V is bounded as
n — 0. Consequently, every weak™ limit point of the zeros is supported on
the polynomial convezr hull Pc(S(p)) of S(p).

Recall that €2 is the unbounded component of the complement of the
support of . We also mention (see [Sa2]) that the zeros lie strictly inside
the convex hull of S(x) unless this support is on a line.

Proof of Theorem 2.1.1. (a) Let us first assume that V' is a compact set
contained in 2. Then part (a) of Lemma 1.3.2 can be applied with S = S(u).
Let a < 1 and m € N be the two numbers from part (a) of Lemma 1.3.2,
and let us assume that pn(p; z) has at least m zeros xy,... ,zy, on V. By
Lemma 1.3.2 there exist m points y1,...,ym € C such that the rational
function 7y, defined as in (1.3.12) by the points zy,... ,Zm and y1,... ,Ym
satisfies the inequality (1.3.13). With r,, we define the modified monic
polynomial

gn(2) == rm(2)gnp; 2) = 2" + -+,
For the L?(u) norm of this polynomial we have the estimate

gnliz2(uy < Irmllsllan(es pz ) < llanles Lz,
which contradicts the minimality (1.3.10) of the monic orthogonal polyno-

mial g, (y; 2). Hence, we have proved that pp(g; z) has at most m — 1 zeros
on V.

(b) Now let V be a compact set contained in C\ Co(S(p)), and let p, (y; 2)
have at least one zero on V. Then it follows from part (b) of Lemma 1.3.2
that we can repeat the analysis of part (a) of the proof, but now with m = 1.
This proves that pn(p; 2), n € N, cannot have any zero in C \ Co(S(u)).
U

In general, nothing more can be said about the zeros in €, as is shown
by the following example.

Example 2.1.2. A weight measure y with a nonconvex simply connected
support S(p) is constructed. For this measure y it is shown that infinitely
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many of the orthonormal polynomials p,(p; 2), n € N, have at least one

zero outside of S(u), and these zeros cluster at every point of a prescribed
set in Co(S(u)) \ S(p).

Let S be the semicircle {z = €% | t € [0, 7]},
(1.2) ©:[0,1] > 8 with ¢(t) = €™
a parametrization, and

27 -1
(13) Sn={(,0(t)| t=2JnT,]=1,,2n}QS, n=0,1,...,

a finite, equally spaced set of 2" points. For m # n the two sets S, and
S are disjoint. Set

(1.4) Ty i=Sp_1U---US;, n=12,...

This is again an equally spaced set in S, it contains 2™ — 1 points, and for
m > n the two sets T, and S5y, are disjoint. The measure y is constructed
as an infinite sum

(1-5) “=M0+ul+...1

in which the single terms p; with support on §;, 7 = 1,2,..., will be
recursively defined.

We assume that the first n measures pp,... , un—1 have been defined in
such a way that

(1.6) sl >0 and S(u;)=8; for j=0,...,n—-1

(o is the unit measure at z = ). Let now y; and y2 be two arbitrarily
selected distinct points from S),, and distribute to these points two masses
b1 > 0 and bo > 0 with by + ba < [|pn—_1l|/4. If b1 + bo is sufficiently small,
then the orthonormal polynomial

(1-7) pm(ﬂl +o 4 Up—1+ b16y1 + b26y2§ Z)a m = 2n,

has 2™ — 1 zeros close to the 2" — 1 points of the set T}, and exactly one
zero close to the line connecting the two points y; and y2. Depending on
the ratio by /by, this last zero will be located closer to y1 or yo.

Since the last two sentences are very important for the understanding of
the whole example, we will elaborate on them in more detail: Let

(1.8) pl™ = g1 + o+ pno1 + b1y, + boby,

be the measure used in (1.7), g = qm(,u(n); )= pm(u(“); 3/ ¥m(u™) the
monic orthogonal polynomial with respect to the measure u(”), and ¢(z) =
2™ + --- the monic polynomial having a zero at every point of T, and
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one zero at z = 0. From the minimality property (1.3.10) of orthogonal
polynomials we derive

(1.9) /|qm12d”(n> < /|q|2du(”) =O(b1+by) as by +by —0.

From (1.9) it follows that the orthogonal polynomial ¢;;, has m — 1 zeros
near the m — 1 points of the set T, and that these zeros converge to the
points of Ty, if b1 + bo tends to zero. Let the first m — 1 zeros of the
polynomial ¢, in an appropriate order be denoted by 2y,...,2m,m—1, the
points of 7, by z1,... ,Tm—1, and the differences between corresponding
pairs by Az; := z; —z4, 7 =1,...,m — 1. In order to have more precise
information about the magnitude of the differences Az;, j=1,... ,m—1,
we expand the integral on the left-hand side of (1.9) with respect to the
differences Az; :

(1.10)
m—1
[ lam ™ = 57 (2Dl P85 + blarma1)
j=1
m—1
+ balgm (¥2)|* + +O Z |Az; 3 as by +by — 0.
=1

This immediately implies the preliminary estimate |Az;| = O((b1 +b9)1/2).
Because of the minimality (1.3.10) of gy, in L2(u(™), the directional deriva-
tive of the left-hand side of (1.10) with respect to z; in any direction must
vanish. Taking this directional derivative of both sides in (1.10) in the di-
rection Tz leads to

m-—1

0 = u™ ({2 Dlgh (zr) 22122 + O | Y |Az|* | + O(b1 + by),
i=1

which, together with the preceding preliminary estimates gives |Az;| =
O(b1 + be) provided |qf,(z;)| is not small, that is, provided that the last
Zero z, of ¢,, is not near to any point of T,,. This will be justified in the
sequel, hence we can conclude

(1.11) |Azj| = O(by +b2) as by +by—0

forj=1,... ,m—-1.
Now let the polynomial Q);,—1 be defined by g (2) = Qm-1(2)(2 — 2m).
From (1.10) and (1.11) we derive

(1.12)

/ lgm|2d’™) = b1 Q1 (1) Ply1 — 2m|? + b2|Qum—1(¥2)12|y2 — 2m |2

+O((by +b2)?) as by + by — 0.
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If we neglect terms of higher order in b1 + ba then we see that the integral
in (1.12) is minimal if

01| Qm—1(y1)|%y1 + b2|Qm—1(y2) %2
(1.13) S @t + b2l Q1 (2P

which is a point on the line connecting the two points y; and y9. The
position on this line depends on the ratio of b; and bo. If we do not
neglect the terms of higher order in b; + b2, then the point z,, may move
away from the position given in (1.13), but the movement will be small
if we keep b1 + bg sufficiently small. Finally, to justify the aforementioned
claim that the last zero zy,, cannot lie close to Ty, we have only to observe
that the integral in (1.12) obtained by the value (1.13) is smaller than the
smallest value of the analogous integral if the zero z,, of gn, is close to a
point of Tr,.

With this last remark our investigation of the location of the zeros of
the orthonormal polynomial (1.7) is completed. We continue with the con-
struction of the single terms in (1.5).

If we add further terms to the measure (1.8), then the location of the
zeros of the polynomial (1.7) will move. However, the movement can be
kept small if the total mass of the added terms is kept sufficiently small.
Having this connection in mind, we distribute a small total mass b > 0
uniformly to all 2" points of 5,. The measure u, is then defined as

b
(1.14) = b1y, + baby, + o > by
YESn

In this way we can go on and define all further terms in (1.5). At every
step we have to take care that the zeros of the orthonormal polynomials of
degree m = 27, j =1,...,n, do not change too much. Ultimately we get a
measure g with the property that the associated orthonormal polynomials
Pm(p; z) have at least one zero outside of § = S(u) for m € N := {m =
2" | n € N} C N, and, as m — oo, m € N, this zero will cluster at
prescribed points in Co(S)\ S if at every step the points y; and yo and the
corresponding masses b; and b9 have been appropriately selected.

It is not difficult to see that the construction of the example can be
refined so that more than one zero of any pn,(p;2), m € N, lies outside
of S. However, because of Theorem 2.1.1, there exists an upper bound for
the number of zeros that any polynomial py, (u; z), m € N, may have on a
given compact subset of Co(5) \ S. O

P. Turan [Tu] raised the following problem. Suppose that the measure
@ is supported on the unit circumference. Can it happen that the set of
all zeros of all orthogonal polynomials py(p;-), n = 1,2,..., is dense in
the unit disk? The affirmative answer was given in [AlVi]. With obvious
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modifications in the construction given in Example 2.1.2 we can get the
following stronger statement.

Theorem 2.1.3. Let S be any compact subset of C. Then there is a measure
p such that its support is S and every point of the convex hull Co(S) of S
is a limit point of the zeros of pn(p;:), n=1,2,....

Next we characterize the sets of measures that arise as weak™ limit points
of zeros of orthogonal polynomials corresponding to measures p in the
important special case when S(y) = [0, 1], although our method works in
many other cases as well. In other words, we want to determine the sets

1
M, = {v | v is a weak* limit point of the measures —

n Pn ()
n=12... }

when the support of x is contained in [0, 1]. Then, of course, M,, C M[0,1],
where M|0, 1] denotes the set of unit Borel measures on [0, 1], and we always
think of the latter space as equipped with the weak* topology.

Theorem 2.1.4. M, is a closed and connected subset of M[0,1], and if

M* is any closed and connected subset of M[0,1], then there is a p such
that M, = M*.

Proof of Theorem 2.1.4. Let {fi.} be a countable dense set in the unit

ball of C[0,1] and set
o o]
dp)= 32| [ fudu— [ frao
k=1

Then the topology on M]|0,1] associated with the metric d is exactly the
weak* topology.

Obviously, M,, is closed. To prove its connectedness we mention first
of all that the interlacing property of the zeros of consecutive orthogonal
polynomials implies that d(%"pn(u;-)’ n+-1”pn+1(u;-)) — 0 as n — oo. Now
suppose that M, is not connected, and there are two nonempty disjoint
closed subsets K and K9 of M, such that their union is M,,. Since M[0, 1]
with the metric d is compact, the distance of K1 and K3 is positive, say d.
Now the points %upn( ;) wander from points close to K to points close to
K9 and back, while their distance tends to zero, so it is obvious that there
is a sequence {nl_k"pnk(u;')}z?—-l with the property d(K, Hl';”pnk(u;-)) > dg/3
for all k and j = 1,2. But then no weak* limit of {ﬁl{”pnk(u;-)}locil can
belong to K7 U Ko, which is a contradiction and hence the connectedness
has been proved.
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Suppose now that M™* is closed and connected. Then we can choose a
sequence {pn} C M* such that its closure is M* and d{pn, pn+1) — 0 as
n — 0, the existence of which is guaranteed by the connectedness of M™.
We choose a sequence Y = {y;}3>; C [0,1] of distinct points such that
with

1 m
o(m;Y)=— Z by,
m
k=1
for some sequence {N,} we have

(1.15) nzlE»noo d(o(m;Y), pn) = 0.
N.<m< Ny

That this is possible is standard, but for completeness we give a sketch
here.
For each n there are sequences Y(") = {y](c”)}zozl C [0, 1] such that

lim d(o(m; Y)Y, pp) =0

m— 00

(see, e.g., [Tol]). Without loss of generality we may assume that all the
points {yfk”’} are different. Now with some fast increasing sequence {Np},
Nj =1, to be chosen subsequently, let

Y = yl(cTi)Nn+1 for Np <k < Npy1.

If N, <m < Np41 then o(m;Y) is a convex linear combination of
o(Ny = N1, YD), o(Ng = Np, YD), ., o(Np = Npog, Y7L,
o(m— Np +1,Y™)
with corresponding coefficients

No— Ny N3— Ny Nn—Np-1 m—N,+1

’ R s ’
m m m m

and if N, > N,_1n? is large compared to N,_; then only the last two
terms will not be negligible, that is,

d (a(m; Y), ﬁﬁ*—nfv—n_la(]\fn — Nn_l,Y("_l))
m n

Since for large N, either
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or

d(o(m = Np + Y™ p.) <

S

’

and furthermore

1
d((Nn = N1, YD) o) < —,
we get
Np — Np— m— Np +1 4
d (U(m5 Y), upn—l + "'—n—_Pn) -
m n
Finally, since d(pp—1, pn) — 0 and
Np — Np—1 +m—Nn+1 S 1—%,
m m n

we obtain
4
dio(m;Y), pn) < - +0o(l), Np<m< Npi,

and (1.15) is proved.

What we have done so far implies that if {argcn)}gzl, n=12,...,isan
arbitrary point system such that

(1.16) max 2™ — | — 0

as n — 00, then the set of the weak* limit points of the sequence

1 n
k=1

coincides with M™*. Thus, it is enough to show a p such that the zeros of

the corresponding orthogonal polynomials in a suitable numbering satisfy
(1.16). But this is easy: Set

oC
= Z Cj(syj’
j=1

where the positive coefficients c; will be chosen in a moment.

We claim that if ¢1,...,c, have already been chosen, then there is a
number «, > 0 such that if

n

p = chéyj + PO
j=1
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is any measure with ||pg|| < an, then the zeros :c(ln), e ,xﬁb") of P,{(p;) (in
a suitable ordering) satisfy

(n) 1 :

=z <=, 1<53<n.

In fact, let Bp = minj<j <y |yj — yi|/n, and set pp(z) = JT,-":l(:u - ;)
T g#l

For this we have

/p%dp < |lpoll < an,

but for any polynomial P, of degree n with real zeros and leading coeflicient
1, if P, does not have a zero in (y; — Bn,y; + Bn) for some 1 < j < n, then
we have

[ P2p > P2ay)e; > o

Therefore, if ap < 87 minj<;<q cj, then py(p;-), having minimal L%(p)
norm, must have a zero in each of the intervals (y; — Bn,y; + 8n), which
proves the claim.

Now using this claim we can choose the coefficients one after the other
to satisfy 0 < ¢p41 and Zgin+1 ¢k < minj< <y, @ for the corresponding
a;s and the theorem is proved. O

In the proof above the measures that we constructed were discrete ones,
that is, for them ¢, = 0. The analogous problem when ¢, > 0 is much more
difficult and will be discussed in Section 2.3.

Our last result in this section shows that weak™® limits need not be equi-
librium distributions even if ¢, > 0 is assumed (see the historical notes at
the end of the book). Actually this follows from the more difficult result of
Section 2.3 but we found it instructive to give here the following concrete
example.

Example 2.1.5. Let w(, 3 be the equilibrium (or Chebyshev) distribution
of the interval [a, ], that is, dwy, p)(z) = H(z—a)(b—2))"1/2dz for z €
[a,b]. We set k = %(w[—l,l} + w[_29}) and show a p with support in [-2, 2]
and ¢, > 1/2 such that & is a weak*® limit of the zeros of the orthogonal

polynomials py(g;-). This shows the aforementioned phenomenon, since s
is not the equilibrium distribution of any set.

Let
v(z) = exp(p(k;z) — §log2) = |z + Va2 — 1|72, ze[-2,2],

with the branch of the square root that is positive for positive x, and first
we establish the following properties of these weights. For simpler notation
let [[; be the set of all polynomials of the form 2™ + - .- .
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(a) There are polynomials Qr, € [];, with zeros in [-2,2] and

||ann||Loo[_2,2] < 8. 2—11,/2.
(b) If for some polynomials P, € [[7, n € N CN,

1/n

—12
Lef 2g S27Y

limsup ||Pnv™|]
n—oo, nEN

theannln,asn—eoo, n € N.

Property (a) follows from the fact that for the Chebyshev polynomials
T (x) = 27" cos(n - arccos z)

=2""(z+ Va2 -1)"+(z - V2?2 - 1)")

we have ||Tn| geo[-1,1] = 217" and so, for example, for even n we can put
Qn(2) = 2”/2Tn/2(ac)Tn/2(ac/2) (when n is odd replace the second n/2 by
(n+ 1)/2 and the other two ones by [n/2]).

Property (b) obviously follows from the following somewhat more general
lemma that we will also need in subsequent sections.

Lemma 2.1.6. Let o be an arbitrary probability measure with support
in [a,b] and suppose that its potential p(o;-) is continuous. Set w(x) =
exp(p(o;z) —maxp(o;-)), where maxp(o;-) denotes the mazimum of p(o;-)
on [a,b]. If for some polynomials P, € [[},, n € N CN, with zeros in some
interval [A, B] containing [a, b]

limsup ||Ppw nllLoo[ b]<exp( max p(a;-)),

n—oo, neN

*
then vp. — o asn — 00, n € N.

Proof of Lemma 2.1.6. Let w be a weak* limit point of the measures
{ ~vp }tnen. We have to prove that w = o. Without loss of generality we
Imay assume that the whole sequence { vp }nenN converges to w. For e > 0
and large n € N we have

1
(1.17) - log + ¢ > p(o; )

1
| Pr ()|
for all z € [a,b]. Since the latter set contains the support of o and o has
finite logarithmic energy (this follows from the continuity of the potential
p(o; ) by integration with respect to o), we can conclude from the principle
of domination of potential theory (see Appendix III) that (1.17) holds for
all x € C. Letting n tend to infinity through N we get for z € C\ [A, B] the
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inequality p(w;z)(z) + ¢ > p(o;z), and finally for € — 0 we get p(w; ) —
p(o; ) > 0 outside [A, B]. But the left-hand side is harmonic in C \ [A4, B]
and vanishes at infinity, so therefore the two potentials p(o;-) and p(w;-)
coincide outside [A, B]. But then they coincide everywhere and we get
w=g. O

Before we can turn to the actual construction of the measure p we need
one more lemma.

Lemma 2.1.7. If w is a positive continuous weight on [a,b] then

1
sup (|| Paw™|| oo b1/ 1 Patw™ | ape st ™ — 1
P,#0

degP,=n

asn— oo,

Proof of Lemma 2.1.7. The proof is an easy consequence of the well-
known Nikolskii inequality [Ti, 4.9.6] according to which

1 Prll Lo (0,8 < 3(8 — a)_1/2nIan||Lz[a’ﬁ], degP,, = n.

In fact, if € > 0 is given, then using the continuity of w we can decompose
[a, b] into finitely many intervals I, 1 < k <, such that w(z)/w(y) < 1+¢
if z and y belong to the same interval Ii. Let 73, € I be a fixed point in
Ik- Since

|1Prw™|| poo(r) < (14 €)™ w ()" [ Pall oo 1]
< (14 €)™ w(rw) "3 Ikl 20| Pall o1,
< 3(L+ €)™l T 20l Paw™ [ 2ga 1),

we get the statement. O

After these preliminaries let pg be the Lebesgue measure on [—1, 1] and

n) 2
2Nn Z TL& (“)7

where {azgc")}iv__'jl are the left endpoints of the intervals obtained by dividing
[—2,2] into Ny, equal parts, and where Ny are chosen in such a way that
for polynomials P, of degree at most n we have

1 2
(1.18) §/Pgdun < n_2/2Pg(x)v2"(:c)da: < 2/Pf2ldun.

We show that with an appropriate sequence {n;} the measure p = pg +
> heq #n, satisfies the requirements.
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Cp > -% is obvious because g > pg. Let my = Ef;ll Npn., Ly = ng —my,
and choose {ng} so that mg/n; tends to zero as k tends to infinity. With

P, () = Qp, (2) I1 (¢ —a{™)),

1<t<N,, 1<s<k—1

where (7, are the polynomials from (a), we have deg(Py, ) = ng and

/P,fkduns =0, s=1,2,...,k—1.

When s > k then

2
[ Pruna, <203 [P (@00 (@)a

2
< 2n;2 / P2 (z)v*"* (z)dz
-2

<2 4™ QL oy

and
2 1 2
[Pnkduoz‘/ank(a:)d:E

1
— [ PL @ @)de < 4 Qu oM B

from which we have
2 1 —
/Pnkd# <A THQL v e gy S 4™ T2
But

/qﬁk (3. 2)dp(z) < /Pﬁkdu,
and from (1.18) and Lemma 2.1.7 we have for any C > 1 and large k

lam (i )0 [ gy < C*7 / aa, (4 )0*"™ (z)do

<2020 [ G2 (us2)duny (o) <2 O [ 2, (i iuo),

which, together with the previous estimates and Lj/n; — 1, yields

. 1 _
lim sup llgn (1 Yo" | 0 _p g < 27172,

k—oo

Thus, v,

ey L) % k as k — oo follows from proposition (b). O
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2.2 Norm Asymptotics and Zero Distribution

Since 1/vn(p) equals the L?(x) norm of the monic orthogonal polynomial
pn (5 2) /¥ (), asymptotics for {+/" (1)} are often referred to as norm
asymptotics for orthogonal polynomials. As we shall see they are closely
related to zero asymptotics.

To avoid pathological cases (cf. Theorem 2.1.4 and Examples 1.5.1, 3.5.2,
and 2.2.5), in this section we will assume that ¢, > 0 and Int(Pc(S(p))) =
@, that is, that g does not have a carrier of zero capacity and S(p) =
supp(p) has connected complement and empty interior. Recall also that
Vo (i) denotes the normalized counting measure on the zeros of pp (g, ).

Theorem 2.2.1. We assume that ¢, > 0 and Int(Pc(S(p))) = 0.
(a) The existence of the weak™ limit

1

(2].) ;,;Vpn(ﬂ;

)V as n—o00, n€N,

for an infinite subsequence N C N implies the existence of the limit

2.2 lim /n,

(2.2) . L Tk

Furthermore, if for each of two infinite subsequences N1, No C N the limit
(2.1) exists, and the two limits are identical, then also the two corresponding
limits (2.2) are equal.

(b) If
1
2.3 lim An(p)/" = ————
23) e )
for some subsequence N C N, then we also have
1
(24) El/pn(’u’;_) — (US(H) as n—o0, n eN
in the weak* sense.
(c) If
1
: 1/n _ -
(2.5) dm n ()7 = —,
neN s
then
1
(2.6) —Vp. () — Wu 88 n—o00, nEN
n b

in the weak” sense.

Recall that wg(,y and wy, are the equilibrium measure of S(u) and the

minimal-carrier equilibrium distribution associated with p (see Definition
1.2.5), respectively.
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Remarks. (1) Note that (see Corollary 1.1.7) 1/cap(S(p)) and 1/c, are
the smallest and largest possible limit points of the sequence {vn(u)/"},
thus (b) and (c) provide the converse of (a) in these two extreme cases. In
Example 2.2.7 we will show that nothing similar can be true in between

1/cap(S(p)) and 1/c,.

(2) Both assumptions ¢, > 0 and Int(Pc(S(u))) = @ are really necessary.
The necessity of ¢, > 0 will be shown in Example 3.5.2. For the necessity
of Int(Pc(S(11))) = 0 see Example 2.2.5.

(3) Part (a) of the theorem is true together with its proof if we merely
assume S(u) = 9Q, that is, that the support of p lies on the boundary of
its polynomial convex hull.

Next we list some corollaries of Theorem 2.2.1. In each of them we keep
the assumptions

(2.7) ¢ >0, Int(Pe(S(p))) = 0.
Corollary 2.2.2. With assumption (2.7) the existence of the limit distri-
button of zeros implies norm asymptotics (i.e., the existence of the limit of

{(p)/"}) for the orthonormal polynomials.

Corollary 2.2.3. Assuming (2.7), the relations

1
1 l/n = e————
and
2 im X
(29) Al Vo (i) = @S(k)

are equivalent.

Corollary 2.2.4. Assuming (2.7), the relations

1
1m l/n = —
nlLoo ’Yn(.UJ) »

and
i 1
mm -V L =W
n— OO n pn(ﬂ':') ”

are equivalent.

Proof of Theorem 2.2.1. (a) Let us assume that for an infinite subse-
quence N C N the limit (2.1) exists, but the limit (2.2) does not. From
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Corollary 1.1.7 we know that the sequence in (2.2) is bounded, and there-
fore we can select two infinite subsequences N1, No C N so that the two
limits
(2.10) lim ()Y =%, j=1,2

n—oo, nEN,

exist and ¢; # cp. If we apply, as in (1.3.27), the lower envelope theorem
of potential theory (Appendix III) to the two sequences

{(1/n)loglpn(p; )| |n €N;}, j=1,2,

we derive from the upper and lower asymptotic bounds (1.1.6) and (1.1.10)
of Theorem 1.1.4 that

(2.11) 0< —p(v;z) +¢; < gu(z;00), j=1,2,

holds true qu.e. on 9Q. From (2.11) and Lemma 1.2.3 it follows that for
every minimal carrier C' € I'g(p) we have

(2.12) —p(v;z)+c; =0 qu.e. on C.

Since cap(C') = ¢, > 0, we get from (2.12) that ¢; = co, which disproves
our assumption that the limit (2.2) does not exist.

If for two infinite subsequences N1, No C N the two limits (2.1) exist and
are identical, then we can merge these sequences, and for the new sequence
we have convergence again. Therefore, the limit (2.2) also exists for the
merged sequence, which proves that the two original limits (2.2) have to
be equal. Thus part (a) is proved.

(b) Let us now assume (2.3). It has been proved in the beginning of the
proof of Theorem 1.1.9 that (2.3) implies

1 AL/ = pga(zi00)
pim [P 2)] e
for z € C\ Co(S(p)), where Co(S(u)) denotes the convex hull of S{u).
Thus, if o is any weak™ limit point of {%l/pn(“;,)}neN then for its potential
p(o; z) in C\ Co(S(p)) we have

(2.13) p(o:z) = —ga(z;00) + log = Plwg(u); 2)-

cap(S(u

Here o is supported on S(u) (see Theorem 2.1.1), hence (2.13) holds true
in €2, as well, because the two sides are harmonic in 2. Since both sides
are continuous in the fine topology and the boundary of €2 in this topology
contains 9 = S(u), (2.13) extends to all z and so o = wg(,) by the prin-
ciple of domination and the one-to-one correspondence between measures
and their potentials. This proves (2.4) because o was an arbitrary weak*

limit point of {£v, () nen-
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(c) Exactly as in the proof of (b), condition (2.5) implies
: /7 = p9u(z500)
im |pn (s 2)[ /7 = 69 (75%0),
neN

and, on applying
0u(z50) = —plwg(iz) + logi
(see (1.2.11)), we can complete the proof as before. O
Corollary 2.2.2 is an immediate consequence of Theorem 2.2.1.

Proof of Corollary 2.2.3. We only have to show that (2.9) implies (2.8).
If we assume (2.9), then part (a) of Theorem 2.2.1 ensures the existence of
the limit

lim 7n(l~l')l/n =6

n—oo

and we have to prove ¢ = 1/cap(S(g)). Now with the lower envelope the-
orem of potential theory (Appendix III) it follows from these assumptions
that

) 1
(2.14) limsup — log |pn (1; 2)| = —P(ws(u); 2) +logc

n—oo n
qu.e. in C. If we compare (2.14) with the upper asymptotic bound (1.1.6)
of Theorem 1.1.4, then we derive with representation (A.10) in Appendix
V of the Green function g (z; o) the inequality

(2.15)  ga(z;00) + logcap(S(u)) +loge < gu(z;00)  qu.e. on C.

From Corollary 1.1.7 we know that logc > —logcap(S(u)). It follows from
Lemma 1.2.3 that ¢y, > 0 implies g, (2; 00) = 0 on a set of positive capacity,
hence in (2.15) we must have log c = — log cap(S(u)). O

Proof of Corollary 2.2.4. As in the preceding proof we only have to show
that

.1 : 1
R R .. S D

imply ¢ = 1/c,,. Instead of (2.14) now we have

=c

i 1
lim sup - log [pn (p; 2)| = —p(wy; 2) +loge,

n—oo

and taking into account (1.1.10) and the representation (1.2.11) we get for
qu.e. z € 90 = S(u)

0 < —p(wp; 2) + loge = gu(z; 00) + log e, + loge,
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and so ¢y, > 0 implies again ¢ > 1/c,. Finally, here the equality must hold
because of Corollary 1.1.7. O

We promised the following example in Remark 2 after Theorem 2.2.1.

Example 2.2.5. We construct a measure p with ¢, > 0 such that for some

NCN
1
(2.16) A~V (45r)
neN

exists, but {v, (1)1 "1.en does not converge. Of course, for this y we must
have by Theorem 2.2.1(a) that Int(Pc(S(u))) # 0.
The construction is based on the following lemma.

Lemma 2.2.6. Let g,(2) = 2" + - -+ be any monic polynomial of degree n
and let

Ap(gn) = AL = {zllgn(2)| = L}

be a level set of qn. Then pp(wa,;2)/m(wa,) = qu(2), that is, the nth
monic orthogonal polynomial with respect to the equilibrium distribution of
Ay s exactly qy,.

Proof of Lemma 2.2.6. It is known that cap(A;) = LY™ (see [La,
Chapter II, Section 17, p. 173]) and so (see [Ts, Theorem III.12])

plwa,;2) < —log L™, zeC.
Now if R, (z) = (2 — 21) -+ (2 — 2y,) is any monic polynomial of degree n

then from the inequality between the geometric and quadratic means we
have

IRallz s,y > exp ( [1oelRa(alidon, ()
n
= Z —plwa,;zj) | > LY =L,

and since for g, we have

1/2
HQ?'L”LZ(wAL) = (/ L2deL) = La

our claim follows from the extremality property and uniqueness of monic
orthogonal polynomials with respect to minimal L? norm. O
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Returning now to Example 2.2.5 we set

o0
(2.17) p=po+ Y ps
k=1

where p is the Lebesgue measure on [—1,1] and pg, k& > 1, will be some
discrete measures on some level sets of certain polynomials. In any case
— 1
CN Z CIJIO -_— g.
We set

m
p™ = g+ 37 g
k=1

Each pg, k& > 1, will have finite support; therefore, for p(™) the lower
and upper bounds in (1.1.13) are identical to 2, and on applying Corollary
2.2.3 we can conclude that the limit zero distribution of the orthogonal
polynomials corresponding to ,u(m) coincides with wi_1,1}- Using the metric
d introduced in the proof of Theorem 2.1.4 for weak* topology, we can thus
guarantee a large number N,,, which is then fixed in the rest of the proof,
such that

1 1
(218) d (ml/me (“(m);.)EUJ[_l;l]) < E’
and at the same time
(2.19) VN, ()Y <3,

In (2.17) we require that each py has norm ||ux|| < €k, where the positive
sequence {¢j} will also be defined during our construction. If e, 1 < €/2
is satisfied, then we have in any case

o @]

Z sk < 26m+1.
k=m+1

Therefore if €,,,1 is small enough, then independently of the actual choice
Of fim 41, 2y - .- (2.18) and (2.19) imply

1 1
(2.20) d (N_m"pnm(u;-);w[—hl]) <
and
(2.21) VN () < 3.

Fix such an €41 > 0 (which we can also choose smaller than e, /2 pro-
vided ¢,, has already been chosen).
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For large n the level set of |pn(u(™);.)| corresponding to L = 10" is

contained in the disk Dig := {z||z| < 10} because outside supp(u{™) we
have locally uniformly

lim |pn(p(™);)|1/" = egeri-1u(zi00)

n—oo
and .

9c\[—1,1)(7;00) = log|z + V22 — 1.
Now set

an(2) = an,m(2) = pn(B™; 2) 1 (u™)
and L = L(m,n) = 107 /~,(u{™) in Lemma 2.2.6. This lemma then asserts
that with
Wnm ‘= WArimny = YArimon) (gn,m)

the nth monic orthogonal polynomial corresponding to wp m is gn m. Since

the same was true for the measure p(™), we can conclude that the monic
orthogonal polynomial with respect to /J,(m) + Em+1Wn,m 18 again gn m, and
so for large n

(222) /2™ + emi1wn,m)
:/|Qn,m(z>|2d#(m)(z)+5m+1/|Qn,m(z)|2dwn,m(z)

= (1 + emy110%7) /7 (™) < 26011 (10" fy (™)) 2,

because |py, (u(m); z)| = 10™ on the support of wy ;m. Thus, we can choose
a large number n = M, such that

(2.23) M, (1™ + ey, ) > 4Mm

1
(224) 4 (MmVpMm(#(m)+€m+1me.m;');w[—1a1]>

_ (! . 1
=\ 2, Ve () =11 | S T
(for (2.23) consider (2.22) and

. (m)1/n _
nll{go (™) 2
established previously). Fix an M,, > N, with properties (2.23) and
(2.24). If ppe1 is a sufficiently good discrete approximation with finite
support in Dig of the measure &,,+1wpr,, such that ||gmy1]] = émy1, then
we have with (2.23)-(2.24)

(2.25) Yo (™ + pimt1) = Y1, (1t
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1 1
(2:26) d (m"’wmww;-);w[—l,u) <o

Now if .42 1s sufficiently small (compared to 1/M,y,, which has already
been fixed) then independently of the actual choice of pm19, im+3,... We
will have from (2.25) and (2.26)

(2.27) Ya, ()M > 4,
and

1 1
(2.28) d (M_mprm(”;');w[_l’l]) < p—

This finishes the induction step during which we choose the numbers
{em}, {Nm},{My,} and the measures {yy,} in the order ..., N, emy1,
M, tbma1s Nm+1, €m+2, ... depending on the terms that have already
been chosen. The construction yields a p with supp(p) € D1, ¢y > 1/2,
and properties (2.20), (2.21), (2.27), and (2.28). Setting N to be the se-
quence with terms Ny, and M,,, m = 1,2,..., we can see that the limit
(2.16) exists (= w_; 1)) but {vn(1)1/™} hc N does not have a limit. ]

Our final result shows that, contrary to Corollaries 2.2.3 and 2.2.4, norm

asymptotics, in general, does not imply zero asymptotics even if ¢, > 0
and Int(Pc(S(u))) = 0.

Example 2.2.7. We construct a weight measure g with support on [0, 3]
such that c, > 2]1; and

. i/n _
(2.29) Am oy (p) " = 2,

but every equilibrium measure wi; 9, 7 € [0,1], is a weak* limit point
of the zeros of orthogonal polynomials corresponding to .

Let pp be the Lebesgue measure on [1,2], and with a sequence {ap} C
[0,1] to be chosen subsequently let u, be the measure that assigns mass
75 to each of the points of the set S, = {an, +2tn_3}?il. Choose {an} C
[0,1] in the following way: For an n and € > 0 let n7 < n < nt be the
smallest and the largest integers, respectively, with the property that for
ng < k <ng we have |a, —ag| < €. Now it is easy to construct a sequence
{an} C [0,1] in such a way that each point of [0,1] is a limit point of {ay}
and for every € > 0

(n7)/n—0 and 6*/nt —0

hold as n — oo.
Let

To(z;a,b) = (b — a)"27 27+ cog (n . aTCCOS (2—(1;73—_—61)— — 1))
—a
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be the classical Chebyshev polynomials on [a, ] with leading coefficient 1.
The estimates

(2.30) | T (z;a,0)| < (b—a)"27 2 1 € [a,8)],
and
(2.31) |Tn(z5a,b)| < 3", z€[0,3], a,b€0,3],

follow immediately from the definitions.
Now for an n and € > 0 set mp = n— Uy~ S|, an = max(an —¢,0),
Bn = min(an + 2 + €,3), and

Py(z) =T, (zi0m, 8n) [ (z—7).

'rEUk<nE_ Sk

Since | Uy .- S| < (n7)4, we have my, > n — (n7)*, deg(Pn) = n, and
P, has leading coeflicient 1. For z € [a, — €, an +2 + €] N[0, 3] we get from
(2.30) that

and this combined with (2.31) and the fact that P, vanishes on the support
of p for 1 < k < n; yields

Yo 2 (1) S/Pﬁdu=/P2duo+ Z /Pzduk+ Z /P2dﬂk

k=nt+

oo

2Mn §—2ma+202(n 2 ~2

< (1 +€)?Mn g~ 2mat232(n 1+§ 2] +3 3k
k=ng k=nt+1

< 4(1 4 €)2mn272ma+232(n0) | 320 it < exp(o(n))(1 + €)2"27 2"

from which

(2.32) liminf vo/™ (1) > 2
n—oo

follows.

On the other hand, we easily get from Markov's inequality

2
||f11'1,(u§ ')HLC’O[an,an+2] < n®llgn(ps ')||L°°[an,an+2]
that

Yol = /qﬁ(u;-)du> /qn(u, Jdpun > n° max g2 (p; x)

ke3

_ o —
2 %n 5”qn( ||L°° g,n an+2] > 2 n 5
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where, in the last step, we used the well-known fact that the supremum
porm of any polynomial of degree n with leading coefficient 1 over an
interval of length 2 is at least as large as 27™+1. This together with (2.32)
proves (2.29).

Now let 7 € [0, 1] be arbitrary. There is a sequence {an, }72; converging
to 7. Before, we verified that

| e !
Jm lgn, (45 ) foeta, 0, 42) = 2

which combined with the fact that

. 1/n n
k—oo k— o0 TR

(this immediately follows from the well-known Bernstein-Walsh lemma, see
[Wa, p. 77] or (A.31) in Appendix IX for w = 1) yields

lim sup ank (13- )HL/o?kT 7+2] < Q
k—oo
Now
SV () = Kl
is an immediate consequence of this and Lemma 2.1.6 (applied to o =
Wlr,r+2) la,b] = [r,7+2]). [

2.3 Asymptotic Behavior of Zeros when ¢, >0

Now we return to the question of characterizing the sets

My, ={v|v is a weak* limit point of the measures — ~Vpn ()}

For arbitrary weight measure p with support in [0,1] this was done in
Theorem 2.1.3, but the question for ¢, > 0 was left open (note that different
Hs may have the same M, classes).

In the sequel we will encounter potentials p(v;-) that are bounded above
and at some point they take on their supremum. We shall write MAXp(y; -)
for the set of mazimum points of p(v; -) with the agreement that MAXp(v; )
i8 empty if the potential is not bounded above or if its supremum is not
attained. With this concept we prove the following theorem.

Theorem 2.3.1. Let S(p) C [0,1). If ¢, > 0 and C is a minimal carrier
of pu then any weak* limit v of the zero distributions {%Vpn(‘u;_)} satisfies

C “C”"MAXp(v;-) and supp(v) C C, where “C” means inclusion except for
a set of zero capacity. Conversely, if C C [0,1] is of positive capacity and
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M is the set of probability measures v satisfying C“C”"MAXp(v;-) and
supp(v) C (|, then there is a measure p such that C is a minimal carrier
of p and M, = Mc.

This theorem says that all possible weak* limits can occur among the
limit distributions of the zeros of orthogonal polynomials even in the case
cy > 0.

Proof of Theorem 2.3.1. Let ¢;, > 0 and v € M,,. supp(v) C supp(p) C
C follows from the well-known fact that in any interval contiguous to
supp(u) each of the polynomials pn(y;-) can have at most one zero (other-
wise there would be a polynomial of degree at most n — 1 having the same
sign as pp(p;-) on supp(y), contradicting orthogonality). Furthermore, if

the subsequence { v, (,..)}ne N converges to v then {’Y;/(L;.)}ne ~ also con-

verges to some number « (see Theorem 2.2.1.(a)) and by the lower envelope
theorem (see Appendix III) p(v; z) — log a coincides quasi everywhere with
the liminf of the sequence

{%log(lﬂpn(ﬂ;xm}

neEN
But

lim sup |pn(p; )| 1/™ = 1
n—oo
neN

quasi everywhere on C (see (1.1.6), (1.1.10) of Theorem 1.1.4, and Lemma
1.2.3) and

lim sup |pn (s z)]™ > 1
NnN—o0
neN

quasi everywhere (see Theorem 1.1.4), thus the potential p(v;-) satisfies
p(v; ) < log a quasi everywhere, and equality holds for quasi every z € C.
From the lower semicontinuity of p(v;-) we finally obtain p(v;z) < log
everywhere, and C “C"MAXp(v;-) has been verified.

The second half of the theorem requires a more sophisticated argument
and we divide the construction into several steps.

(I) Choose a dense sequence {vg}2>, in Mg. Then there is a Cyp C C

such that cap(Cp) = cap(C) and Cy C MAXp(vg;-) for all k. Cp is not

necessarily compact, but we can choose an increasing sequence €7 C (2 €
- of compact subsets of Cy such that cap(Cy) — cap(C) as n tends to

infinity.

(IT) Fix a k. By [La, Theorem 1.2.7] there is an increasing sequence {v£}22,

of measures (with total mass at most one) such that the support of y,f: is
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contained in the support of v, p(u};_; -} is continuous, 1/2: 5 Vi as 1 — 00,
and for all £ we have
(3.1) p(vp;z) — p(vgiz), 1 — oo

Since then {p(u,i; -)}:2 1 must be increasing on {0, 1], and on the compact
set C} it converges to the constant maxp(v;-), on C} we have uniform
convergence in (3.1). These imply that there is a probability measure o (=
y}; /||I/z:“ for sufficiently large i) such that

(i) dog; vi) < 1/k, .
(ii) supp(oy) € supp(vg) € C,
(iii) p(og;-) is continuous,
(iv) max p(og;-) — 715 < plog; z) < maxp(oy;-) forall z e Cy.

In (i) d is the metric for the weak* topology introduced in the proof of
Theorem 2.1.4.

(IIT) We set
wi(x) = exp(p(oy; ) — max p(og;-)).

Then wy, is continuous,

exp(—max p(oy; ) < wg(z) <1
for x € [0,1], and

e MF <wy(z) <1

for z € C.. For any polynomial P, of degree at most n we have
(3.2) ”in]?”[O,l] = ”in;:”supp(ak)'

In fact, if M is the right-hand side, then

|Pn1($) > p(oy; ) — maxp(oy;-) — (log M) /n

1
3.3 -
(3.3) ~log

for all z € supp(oy,), and since o, has finite logarithmic energy, the principle
of domination implies that (3.3) holds true for all z € C and this implies
(3.2).

(IV) Now we select a certain finite subset of supp(ox) on which the max-

imum of every weighted polynomial |Pnw?| is comparable with the norm
of Ppw}. Let

{.’Egk,n), m(kan) - .'E%k’n)} —

1 g vee {:L‘O, :L‘]_, ceey .'L‘n}

be n + 1 points from supp(o) maximizing the determinant

D({z;}) := |zl wf(z:)lo<ij<n
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among all such systems. If P,(z) = Z?:o ajmj is any polynomial and
r € supp(oy) is fixed, then the vector v, := (:cjw};(:z))gsjs,n e R*tl g
a linear combination of the vectors vz, = (.’L“ng’(fbi))ggjsn, 0<i<n

(note that n+ 2 vectors in R®*! are always linearly dependent whereas the
latter n+ 1 vectors form a linearly independent system by the choice of the

points {z;}):

n
Ul? = _S_ ,81:'0;171,
1=0

where the coefficients 3; also depend on z. Recalling the way the ;s
are computed (Cramer’s rule) and the maximality of the determinant

|z§w2(:c,-)\0$i,js,l we get that each 3; is at most 1 in absolute value. But

Po(z)wi(z) =) BiPa(zs)wi(z;),

=0

from which we get

“Pﬂwzusupp(ak) S (n + 1)”in£“{$,}05,5”

Finally, if we also take into account that supp(oy) € C and that wy is
continuous, a simple compactness argument yields an (n + 1)-point set
Sk.n C C such that for all polynomials P, of degree at most n we have

1Paw o) = 1PawRllsupp(on) < (0 + 2)1Paglls, .

(use the fact that the set of polynomials P,, deg(FP,) < n, with
| Prw} llsupp(o,) < 1 is compact).

(V) Next we need the existence of polynomials P, x of the form z™ + -
such that

. 1
nh_)rréo ||Pn,kwg||[0/’71l] = exp(~— maxp(oy;-)).

The existence of such polynomials follows from the theory of weighted
potentials sketched in Appendix IX (cf. (A.30) in that appendix), but for
completeness we present a direct construction using the points from the
previous step.

Consider the points {z;}o<i<n = {2} }o<i<n from the preceding step,
and without loss of generality we may assume that

(3.4) [ (20— zj)wi(zo)| < |[[(zi - zj)wi(z:)
Jj#0 J#i

for all 4. If we factor out wi(z;) from the jth row of the determinant
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D({z;}), then what remains is a Vandermonde determinant; hence the
product of the right-hand sides of (3.4) for i = 0,1,... ,n equals

-1
{‘Tz} (H Wi (‘Tz )

Now if Pn,.k(l“). := []io{(z — z;), then the extremality of the system
{z;}o<i<n implies

| P jo(@)|w (z) < | P g(zo0)|wi (z0)

for z € supp(oy,) and so by the choice of z( and by what we have just said
(cf. also step IV)

~1/(n+1)
(3.5) ||Pnsw kul/“ < pm(nt1) (¢ (H wi(;) ) =: Ry k-

We recall that the points {z;}o<i<n = {:cgk’n)}gsisﬂ depend on both w
and n. We claim that the corresponding counting measures

1 mn
Pk i= T E Oéwgk,n)
1=

converge to oy in the weak™ topology. In fact, let {pg , }nen converge to

some ¢. Then with
(v,u) = / / log

(o, 2(o, 0F) + 2max p(og; )

/ =

= Jim_ nll{noo//(mln(M logl I) — p(ok; 2) — plog; t)

+ 2 max p(og; '))dpk,n(t)dpk:,n(z)

g ()au(2)

we have

— p(ok; 2) — p(og; t) + 2 max p(oy; -)) do(t)do(z2)

n

M 2 n
< Mym lim sup( CFSE (;(P(Uk;x,(;k’ )) — max p(og;-)))

—o0 n—ooo n+1
neN

1 B " - nn 7
+ (n + 1)2 log(D 2({$§k’ )}))) = hmeﬁxplog( 2/n( +1)({$§k, )}))
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But by the definition of the extremal points {z;"™} we have for any points
{i}izo C supp(og)

log(D~2({z{*™})) < log(D~2({m:})),

and integrating this inequality with respect to doi(yg) - - - dok(yn) we ob-
tain

log(D—2({mz(-k’n)}) <nn+1)

< [ [ (10872 = plowiz) = plowst) + 2maxplon: ) ) doe(e)don(s

2= 4
=n(n + 1)(—(og,0r) + 2maxp(og;-)).
Collecting the previous estimates we can finally conclude that
0< —(o,0)+2(0,0%) — (0, 0) = —(0 — Ok, 0 — 0}),

which is possible only when ¢ = oy, (see [La, Theorem 1.16)).
Thus we have proved ¢ = o} and as a side product of our computations
we get that the limit of log(Ry ;) from (3.5) as n tends to infinity is

(0k, 0k)—2 max p(og; -)—/(p(ak;t)—maxp(ak; ))dog(t) = —maxp(og;+),

by which the existence of the polynomials P, ; with the requested property
is proved.

(VI) With a sequence {n;} to be chosen subsequently we set

1 1 2n / "
K = 10 WC: + T3 Z Wy k(T)éT = py + His
(ng +1) (e +1)° 57

where we, is the equilibrium measure of the compact set Cy (cf. step I)
and Sy, ; is the subset of C appearing in step IV. Finally, let

o0
wi= .
k=1

We will show that Mg = M, and C is a minimal carrier of x, by which
the proof will be complete.
That

cap(C) > ¢, > supcap(Cy) = cap(C)
k
is obvious because supp(ur) € Cx € C, p > wg, for all k, and it is easy

to show that C} is a minimal carrier of we, . Thus, C is a minimal carrier
for u. Then, of course, by the first part of our theorem, we must have
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M, € Mg; therefore we only have to show the converse inclusion. This
will be done in step VIII after the preparation to be done in step VII.
(VII) Set.
Ty, (z) = Pmk,k(m) H (z—7),

TEUSH, »
r<k

where the Py, } are the polynomials from step V and Sy, , are the sets
from step IV, and where

k-1
M =ng — | USZ] S ol > g — Z(nr +1).

r=1

Thus, deg(Ty, ) = ni and Ty, has leading coefficient 1. Clearly, T),, van-
ishes on the support of u! for 1 < r < k, and since on the support of . for
1 < r <k, which are all contained in C}, we have by step III the inequality
1> wi(x) > e V5 we get

/Tﬁkd (él u’r)

2 2 k 2 2 k 2
< N Tasll, < €™/ FITngw I 1y < €M1 P, g} o 1

< e2ne/k exp (2mk (— max p(og;-) + %))

< e ne/k exp(2ng(— max p(og;-))),

ﬁrovided ny is large enough compared to ng_1. By the definition of u} we
ave

[ Th iy < Tl

for which the preceding estimate can be applied. Finally,

o0 o ©
[t 3 w)< ¥ <2 ¥ neny
r=k+1 r=k+1 r=k+1
2
< —— < 2exp(2ng(— max p(og;+)))
Nk+1

provided ny, 1 is large compared to ny.
Until now we have not said anything about the sequence {n;}. Let us

choose it to be so fast increasing that all the estimates in this step hold.
From these we get

/ T2, dp < 8/ exp(2ng (- max p(oy; ))),



58 2. Zero Distribution of Orthogonal Polynomials

and
f%zu (u; )dp < e87+/% exp(2ny(— maxp(og; ),

where gy, (14; ) denotes the monic orthogonal polynomials belonging to u.
But the left-hand side is at least as large as

9 —
/an (u; -)d}ik > (ng + 1) 3”an (s ')wzk “%nk,k

—4
> (ng, + 2) " lan, (15 YW Iy 1

where we used the property of the sets §;, ; established in step IV. Thus,
finally we can conclude

(36)  llgn. (i Ywp*lljo,1) < (ng, + 2)%€*™e/*

exp(ny(— max p(o;)))-
(VIII) Now we complete the proof. Let 0 € M be arbitrary. By the choice
of the measures v (step I) and oy (step II) there is a sequence N C N
such that oy converges in the weak™ topology to o as k tends to infinity
through N. By (3.6) we have for all z € [0, 1]

1 1 4 log((ng +2)?)
(3.7 —log——— > plopg; ) — +~ — , k€eN.
T 7 | R S—

By the principle of domination then this holds for all z € C. Now if 4 is a
weak™ limit point of the measures Vg, (ui)r * € N, then going to infinity

through a suitable subsequence of N we get from (3.7) for = & [0,1] (note
that all the zeros of ¢y, are contained in [0,1])

p(¥;z) > p(o; ),

from which ¥ = o follows as at the end of the proof of Lemma 2.1.6. O

It is an open problem to determine which subsets of M]0,1], where
M]0,1] denotes the set of probability measures on [0, 1], arise as M,, for
some pu with c, > 0. That this class is quite extensive is indicated by
Theorem 2.3.1 and also by the following result that can be verified by
combining the methods applied in the proofs of Example 2.2.7 and Theo-
rem 2.3.1. Suppose that K is a set of compact subsets of [0, 1] such that
the set My of the corresponding equilibrium measures is a closed subset
of M[0,1] and all K € K contain a common set C of positive capacity.
Suppose further that each pair K, K’ from K can be joined for every
e > 0 by a sequence K = Ky, K1,... ,K, = K’ from K in the sense that
cap((K;\ Ki+1)U(K;4+1\ K;)) < €. Then there is a g with ¢, > cap(C) > 0
such that Mg = M,,.
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Regular nth-root Asymptotic Behavior of
Orthonormal Polynomials

If the weight measure y is sufficiently dense on its support, then in The-
orem 1.1.4 the lower bound (1.1.7) is asymptotically assumed. If this is
the case, then the measure and the corresponding orthonormal polynomi-
als are said to have regular (nth-root) asymptotic behavior. Orthogonal
polynomials of regular asymptotic behavior are the natural generalization
of classical orthogonal polynomials if we only want to preserve the asymp-
totic behavior in the nth-root sense, and they appear in many applications
(see, e.g., Chapter 6). There exist several definitions of regular asymptotic
behavior, which will be discussed together with their immediate conse-
quences in this chapter.

3.1 Regular Asymptotic Behavior

Different definitions of regular nth-root asymptotic behavior of orthonor-
mal polynomials will be reviewed and relationships among them will be
studied.

The sequence {py(u; z) | n € N} is said to have regular exterior asymp-
totic behavior if

i .1/ = egalzi00)
(1.1) Aim_|pr (4; 2)] e
locally uniformly for z € C \ Co(S(u)). This terminology has been intro-

duced by J. Ullman (cf. [UI2]) for the special case of weight measures y
with S(u) = [—1,1], in which case (1.1) takes the form

(1.2) Jim {pn (4 2)|Y" = |z 4 V22 - 1],

where that branch of the square root is taken which is positive for positive
2. The meaning of (1.2) is that p,(y; z) asymptotically behaves like the
classical orthogonal polynomials, say, Chebyshev or Jacobi polynomials.
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If S(u) = [-1,1], then the outer boundary 9 of S(u) is identical
with [—1,1]. For this case in [Ul2] it has been said that the sequence
{pn(p;z) | n € N} has regular interior asymptotic behavior if
(1.3) Hm sup |pn (y; z)|1/” =1 qu.e. on A2,

n—oo

The notations “exterior” and “interior” asymptotic behavior keep their in-
tuitive meaning so long as Int(Pc(S(u))) = 0, since then we have 99 =
S(p). We shall show in the next theorem that exterior and interior asymp-
totic behavior, as well as some other related relations, are equivalent.

A comparison of (1.1) and (1.3) with the asymptotic bounds given in The-
orem 1.1.4 shows that regular asymptotic behavior means that the lower
bound (1.1.7) is assumed asymptotically. This, of course, will always be the
case if the weight measure u is sufficiently dense everywhere on its support
S(u), and since this is often the case, the name “regular” for this type of
asymptotic behavior is justified. For example, the normalized Jacobi poly-
nomials, which can be seen as the prototypes of orthonormal polynomials
associated with a weight measure with compact support, possess the reg-
ular asymptotic behavior (1.1) and (1.3). Of course, they also possess the
stronger types of regular asymptotic behavior sketched in (I.1) and (1.2) of
the introduction (see, for instance, [Sz3], [Ge], or [F]).

We remark that cap(S(u)) = 0 has not been excluded in (1.1) and (1.3),
and neither will it be excluded in the next theorem, although this case is
somewhat special: we have gn(z;00) = o0, and therefore the limit (1.1)
follows from the lower and upper bounds (1.1.6) and (1.1.7) of Theorem
1.1.4 for any weight measure u with cap(S(u)) = 0.

Our definition of regular (nth-root) asymptotic behavior is based on the
following theorem.

Theorem 3.1.1. The following four assertions are equivalent.
(i) The limit
1
1.4 l n = ——
(1.4) i, ) = S

holds true, where yn(u) is the leading coefficient of the orthonormal poly-
nomial pn(u; 2).

(ii) The limit

(1) il (45 2)[H/7 = e2(55)
holds true locally uniformly in C\ Co(S(u)).

(iii) The limit

(1.6) limsup |pn(p; 2)|V/? =1

n—oo

holds true qu.e. on 0.
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(iv) The limit (1.5) holds true locally uniformly in C\ Co(S(p)), and in
capacity in QN Co(S(u)), that s, for every compact set V.C QN Co(S(u))
and every e > 0 we have

lim cap ({z eV | ‘|pn(,u,; 2)|V/" - eg"(z“’o)l > s}) =0,

n—00

and furthermore the limit (1.6) holds true qu.e. on 090, and we have

(17) 111'11 Sup |pn(u, z)'l/n S egn(z;oo)

n—oo

locally uniformly in C.

Definition 3.1.2. If one of the four assertions of Theorem 3.1.1 holds
true, then the orthonormal polynomials pn(u;2), n € N, associated with
the measure p are said to have reqular (n-th root) asymptotic behavior, and
we write p € Reg. We shall also often refer to u € Reg simply as pu s
regular.

Remarks. (1) A weight measure y is regular, that is, u € Reg, if u is
sufficiently dense on S(u). This can be intuitively best understood as a

consequence of the minimality property of the monic orthogonal polynomi-
als

1
n i %) = 3y &
in L2 (). We have

. 1
llgn (4 ')HL2(/J.) - oz ln£+m “anz(p,) =——, neN.

(2)=2 n(p)’

Monic polynomials cannot be arbitrarily small, but if the measure y is thin,
then their Lz(u) norm may be small and therefore ~y,(u) large. Corollary
1.1.7 shows that in the regular case v, (u)!/" assumes asymptotically the
smallest possible value. The preceding relation shows that this will be the
case only if 4 has a certain density on S(u).

(2) A measure g may belong to Reg, although the lower and upper bounds
given in Theorem 1.1.4 are different. This is, for instance, shown by Exam-
ples 1.5.4 and 3.5.1.

(3) Definition 3.1.2 gives definite information about the asymptotic be-
havior of p,(u;2) as n — oo only for z € Q. Nothing, except the upper
bound in (1.7), is said about the asymptotic behavior in the interior of the
polynomial convex hull Pc(S(p)).

We postpone the proof of Theorem 3.1.1 until after the statement of
Theorem 3.1.4.
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Besides regular asymptotic behavior in the sense of Definition 3.1.2, we
consider a closely related type of asymptotic behavior: regular asymptotic
zero distribution of the orthonormal polynomials p, (u; z) as n — o0o. It can
only be defined if cap(S(p)) > 0, since its definition involves the equilibrium
distribution W(u)-

Definition 3.1.3. Let'cap(S(u)) > 0. Then the orthonormal polynomials
pa(p; 2), n € N, associated with the measure pu are said to have regular
asymptotic zero distribution if

1 *
(1.8) ;’L_Vp"(m') — WS(p) as n — oo.

Recall that vy, is the counting measure on the zero set of py,.
When S(u) = [—1,1], this definition gives the classical arcsine distribu-
tion:
.1 o 1
lim —+#{zeros of p,(u;-) lying in (e, B)} = ;(arccosa — arccos 3)

n—oo N
for all (o, 8) C [-1,1].

Having representation (1.2.3) of the Green function gq(z;o0) in mind,
we are not so surprised that regular asymptotic zero distribution is very
closely related to regular asymptotic behavior (in the sense of Definition
3.1.2); however, as the next theorem shows, the two notions are not fully
identical. For further results in this direction see Section 6.7.

Theorem 3.1.4. Assume cap(S(p)) > 0.

(a) If Int(Pc(S(u))) = 0, then u € Reg implies regular asymptotic zero
distribution of the orthonormal polynomials py,(p; 2), n € N.

(b) If S(u) C 09, in particular, if Int(Pc(S(p))) = 0, and ¢, > 0, then
reqular asymptotic zero distribution of {pn(u;z) | n € N} implies u € Reg.

(¢) Thus, if ¢y, > 0 and Int(Pc(S(u))) = 0, then p € Reg and reqular
asymptotic zero distribution are equivalent.

Remarks. (1) In case of a weight measure u with S(x) C R, we have
Int(Pc(S(u))) = @, and therefore for such weight measures regular asymp-
totic zero distribution follows from x € Reg. That the reverse is in general
not true is shown by Example 3.5.2, hence the assumption ¢, > 0 in asser-
tion (b) cannot be dropped.

(2) For weight measures with Int(Pc(S(x))) # @ it can be questioned
whether (1.8) is the natural way to define regular asymptotic zero dis-
tribution (see, for instance, the very simple Example 1.5.1, which does not
satisfy (1.8)). An alternative definition could, for example, allow on the
right-hand side of (1.8) any probability measure v on Pc(S(u)) that gen-
erates the same logarithmic potential in £ as the equilibrium distribution
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ws(y)- With such modification the assumption Int(Pc(S(u))) = ¢ in asser-

tion (a) would no longer be necessary. We will, however, keep Definition
3.1.2 since it is the usual one in the literature.

Proof of Theorem 3.1.1. We shall use some results from the proof of
Theorem 1.1.4 from Sections 1.2 and 1.3. Without loss of generality we
can assume that cap(S(u)) > 0 since otherwise all four assertions of The-
orem 3.1.1 are satisfied for any measure y, which can easily be verified via
Theorem 1.1.4.

(i)=-(iv): Let N C N be an infinite subsequence such that the two limits
in (1.3.26) exist, that is,

(1.9)

* 1
%upn(#;.) — v and Elogfyn(u)—aceﬂu{oo} as n—oo, nEN.
In part (b) of the proof of Theorem 1.1.4 it has been shown that (1.9)

implies inequality (1.3.42), that is,
(1.10) —p(v;z) +¢ > ga(z;o0) forall ze€ Q.

Assertion (i) implies ¢ = —logcap(S(u)). Together with (1.10) this yields
that the function

(1.11) —p(v; 2) + ¢ — ga(z; 00)

has a zero at infinity and is nonnegative for all z € £, and because
supp(v) C Pc(S(u)), it is harmonic in £2. By the minimum principle for
harmonic functions it then follows that the function (1.11) is zero for all
z € ). In the same way as in the proof of Theorem 2.2.1(b) we can show,
by using the continuity of (1.11) in the fine topology, that this equality
extends to Q (see Appendix II).

From what we have shown so far, and from the fact that —p(v;z) is
subharmonic in C, it follows that

galz;00) for z € Q;

(1.12) —p(v;z) +c= { <0 for z € Int(Pc(S(u))).

From (1.12), the principle of descent (Appendix III), and the general
estimates (1.1.7) and (1.1.10) we can derive the limits (1.5) and (1.6) pro-
vided n tends to infinity through N. Since the right-hand sides of (1.5) and
(1.6) are independent of N, (1.5) follows from this.

With (1.6) one has to be a little cautious, because for general functions py,
the fact that (1.6) is true qu.e. on 8Q whenever n tends to infinity through
a sequence N for which the limits in (1.9) exist does not imply that (1.6)
is true for n tending to infinity arbitrarily. Fortunately, however, here we
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are speaking of potentials and (1.6) easily. follows from what we have done
before with a simple application of the principle of descent. Equation(1.6)
is a consequence of (1.1.10) and (1.7), so it is enough to prove (1.7).

Suppose on the contrary that (1.7) is not true. Then there is a sequence
N* C N, a point z* € C, and for every n € N* a point z, € C such that
zn — 2% asn — oo,n € N*, but

Hminf |pn(y; zn)|1/" > e90(#7190)

n—oo,nEN*

Let N C N* be a subsequence of N* for which the limits in (1.9) hold true.
Then we also have

limian P (145 zn)|1/n > 690(7,*;00),

n—oo,ne

and so the principle of descent yields
—p(v;2%) + ¢ > ga(z*; 00).

This, however, contradicts (1.12) and this contradiction proves (1.7) and
at the same time (1.6) as well.

The proof of convergence in capacity follows in the same way as the proof
of the lower estimate (1.1.8) in part (d) of the proof of Theorem 1.1.4; we
only have to replace the right-hand side of (1.3.47) by gq(z; o), which is
possible because of (1.12).

(iv)=(iii): This implication is trivially true.

(iii)=>(i): Again let N C N be an infinite subsequence such that the two
limits in (1.9) exist. From assertion (iii), (1.1.9), and the lower envelope
theorem it follows that

(1.13) —p(v; 2) + ¢ = gq(z;00) qu.e. on 9.

Let C C 92 be the set of points z at which we have equality in (1.13)
and at which go(z;00) = 0. We have cap(d2 \ C) = 0. Since we have
assumed cap(S(u)) > 0, the equilibrium distribution w = wg(,,) exists and
is of finite energy. Hence, w(9Q \ C) = 0 (see Appendix I). Together with
representation (1.2.3) (or see (A.10) in the Appendix) of the Green function
90 (z; o0) this implies that

0= [ gnlascoidu(z) = - [ p(52)du@) + ¢ = = [ pwi v(a) +c

= /gg(z; 00)dv(z) + log cap(S{u)) + c.

Here the last integral is nonnegative, and therefore we have

(1.14) ¢ < log
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In Corollary 1.1.7 the converse inequality was proved. Hence, we have shown
that in (1.14) equality holds true, which proves (1.4) for any subsequence
N for which the two limits (1.9) exist. Since the right-hand side of (1.14)
is independent of N, (1.4) is generally proved.

(iv)=(ii): This implication is trivially true.

(ii)=(i): By considering (1.5) near infinity the limit (1.4) can easily be
verified. O

Proof of Theorem 3.1.4. (a) Let u € Reg and Int(Pc(S(u))) = 0.
Furthermore, let N C N be an infinite subsequence such that the two
limits in (1.9) exist. Since u € Reg, assertion (i) of Theorem 3.1.1 holds
true. As in the proof of Theorem 3.1.1, (i)=(iv), we can deduce (1.12).
Because Int(Pc(S(u))) = @ we have therefore shown that

—p(v; 2) + ¢ = gq(z;00).

As a consequence we have v = wg(,,), which proves the limit (1.8) for the
considered subsequence N. Since the right-hand side of (1.8) is indepen-
dent of N, the limit (1.8), that is, regular asymptotic zero distribution, is
generally proved.

Part (b) has essentially been proved in Section 2.2 in Corollary 2.2.3. In
fact, in that proof the only change we have to make is that now the constant
¢ should be any accumulation point of the sequence {yy(x)'/ "}o0 ., and
the the rest of the argument has to be repeated for the subsequence N of
the natural numbers for which
lim 1/n —
n_)oo’neN’Yn(,u) c
(the reason for that change is that now we do not assume Int(Pc(S(u))) = @,
which is needed in Theorem 2.2.1(a)). O

3.2 Characterization of Regular
Asymptotic Behavior

Regular asymptotic behavior discussed in the preceding section is equiva-
lent to several statements relating the size of general polynomials to their
Lz(u) (or LP(u)) norm. We discuss such relations in this section with re-
spect to L2(u) and L (x) norms, and in Section 3.4 with respect to LP(u)
norms, 0 < p < oo. These results have applications to several problems of
approximation theory.

Theorem 3.2.1. The following five statements are equivalent for a measure L.

(i) The sequence {pn(; )} has regular (nth-root) asymptotic behavior,
that is, u € Reg.
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(ii) We have

(2.1) limSup |pn(,ul; Z)|1/n S egﬂ(z;oo)

n-—oc

locally uniformly in C.

(iii) For any sequence { P}, of nonzero polynomials of degree deg(Pp) <
n we have
P 1/n
(2.2) lim sup Pl < e90(%i0)
n—oo \ [|PrllL2(u)
locally uniformly for z € C.
(iv) We have
(2.3) Jim sup |pn (13 2)[V/™ < 1
n—+oC

for quasi every z € 0N).

(v) For any sequence {Pn} as in (iii) we have

1/n
(2.4) lim sup (M) <1

n—oo \ [[PrllLz(y)

for quast every z € 0f1.

If in addition we also have S(u) C 0%, in particular, if Int(Pc(S(u))) =
B, then each of (i)-(v) is equivalent to the following statement.
(vi) Let gn > 0 be weight functions defined on S(u) in such a way that
limy,— 00 g/ ™ = g exists uniformly on S(u), where g > 0 and g is continuous
on S(u). We set dpun 1= gndu. Then for any sequence {Pp} of polynomials
as in assertion (iii) we have

1/2 1/n
(2.5) lim sup gn(2) 7|Fn(2)| <1
00 |1 Pallz2(jsn)

for quasi every z € 90 = S(u).

Remark 3.2.2. (1) We mention that the L?(u) norm in (iii), (v), and (vi)
can be replaced by any LP(u) norm, 1 < p < oo. For more on this see
Section 3.4.

(2) It may be useful to note that the pairwise equivalence of (ii) and (iii)
and that of (iv) and (v) hold pointwise, that is, say (2.3) is true at a single
point z if and only if (2.4) is true there. To show this is actually very easy
and it will come from our proof in what follows.
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(3) Note that as a consequence of Theorem 1.1.4 we must automatically
have equality in (2.1) for z € Co(S(g)) and in (2.3) for quasi every 2z € 911.

(4) Condition (v) plays a distinguished role and we shall make a separate
definition for it in Section 5.2. There we will call a point z p-regular if for
every sequence of nonzero polynomials { P, }52 ; of corresponding degree n

n=1
we have
1/n
P,
lim sup M <1
n—oo \ N Prllz2(u)
This is obviously equivalent to
i/n
P,
lim sup M 1.
n—00 | degp, <n [PnllL2(u)
P, 20

It is also clear that if z is a y-regular point then 2z € Pc(S(u)). u-regularity
will be of most interest when 2 € 91, that is, when z is on the outer
boundary of S(u). Paraphrasing the equivalence of (i) and (v), we can say
that 4 € Reg if and only if quasi every z € 9 is p-regular (for more
details see Chapter 5).

(5) If we assume (i), then (2.3) and (2.4) are actually true for quasi every
z € Pc(S(u)). This follows from (2.2) if we note that gn (2, 00) = 0 for qu.e.
z € Pc(S(p)) (see also the corresponding proofs in the sequel).

When the support S(u) of 1, more precisely its outer boundary, is regular
with respect to the Dirichlet problems in the domain €2, then the condi-
tions in Theorem 3.2.1 hold uniformly whenever y € Reg. Because of its
importance, we state this case as a separate theorem.

Theorem 3.2.3. Suppose that S(u) is a regular set with respect to the
Dirichlet problem in 2. Then the following five statements are equivalent.

(i) p € Reg.
(i) limsup|pn(p,;z)‘l/”e_gﬂ(z;oo) <1
n-—=co

uniformly on C.

1/n
(iii) lim sup M e~ 9n(%0) _
n—00 | degP,<n 1PrllL2(p)
P,#0

uniformly on C.

1/n

sup,S(u) — 1

(iv) lm{lpy (s )]
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where || - |lsup,s(,) denotes the supremum norm on S(u).
1/n
P
(v) lim sup | n“sup,S(,u) 1.
n—=00 | gegp,<n |1PnllL2¢)
P70

If in addition S(u) C 8%, then any of (i)~(v) is equivalent to the follow-
ing statement.

(vi) If {gn} is a sequence as in assertion (vi) of Theorem 3.2.1, then
1/n
1/2
lim Hgn Pn”sup,S(u)

=00 | gegpr<n  I1PrllLe(u,)
P, £0

=1,

where dpy, 1= gndp is the measure from Theorem 3.2.1.

Proof of Theorem 3.2.1. First we verify the equivalence of the assertions
(D)~(v)-
(i)=(ii): This was verified in Theorem 3.1.1.

(ii)=-(iii): Let P, be any polynomial of degree at most n, without loss of
generality we may assume its L?(x) norm to be 1. Thus, if

Pa(z) = > ckpp(p; 2)
k=0

is its Fourier expansion in the orthonormal polynomials {pg(u;-)}, then
> k_olcxl? =1, that is, each ¢z is at most 1 in absolute value.

Now if (2.1) holds at a point z, then for every € > 0 there is a C¢ such
that

IPe (5 2)| < Ce(e92(5°) L o)k g =0,1,2,...,
and so

T
P(2)] < D lerllpr(p; 2)] < nCe(e955°0) + &),
k=0
which proves (2.2) at z.

Thus, if (2.1) holds at every z then so does (2.2). From this the locally
uniform convergence in (2.2) can be derived from the following general
argument.

Suppose on the contrary that the convergence does not hold locally uni-
formly. Then there is a sequence N* C N, a point z* € C, and for every
n € N* a point z, € C such that z,, — z* as n — o0, n € N* but

liminf  |Pn(zn)|l/? > edn(2"00),
n—oo,nEN*
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If we replace all zeros £ of P, lying outside the disk {z | |z| > R} by R¢/|€],
then for large R and |z — z*| < 1 the ratio

Pat2)] \"
| Pnllz2 ()

changes by a factor that lies in the interval
(R—|z"=1)/(R+ [ + 1), (R + |7 + 1)/ (R — |z*] - 1)),

hence by choosing R large enough we can assume that the zeros of the
polynomials P, lie in a fixed compact set (besides the normalization
”Pn“Lp(“) = 1 assumed at the beginning of the proof).

Let N C N* be a subsequence of N* for which the limits

1 1
—llpn—*>l/ and —logy, Dc€RU{0} as n— oo, n €N,
n n

hold true, where =, is the leading coefficient of P,. Then we also have

liminf | P (2|7 > e92(27500),

n—oo,ne

and so the principle of descent yields
—p(¥;2%) + ¢ > ga(z"; 00).

Since both sides are continuous in the fine topology (see Appendix II), it
follows that the inequality

—p(v; 2) + ¢ > go(z; 00)

must hold on a set of positive capacity (see Appendix II). But we have
previously verified (2.2) pointwise for every z, hence the lower envelope
principle gives

—p(v; 2) + ¢ < ga(z; 00)
for quasy every z and this contradicts the preceding statement. This contra-
diction shows that in fact, the convergence in (2.2) holds locally uniformly.
(iii)=>(v): This follows from the fact that

gq(z;00) =0 for qu.e. z € AN

(v)=-(iv): This is obvious and (iv)=-(i) follows from Theorem 3.1.1 (cf.
Theorem 3.1.1(iii)) if we take into account (1.1.10).

With this the equivalence of the first five statements (i)—(v) has been
proved. Finally, we show that in the case S(y¢) € 9§ condition (v) im-
Plies (vi). Since (vi)=(v) is trivial (take g, =1, n =1,2,...), this will
complete the proof.
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In the proof of (v)=-(vi) we need the following lemma about approxi-
mation on 92 by absolute values of polynomials.

Lemma 3.2.4. The set
{|P\| P is a polynomial}

is dense in C+(0R), that is, every nonnegative continuous function on 052
can be uniformly approximated by absolute values of polynomials.

Proof of Lemma 3.2.4. 1t is known that the set
{ReP | P is a polynomial}

is dense in the space Cg(99Q) of real-valued continuous functions on 952 (see
[Cal). If g € Cr(0N) is strictly positive, then we can uniformly approximate
log g by real parts of polynomials:

lim RePy(z) = log g(2)
k—oc

uniformly on 9€). Then we will have uniformly on 92

M(k)
im |3 Pe(2))| _
e a=0 s _kli{goIeXP(Pk(z))‘

= lim exp(RePg(2)) = exp(log g(z)) = g(2)

k—oo

for some appropriately chosen sequence {M(k)}7,, which proves Lemma
3.2.4 for positive functions. Of course, it is then true for nonnegative func-
tions as well. O

Consider now the function g from (vi). Since we have assumed S(p) C
982, which is equivalent to S(u) = 942, Lemma 3.2.4 yields a polynomial

Q = Qe with
1-e<g(»)"?/IQ(2)| < 1+e, z€S(u),
whatever ¢ > 0 is given. Then for large n we will have
1- 2 < ga(2)/2/1Q(2)] <1+ 26,
which implies with Ry (2) = Pr(2)Q"(z)

gn(2)2\Pa(2)] _ _(1+2)"|Rn(2)]

2.6 .
(2.6) Pl - (=20 Ralle
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If deg(@) = k then deg(R,) < n(l + k) and (v) applied to Ry (z) implies

1/n(1+k)
tim sup | —En @
p <1
n—oo \ [Bnll12(p)

for qu.e. z € 992. But then

R 1/n
lim sup (*——*JL(*Z)—-) <1

n—oo \ | RullL2(u)

is also satisfied quasi everywhere on 9%, and so, in view of (2.6), the left-
hand side of (2.5) is at most (1 4+ 2¢)/(1 — 2¢) for qu.e. z € I = S(p).
Because of the arbitrariness of ¢, (2.5) holds. O

Proof of Theorem 3.2.3. Recall that the assumption of Theorem 3.2.3
is equivalent to the fact that gn(-; 00) is continuous throughout C.

In the proof we can be very short because basically we only have to
repeat the preceding proof. In fact, (i)=(ii) follows from Theorem 3.1.1,
(1.7), and the maximum principle for harmonic functions if we use the fact
that, because of the continuity of gq(:; oc), (1.7) holds true uniformly on
compact subsets of C provided it holds locally uniformly on C. Then (iii)
follows from (ii) as in the preceding proof. (iii)=-(v) is true because the
regularity of S(u) implies that gq(2z;00) vanishes on Pc(S(u)). (v)=(iv) is
again trivial and that (iv) implies (i) follows from Theorem 3.2.1.

Finally, (vi) obviously implies (v) and (v)=>(vi) follows exactly as in
Theorem 3.2.1. m

In Theorem 3.2.1 we have verified that (i) and (vi) are equivalent. The
implication (vi)=>(i) means that if (2.5) holds true quasi everywhere on
00 = S(u) for every sequence {g,} and corresponding limit function g
satisfying the conditions in (vi), then u € Reg. This does not mean that
if (2.5) is true for a single sequence {g,} and corresponding limit g then
1 € Reg. Consider, for example, the following:

Example 3.2.5. Let supp(u) = [-1,1] U [2,3],

xO
p=pt 4 dby,,
k=1

Where p* is the Lebesgue measure on [—1,1], dj, | 0 sufficiently fast (to be
Specified subsequently), and {z;} C [2,3] is a dense subset of [2,3]. With

Y > 2 set
(2) = { 1 if z € [-1,1];
I =\ @+ V=)™ itz € [2,3].
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Then

. 1 -
lim g™ () = 277 exp(p(w[_1,1]; 7)),
where wy_; 1) is the equilibrium distribution of the interval [-1,1}.

By Theorem 3.2.3 we have for every z € [—1,1]

S Pl

for any sequence P, # 0, degP,, < n, because u* is regular in the sense
of Definition 3.1.2. But (2.5) actually holds for every = € [2,3] as well,
because

9n(2)2|Po ()] < I1Pall_y q(z + Va2 - 1)177/2m
< 3n”PnHL2(u.)(ZE + V .’L‘2 — 1)(1_7/2)71,

where in the first inequality we applied the Bernstein—Walsh lemma and in
the second one Nikolskii’s inequality (see [Ti, 4.9.6]).

Thus, (2.5) is true for every z € supp(p), but if {d} decreases sufficiently
fast then g will not be in the class Reg (cf. Theorem 4.2.8). O

3.3 Regular Behavior in the Case of
Varying Weights
In one of our applications we will need to conclude y € Reg from (2.5)
provided we know it only for a single sequence {g,} and corresponding limit
function g. Despite Example 3.2.5 we shall show that such a conclusion is

possible if we know some additional properties of g. In our application the
following will be sufficient.

Theorem 3.3.1. Suppose that

(3.1) 9(z) = exp(yp(o; 2)), 2z € S(u),

where 0 < v < 2 and o is a probability measure with compact support in S
Assume further that the assumptions of Theorem 3.2.1(vi) are satisfied, that
is, S(u) C 09N, g™ — g uniformly asn — 0o, and duy, = gndp. Then if

(3.2) limsup g(2)1/2(pn (pn; 2)|1/™ < 1

n—oQ

for quasi every z € 9Q = S(i1) then p € Reg.

Remarks. (1) A constant factor in g does not make any difference, so in
(3.1) the exponential term can be multiplied by a constant and the result
is still true.
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(2) The theorem is not true if v > 2 is allowed. In fact, Example 3.2.5
already shows this phenomenon, although there the support of o was not
contained in §. To get a proper example, move the support of ¢ a little, for
example, let g be defined by (3.1) (with v > 2}, where o is the equilibrium
measure of the segment [—1 + ie, 1+ i¢] for some small € > 0.

(3) A comparison of the two assertions (ii) and (iv) in Theorem 3.2.1 with
assertions (iii) and (v}, respectively, shows that the orthonormal polynomi-
als pn(;-), n € N, are optimal test functions for the two inequalities (2.2)
and (2.4). Whereas in assertions (iii) and (v) the inequalities have to hold
for all sequences {Pp} of nonzero polynomials with deg(FPp) < n, in the
two assertions (ii) and (iv) it is enough that the inequalities hold only for
the sequence {pp(p;-)}. It is an interesting question (and it arises also in
applications, see, e.g., Sections 6.1 and 6.2) whether in the case of weighted
L%(pt5,) norms (cf. assertion (vi) in Theorem 3.2.1) the orthonormal polyno-
mials {pp(Ln;-) }nen have a similar testing power in L2(Mn)- Theorem 3.1.1
implies that this is in fact the case for weights like the ones in (3.1) with
~ < 2; furthermore, the preceding remark shows that for general weights
{un} this is not so.

Proof of Theorem 3.3.1. The proof will be carried out indirectly; that
is, we assume that (3.2) holds but 4 is not regular. Then thereis an a < 1
and a subsequence A' C N such that for the monic polynomials

n (5 2) = pn(; 2)/yn (1)
we have

(33) [ lantus)Pd < @P(eap(S))n, ne N,

Let ¢’ be the balayage of o onto S(u). Then

p(o’;2) = plo;2) + /gn(Z; oo)do(z)

for quasi every z € S(u) (see Appendix VII) and hence for the measure

_ Y Y
p = 50’ + (I—E)WS(M),

where w S(u) denotes the equilibrium distribution of S(u), we have

(3.4) p(pi2) = 5p(032) +c = log(g"2(2)) + ¢

for quasi every z € S(u), where the constant ¢ is given by

oy . MNijge L
(3.5) =3 /gﬂ(x’oo)da(x)+ (1 2)log cap(S(n))’
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In fact, formula (3.4) is an immediate consequence of the definition of the
measure p and the relation

P(wg(y); 2) = log for qu.e. z € S(u).

cap(S(u))
We shall show subsequently that relation (3.3) implies that there exists
an infinite subsequence A* C N with

1
(3.6) n—-»oloi,rvrzle A 7 o8 (pm)) = o > c,
where py, is the varying measure du, = g,du. But first we prove that (3.6)
and (3.2) are incompatible, and the so obtained contradiction will prove
our theorem.

Let v be a weak™ limit point of the zero distributions of the orthogonal
polynomials {gn(¢n; ) }nen~, and suppose that the weak* limit is v along
the subsequence N** C N™*. It follows from Theorem 2.1.1 that v is a
probability measure with support in S(u). By the lower envelope theorem
of potential theory (see Appendix III)

1/n

liﬂsuplqn(un;Z)l = exp(—p(v; 2))

ne LAJ
for qu.e. z € 5(u), and hence, in view of (3.6},

Il/n

(3.7) liﬂsup |on (pen; 2) = exp(—p(v; 2) + cp)

nE * ¥

for qu.e. z € S(u). Together with the representation (3.4) of ¢ we deduce
from (3.2) and (3.7) the inequality

(3.8) —p(v;z) +co < —p(p; 2) + ¢

for quasi every z € S(u) = 0. Since p is of finite logarithmic energy.
this inequality extends to all C by the principle of domination (see Appen-
dix III). Considering (3.8) around infinity we can conclude ¢y < ¢, which
contradicts (3.6), and this contradiction proves our theorem.

Thus, it remains to be shown that (3.3) implies (3.6). In order to prove
this we need some preparations.

Let € < #dist(S(u), supp(c)), and

K = K, = {z|dist(z, S(u)) < e}.

We shall specify € > 0 at a later stage of the proof. It is obvious that K is a
compact subset of C, KNsupp(o) = B, K contains S(p) in its interior, and
Qg , the unbounded component of C \ K, contains supp(o) for sufficiently
small € > 0, say, ¢ < g9 < %dist(S(u), supp(c)); furthermore, 9Qg is
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regular with respect to the Dirichlet problem in k. For the time being
the only requirement on £ > 0 is that all these properties are satisfied, that
is, € < €op.

Let ¢” be the balayage of o onto K. We know that supp(c”’) C 8Qx and
the regularity of 9Qg implies

(3.9) p(ad”:2) = p(o; 2) + /QQK(:L'; oo)do(z), z€K

(see Appendix VII). Our first objective is to compare ¢” and the equilib-
rium distribution wg of K.

Let A > 0 be an arbitrary continuous function on 92k . By the regularity
of 00k there is a function, which we continue to denote by h, that is
continuous on N and harmonic on Qk (including 0o). By Appendix VII
we have then

(3.10) / hdo" = / hdo = / hdo.
OSh th supp(c)

In a similar fashion, since the balayage of §, onto K is wg, we get

(3.11) /89 hdwg = h(oo).

But h is nonnegative, so by Harnack’s inequality (see Appendix III) there
are two positive constants c; and co such that independently of the choice
of h>0

c1h(o0) < h(2) < cgh(oc), 2 € supp(a).

Combining this with (3.10) and (3.11), we can see that for the signed mea-
sures

o1 =0’”—0le, 02=c2wK—o"

with support in Qg the integrals

/ hdo;, j=1,2,
00k

are always nonnegative when h € C(89Qk) is nonnegative. But then it
follows from the Riesz representation theorem for positive functionals that
both signed measures o1 and o9 are nonnegative, that is,

(3.12) ciwg <o’ <cowg.

Now let 1 < A <1+ ¢1/cg be of the form A = k/(k — 1), k €N, with a
fixed k. It follows from (3.12) that the signed measure

=" — (A= 1Dwg
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is actually a probability measure that satisfies (cf. (3.9))

p(G;z) = Ap(o; 2) + (i, 2z € K,
(3.13)

d= [ g, (@3 00)do(@) — (A= 1) log(1/cap(K).

From our discussion it is clear that the same constants ¢j,c9, A can serve
for all K = K, with ¢ < ¢p, that is, £ can be chosen independently of
0<e<ep.

Choose now a sequence of discrete measures

1 n
E ; 637i,n

with support in Qg that converges in the weak* topology to &, and set

n

Rp(z) = H(Z — Zin)-

i=1
Since S(u) and 00 are disjoint, we get from (3.13) that
: i/m _ _ o\ T
Aim |Rp(2)["™ = exp(=Ap(0; 2) — d)

uniformly on S(p).
On the other hand, if {y; n}1<i<n, n>0 € OK are chosen in such a way
that the discrete measures -
1 n
- Z 6yz’,n
"=

converge to wg, then for the polynomials
n
Ry (z) = H(z — Yin)
i=1

we have uniformly on S(u)

lim |Ry(2)]Y™ = cap(K)

n—00

because p(wk; 2) = log(1/cap(K)) on S(u).
Thus, for the polynomials

Qn(2) = Ripyyo)(2)RE, 1oy (2)(2 = a)~ [/ =[n(1-7/2)]

of degree n, where a ¢ S(u) is any fixed number introduced to attain
deg(Qr) = n, we have uniformly on S(u)

(3.14) Jim @n(=)/" = exp (~Fploe) — ).
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where

(3.15) d* = 3121 /gQK(m;oo)da(m) + ((1 - %) _ %(A _ 1)) log

1
cap(K)’

After these preparations we are ready to prove that (3.3) implies (3.6).
Multiplying both sides of (3.3) by

(Qn(2))** Vgpn(2)

and making use of the facts

(9kn(2)/g"™ (2))/F" = 1,

#nie) = (o (pei0))

2("’_1)((1—%)—%(A—l))+2:2k(1_%)

(recall that A = k/(k — 1)) as n — oo, we get for the monic polynomials

Pin(2) = qnlps 2) - QE71(2)

of degree kn from (3.14)-(3.15) and from (3.3) the estimate

1/2kn
(3.16) lim sup ([ |Pkn|2gkndu) < al/ke1,
ne
where
¥ ¥ 1
3.1 = = — . d —_ L
(3.17) d=dg 5 /ggx(z,oo) o{z) + (1 2)log cap(K)

1

1y, e(S)
k cap(K)

If we replace on the left-hand side of (3.16) the polynomials Py, by the

corresponding monic orthogonal polynomial g, (tgn; ), then the left-hand

side does not increase, hence

(3.18) lim sup(yen (1245 )) "/ *" < 0!/ Fe™e
N

Recall now that d = dg (cf. (3.17)) depends on K = K,. If ¢ — 0 then
cap(K.) — cap(S(y)) and gq, (z;00) — ga(z;00) uniformly on the sup-
port of o, and these imply that then d = di_ tends to

y

— . 7
o= [ontwiocrao@ + (1-2)tog s
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(see (3.5)). Thus, if ol/F < 8 < 1 is fixed then we can choose 0 < ¢ < &g
in such a way that together with (3.18) we also have

lim $up (yin (gn)) 1" < B
neN

and this proves (3.6) with ¢g = ¢+ log % O

With respect to the applications in Section 6.1 it is desirable to complete
Theorem 3.3.1 by further results about orthonormal polynomials with re-
spect to varying weights. In the next theorem the lower asymptotic bounds
(1.1.7) and (1.1.10) of Theorem 1.1.4 are extended to these more general
polynomials, and the analogue of Theorem 3.1.1 is proved.

Theorem 3.3.2. Let g(z) = exp(yp(o;2)) be defined as in (3.1); that is,
0 < v <2 and o is a probability measure with compact support in (2.
Suppose further that the assumptions of assertion (vi) of Theorem 3.2.1
are satisfied, that is, S(u) C 8%, gy™ — g uniformly on S(u) as n — o,
and dpuqn = gndp. Then for any infinite subsequence N C N we have

(3.19) limsup |gn(z)1/2pn(p,n; z)|1/”’ >1

n—oo,nEN
for quast every z € 0N}, and

(3.20)

. 9 _
Lim inf |pp (pn; 2)|/™ 2 exp (1(9(0, 0 2) - p(o; 2)) + ——ga(z; 00))
n—00 2 2

locally uniformly for z € C\ Co(S(u)), where

(3.21) g(0,Q; 2) = /gg(z; z)do(z)

denotes the Green potential of the measure o in the domain Q.

Theorem 3.3.3. With the same assumptions as in Theorem 3.3.2, the
following four assertions are equivalent.

(i) € Reg.

i Jim /7 = (o) e (1 [ snGooiio)
(i)

. 2
m|pn (pn; 2)|M™ = exp (%(g(a, Q;2) — p(o; z)) + —27-99(2; 00))

locally uniformly for 2 € C\ Co(S(u)).
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(iv) lim sup\gn(z)lmpn(un;z”l/ﬂ -1

n—000

for quasi every z € 9.

Proof of Theorem 3.3.2. The proof is practically a repetition of the proof
of the estimates (1.1.7) and (1.1.10) in Theorem 1.1.4. We will therefore
closely follow the proof given in Section 1.3.

The estimate (3.19) will be proved first. In this proof we can assume that
the potential p(o;-) of ¢ is continuous throughout C. In fact, if this is not
the case then we can replace o by its balayage onto a regular compact set
lying in C \ supp(c) and containing Pc(S(y)) in its interior.

As in (1.3.26), let N C N be an infinite subsequence such that the two
limits

1 * 1
(3.22) V(i) ™ Y and - log yn(ptn) — ¢ € RU {oc}

exist as n — 00, n € N. We have supp(v) C Pc(S(u)) as a consequence of
Theorem 2.1.1. With the same arguments as applied for the derivation of
(1.3.27) and (1.3.28), and with the fact that gn/" — g uniformly on S(u),
we derive from (3.22) that

. 1 Y
(3.23)  limsup ;L—loglgnu)l/%n(un;z)|1/“=p(50—u;z)+c

n—oo,nEN

for quasi every z € 982, and

1
3.24 1i ~ A" = —p(v:
(3.24) i 7 108 Pa(pn; 2)] p(v;z) +c
locally uniformly for z € C\ Co(S5(u)). The lower estimate (3.19) is proved
if we show that

(3.25) P (%a - Vs z) +c>0

for every 2 € 6, which is the analogue of (1.3.30) in the proof of Theorem
1.1.4. This inequality can be proved by contradiction in exactly the same
way as has been done in the case of (1.3.30). The general strategy is to
replace the measure v everywhere by v — %a, and the weight measure p by
Kn. The details are as follows.

Let us assume that, on the contrary, (3.25) does not hold true for all
z € 00). Then

(3.26) 90N As#0 for A5:={zEC|—p(u—%a;z)+c<—6}

for some § > 0. From the upper semicontinuity of —p(v — 4o;2) (recall
that p(c;-) has been assumed to be continuous) it follows that As is open.
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Every component A} of As has the same boundary A} in the fine topology
and in the ordinary planar topology, and this combined with that fact that
potentials are continuous in the fine topology implies that on 8 Ay we must
have

—p(u——%a;z)+cs—5.

Thus, if n > § and A’,“? is a component of A, lying in Af, then we have
A_;" C Aj. By the minimum principle for superharmonic functions this is
possible only if Ax N S(v) # 0. Hence every component of the set As has a
nonempty intersection with S(v). Therefore there exists a simply connected
domain B with

(3.27) BN Sw) #0, BNQ#40, and B C Ag.
Since B is connected, the set

(3.28) S :=Pc(S(p))\ B

is polynomially convex. Let now V C B be a compact set with
(3.29) Int(V)N S(v) # 0.

Since S is polynomially convex and S and V are disjoint, part (a) of Lemma
1.3.2 can be applied. Let a < 1 and m € N be the two numbers introduced
in part (a) of Lemma 1.3.2. Because of (3.29) and the first limit of (3.22),

for sufficiently large n € N there exist at least m zeros rj n,...,Tmn of
the polynomial py(tin; z) on V. From Lemma 1.3.2 we know that there also
exist m points Y1 n,... ,ym,n € C so that the rational function
rm(z) = H o
2R~ Tyn
J=1 ’

satisfies the inequality
(3.30) Irmlls < a.

Consider now the modified monic polynomials

Gn(2) == rm(2)an(tn; 2) = 2" + -+ .

Since the polynomials ¢n and g, (y;2), n € N, differ only in m zeros, these
two sequences of polynomials have the same asymptotic zero distribution,
that is, we have

1
(3.31) —vg, —~s v as n-—oo, nEN,
n
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where v is the same probability measure as in (3.22). From (3.31), (3.26),
the principle of descent of potential theory, and from the limit relation
1/n

gn " — g, which holds uniformly on S(u), we derive that

1 ~
(3.32) lim sup - log |g,1,,/2qn(z)| < -p (u - %0; z) <—-b—c

n—oo, nEN

locally uniformly for z € 45N S(u), and so the inequality between the left-
and right-hand sides holds true uniformly for 2 € BN S(i). From (3.32)
and the second limit in (3.22) it follows that there exists a zero sequence
{en > 0} such that the supremum norm of g;/*g, on B N S(p) satisfies

1/2 - 1 -ne2 o _fn
3.33 < ¢ =
( ) llgn Qn”BﬂS(u) ¥ (i) Yr(tn)

for all n € N sufficiently large. For the L2(u,) norm of ¢, we get from
(3.28), (3.30) and (3.33)

(3.34)
JinlZauy = [ linPondut [ ldalonds
BNS(p) SNS(u)
1/2.
< WBow il + Il | o 5P
i
u(B)e? + a? < 1
= m(pn)?  w(un)? T mlpa)?

for all sufficiently large n € N. The estimate (3.34) contradicts the minimal-
ity (1.3.10) of the monic orthogonal polynomials gn(pn; 2). Hence, (3.25)
and thereby also (3.19) is proved.

Next we prove (3.20). We have

2 —
(3.35) 29(0,%52) + 5 ga(z;00) = 0

for all z € 90 which are regular points with respect to the solution of

Dirichlet problems in €2, and hence this inequality holds quasi everywhere
on 9. We claim that

9
(3.36) p (%U -V z) +c=> %Q(U,Q; z) + _5199(2; 00)

for all 2 € Q.
Suppose that on the contrary there is an € > 0 such that the set

9 _
A = {z E'Q|p(g—a—v;z) +c— %g(a,ﬂ;z) - ——2lgg(z;oo) < ——s}
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is not empty. We shall make use of the fact that the expression
(3.37) p(o;2) — g9(o,8; 2)

is harmonic in Q. In fact, this follows from (1.3.16) and (1.3.17) if we
consider that the measure w, in (1.3.17) is supported on the boundary of
2. By the minimum principle for harmonic functions (see, e.g., Theorem
IT1.28 of [Ts]), for every component A} of Ac we must have

cap(0A; NIN) > 0.

Thus, there is a point zg € 04F NAQ for which (3.35) holds with z replaced
by zp. Since zg is also a boundary point of A7 in the fine topology, and the
left-hand side of the following inequality is continuous everywhere in this
topology, we have

Y g 2 -~
p (50 — v zo) +c— 59(0, Q;20) — -—2"99(20; ) < —¢,

which contradicts the choice of zy. This contradiction proves (3.36).

We get (3.20) from (3.24) and (3.36) if the limit on the left is taken
through the subsequence N for which the limits in (3.22) exist. Since the
right-hand side is independent of the choice of N, (3.20) is fully proved.

U

Proof of Theorem 3.3.3. We prove the implications (i) < (iv) and (iii)
= (iv) = (ii) = (iii).

(i) (iv): (iv)=(i) immediately follows from Theorem 3.3.1. The direction
(i)=(iv) is obtained from Theorem 3.2.1, (i)=(vi) and from (3.19).

(iii)=(iv): From (3.23) it follows that assertion (iv) is equivalent to
(3.38) p(%a—u;z) +c=0

for quasi every z € 02 and for any subsequence N C N for which the two
limits in (3.22) exist (see also the proof of Theorem 3.1.1 concerning the
sufficiency of considering the limits in question for subsequences).

On the other hand, assertion (iii) is equivalent to

(339)  —p;2) +c = 2(9(0.952) ~p(032)) + 5 Lgn(z0)

for all z € C\ Co(S(u)) and for any subsequence N C N for which the two
limits in (3.22) exist. Since supp(v) C Pc(S(y)), we get from the harmonic-
ity of the function in (3.37) that (3.39) holds also for all z € 2, and since
both sides of (3.39) are logarithmic potentials plus constants (cf. formulas
(1.3.16)—(1.3.17)), the equality in (3.39) extends to all z € 99, for these
functions are continuous in Cartan’s fine topology.
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Using (3.35) we see immediately that (3.39) implies (3.38) and this proves
(iii)=>(iv).
(iv)=(ii): Choose again an N C N with property (3.22). If we consider
(3.36) around infinity we get
1
cap(S(u))

9 —
(3.40) c> %/gg(m; oo)do(z) + 5 7 log

From (iv) we can conclude (3.38) and hence
p(%a—u;z) +c=10

holds true for quasi every z € Jf). Hence the same equality holds true
wg(yy = w—almost everywhere and we can write (cf. also the proof of
(1.14) in Section 3.1)

0= /p(%a —v;2)dw(z)+c= fp(w; z)d(%a —v)(2)+c
= -2 [ontzio0)do() + (§ = Dlog s + [ sa(zi)in(a) +c

2— 1
SE e

o
f Nog ———

2 2 ¢ cap(S(u))

which gives the opposite of (3.40). Thus, we have in (3.22)

c= %/gn(z; co)do(z) + - ; * log cap(;(u))’

which proves (ii) if the limit in (ii) is taken along N. But then (ii) is
generally proved by standard arguments.

(ii)=> (iii): Let N and ¢ be as in (3.22). If we assume (ii) then the two sides
in (3.36) coincide at infinity, hence we must have equality in (3.36) for all
z € 2, and this proves (iii). O

3.4 Characterization of Regular Asymptotic
Behavior in L?(u)

Whereas in Section 3.2 regular asymptotic behavior was characterized by
relating the size of general polynomials to their L2(p,) norms, we nNow in-
vestigate the same problem with respect to LP(y) norms for 1 < p < oo, or
LP(u1) quasinorms for 0 < p < 1.

The minimality of monic orthogonal polynomials gn(p; z) in L2(p) (see
(1.3.10)), which is equivalent to their orthogonality, motivates us to con-
sider also minimal monic polynomials

(4.1) an(p.p;2)=2"4+--+, néeN,
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in LP(u) for 0 < p < oo, that is,

4.2 Pz = inf .
(42 lon (123 Mzogy = inf lalzog
The existence of gn (11, p; 2) follows for every n € N from a simple compact-
ness argument, and we get from Lemma 1.3.2 that all zeros of ¢ (p, p; 2)
lie in the convex hull of S(u) (see the proof of Theorem 2.1.1). In general,

these polynomials are not unique if 0 < p < 1. We note that || - ||1s(,y is
a norm only for 1 < p < oo, whereas for 0 < p < 1 the triangle inequality
does not hold, and || - || s, is therefore only a quasinorm.

For p = 2 the polynomials (4.1) are the monic orthogonal polynomials
with respect to y, and for p = oo they are the Chebyshev polynomials on
S () since for continuous functions ||-{| L (,,) is identical with the supremum

norm || - ”sup,S(p,) on S(p).

Theorem 3.4.1. If

1/n
(1.3 i (ot Jallagy) = cap(S()

— OO0 z):zn+...

holds for one p with 0 < p < oo, then (4.3) holds true for all 0 < p < 0.

Remarks. (1) The case p = o is special as then the minimal polynomials
gn(p,00;2), n € N, depend only on the support S(i) and not on the
measure £ itself, and (4.3) holds for any measure pu with compact support
(see [Ts, Theorem III. 26]).

(2) By the inequalities
(44)  wO VP fllLruy < O oy < 1 Fllsup,sea):

which hold for 0 < p < ¢ € o0 and any bounded measurable function f, we
have

(4.5)
li inf < i o
im sup (qn(z)lilzu--- ||qn||Lp(u)) < limsup (qn(z)lilz"-}—"' anHLq(“)>

< cap(S(p))

for all 0 < p < ¢ < oo and any weight measure g. The inequalities in (4.5)
show that in (4.3) only the proper limit and an lower estimate by cap(S(u))
are critical.

Equality in (4.3) means that the weight measure p has a certain sufficient
density in a neighborhood of 9. From Theorem 3.4.1 together with the
definition of regularity of a weight measure p in (1.4) and the identity
lgnk: 23 ML2qn) = L/vm(n) (see (1.3.10)) we derive the next corollary.
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which shows that the definition of regularity (Definition 3.1.2) is not specific
for orthogonal polynomials; it can be equivalently based on the size of monic
minimal polynomials gn (g, p;2), n € N, in LP(u), 0 < p < co.

Corollary 3.4.2. Let 0 < p < co. Then u € Reg if and only if (4.3) holds.

Proof of Theorem 3.4.1. If cap(S(y)) = 0, then (4.5) proves our claim.
Hence, let cap(S(p)) > 0, and then, by making use of a linear transforma-
tion, we may assume without loss of generality that cap(S(u)) = 1.

In view of (4.5) it is enough to show that if for some 0 < p < co we have

(4.6) hmmf llgn (12, p; - )“Lp(“) <1

then for all r with p < r

(4.7) liminf( inf uqn||2/](‘u))<1.

Tn—0C qn(z):zﬂ+...

By (4.6) there is an o < 1 and an infinite sequence N7 such that for all
neN;

(48) lan (1 95 I 5 < o

If s is any fixed natural number and [n/s] denotes the largest integer not
greater than n/s, then the relation

H‘Js( n/s]+1)(ﬂ P )HLp( ) < Cslign (1, p; )”E{Dnu)’

which follows, with some constant C; depending only on S(x) and the
number s, from the definition of the extremal polynomials gy, (g, p; -), shows
that we can replace all large n € N1 by s([n/s] +1). Hence, we can assume
without loss of generality that for every natural number s all but finitely
many terms in N2 are diwisible by s.

We can also select a subsequence Ny C Ny such that the limits
1

1
(4.9 lim =V, lim ~lo =c
) n—00,nE N, Yan (pop5) n—o0,NnEN2 1t § llan (1, p; ')“LP(p,)

exist. It is easy to check that the proof of Theorem 2.1.1, which gives
_ information on the location of minimal L?(yx) polynomials, carries over to
_ the LP(p)-extremal polynomials gn(u, p;-). Therefore, we know that v is a
- Probability measure with support in Pc{S(u)).

As a further simplification, we may assume ¢ < oo, for in the opposite
- case (4.7) trivially holds by choosing gn(z) = qn(u,p;2) for n = 1,2,..

1/n

(taking into account that the norms |gn(, ;p,-)||PC (S(p)) 2Te uniformly
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bounded in 7 because all the zeros of ¢, (u, p; -) are contained in the convex
hull of S(u)).

Now we need some basic facts from the theory of weighted potentials
discussed in Appendix IX. Set ¥ = Pc(S(p)), Q(2) = p(v; 2), and w(z) =
exp(—Q(z)) = exp(=Ap(v;z)) for z € . Then w? is admissible for all
A > 0 in the sense of Appendix IX, so we can consider the problem of
finding the minimal energy

1nf{ [ [ree

where the infimum is taken for all probability measures w supported on ¥.
Let wy,» be the unique minimizing measure. Then we know that for some
constant F

dw (t)dw(z +2)\/Q t)dw(t )}

(4.10) Plwyr; 2) + AQ(2) = plwyr; 2) + Ap(v; 2) = Fyn

for quasi every z € Pc(S(u)), and we know that the constant Fy,» and the
corresponding weighted Chebyshev constant, which is defined by

9% = lim { inf ||w)‘”PnH§/n},
n—2>00 Pn(z):zn+-..

are connected by
(4.11) 9" = exp(—Fyy» )

(see (A.30) in Appendix IX). Furthermore, if Sy is the support of wy,,
then we know that S,,» decreases as A increases.

We shall need some further preparation before we can turn to the proof
of (4.7). First we show that

(4.12) T cap(S(p)) =1 as A —0+0.

It is clear that t¥" < t1C*, where t! denotes the Chebyshev constant
corresponding to the weight identically 1 on ¥, and C is an upper bound of
w on X. By Szegé’s theorem (see Appendix IX, especially (A.30) for w = 1)
t! = cap(Z), hence from ¥ = Pc(S(x)) we can deduce

limsupt®” < cap(S(p)).
A—0

On the other hand, if v < 1 then there is an € > 0 such that for the set
Ee = {z € Pc(5(p)) |w(z) > €}

we have

cap(Ee) > ycap(S(u)),
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and so for any monic polynomial P, of degree n

Jw™ Pallgs i = € IPRIE" > eXcap(Ee) > e*yeap(S(w)),

where we have used the fact that
| Prlli > cap(K)

(see (A.29) in Appendix IX for w = 1) for every compact K. This, together
with what we have shown previously proves (4.12).
Paraphrasing (4.12) we can write (cf. (4.11))

(4.13) lim Fy» =0.

In (4.17) we shall prove a stronger version of this limit relation, but first
we show that (4.13) implies

(4.14) cap(Syr) =1 as A— 0.

In fact, for any monic polynomial P, of degree n we have (cf. (A.29) in
Appendix IX)

1 1
exp(—Fy) < [ Plld " < CMPald",

where C is an upper bound for w on Pc(S(p)). Hence (4.14) follows from
(4.13) and the fact that there are monic polynomials P, for which

. 1/n
nll»néo ||Pn||ka = cap(S,,»)

(see (A.30) in Appendix IX).
Now let

So = U Syr-
A>0

Then cap(Sp) = 1 = cap(S(n1)) and Sy C Pc(S(p)), hence
9e\S, (75 30) = ge\pe(s(p)) (25 90),
furthermore, from the decreasing character of the sets S,,» we get
9c\s,» (2500) '\ ge\s, (2590) = ge\Pe(S(u)) (25 00)

monotonically as A N\, 0 (see the proof of Theorem A.1 in Appendix IV).
Hence by the monotone convergence theorem

[ sers.nioeldn@) N [ gevpecsu (s dvta)
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Next we verify that here the right-hand side is zero, that is,

(4.15) fgC\Pc(S(p))(z; oo)dv(z) =0,

which, together with the previous relations, will prove

(4.16) /{i_r)ri)/gc\swx(z;oo)dy(z) = 0.

Since supp(v) € Pe(S(#)), and ge\pe(s(u))(2;00) = 0 for quasi every z €
Pc(S(u)), the relation (4.15) is false only if the set

Pe(S(w))1 = {2z € Pe(S(1)) | 9\ pe(s(u)) (23 00) > 0}

of the so-called irregular points of Pc(5(u)) (see Appendix VI) has positive
Y measure.

Now we show that this is not the case. Indeed, as the proof of (1.3.30) can
be repeated word for word for the polynomials ¢, (x,p;-) having minimal
LP(y) norm, we get that

p(v;z) <c¢, z€ 0N

(for the definition of ¢ see (4.9)). In fact, the key ingredient of that proof
is Lemma 1.3.2, which is independent of p. Since we have assumed that
the constant c is finite, it follows that the restriction of v to 02 has finite
logarithmic energy. But the set of irregular points is of zero capacity and
lies on 0€2, hence v(Pc(S(p))r) = 0 must hold, as we have claimed.

With (4.16) we are prepared to prove that

(4.17) lim Fys /A =0.

From formula (A.28) in Appendix IX we know that

Fypr = log A [ pvs)dos (2) 2 A [ plus, 5 2)dn(a),

cap(Sy»)

where wg , denotes the equilibrium measure of the compact set Sy,», and
where we have also used the fact that this latter set is part of Pc(S(p))-
and hence it has capacity at most 1. This inequality together with (4.14).
(4.16), and the formula

P(ws,»3%) = ge\s,, (2;00) + log )
proves

lim inf Fiy /A > 0.



3.4 Characterization of Regular Asymptotic Behavior in LP(u) 89

On the other hand, using (4.10) and the fact that the set of exceptional
points of Pc(S(u)) for which the inequality (4.10) does not hold is of ca-
pacity zero, and hence it has wg(,) measure zero, we can write

Fyr < /P(WSWA + Av; z)dws(#)(z) = /p(ws(#); z)d(waA + M) <0

because by (A.8)(a)

1
Plwsuy; 2) < log can(S(a) =0

for all z € C. These equations prove (4.17).

After these preparations we are ready to prove that (4.6) implies (4.7).
By (4.11) and (4.17), if € > 0 is given, then there is a A > 0 such that for
all 0 < A < A, there is a monic polynomial R,, of degree n) such that

(4.18) wN2)| B, (2)[Y™ < (1 + ) forall zePe(S(p)).
Let r > p be arbitrary. Choose an € > 0 so that
(4.19) (142¢)""PaP <1

is satisfied (for the definition of & see (4.8)) and for this € choose 0 < A < A¢
of the form A = (r — p)/rk, where k is an integer. From (4.18) and the
principle of descent we get

A
(4.20) ( limsup  |gm(u, p; zm)|1/m) |RnA(z)|1/n" <(1 +e))‘

m—oo,meN,

for every z € Pc(S(p)) and every sequence {z,, } converging to z. We claim
that this implies

(4.21) lim sup

m—o0,meE N,

< (14

m (4, D 1/m /\Rn 1/na
(Igm (ps 3 )™ Ry | Pe(S()

In fact, in the opposite case there is a v > (1+6))‘, a subsequence N3 C No,
and for each m € N3 a point z,, € Pc(S()) such that

(4.22) (m (1,23 20 ) By ) 7 2 3.

Without loss of generality we can assume that the sequence {2, }me N, con-

~verges to some point z of Pc(S(u)). But the sequence {||gm (i, p; -)||ij/(:'(‘s(p))}

-1 bounded and the function | Ry, (z)|/™ is continuous on Pc(S(p)), hence
(4.22) contradicts (4.20), and this contradiction proves (4.21).
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We have assumed that all but finitely many terms in N2 are divisible by
ny, hence these terms can be written in the form m = n,l with an integer
l. From (4.21) and A = (r — p)/rk we get for each large m

(4.23) )

- N)"P|R rkl” < (149 (r—p)m
lam (12,25 )" P | R, | Po(S(a)) < (14 2¢)
Consider now for m = Iny € N2 the monic polynomials g, (u, p; 2)x
Rn, (2)' of degree m + nylk = m(1 + k). For their L™ () norm we have

1/rm(1+k)
lgm (11, 93 -) Refy |I1L/r":f)l+k} (/Iqm(u,p, Ry |d )

. 1/rm(1+k)
<A|ITTP T - \|P
< (/ qum(u,p, )" 7P| R, | ”Pc(S(,u)) lgm {4, p; +)| du)

b

< ((1 +2e)("‘p)mamp)l/rm(l+k) (1 +2¢)7Pa?)/mHR)

where we have used (4.23), (4.8), and (4.19). The last relation verifies (4.7),
and the proof is complete. O

Like the definition of regularity of a weight measure u, also its char-
acterization given in Theorem 3.2.1 could be extended to LP norms or
quasinorms. However, the proofs tend to be rather technical, so instead we
only consider the case when the support S(u) is a regular set with respect
to the Dirichlet problem, that is, we consider the analogue of Theorem 3.2.3
but now with LP norms or quasinorms instead of L2 norms.

Theorem 3.4.3. Suppose that S(p) s a regular set with respect to the

Dirichlet problem in  and 0 < p < oo. Then the following five statements
are equivalent.

(i) u € Reg.
(ii) lim sup [n (. 3 2 e~ 9a(%0) <1
n—oo \ lan(p,p; )“LP
uniformly on C.
\ 1/n
(iii) lim sup Po(2)) 1
n—0 | degP, <n 1FnllLe(u) )
P, 20

uniformly on C.

. 1/n
(iv) lim (“qn(ﬂapa )“sup,S(p)) -1,

n—o0 ||Qn(l£’P;‘)||Lp(p)
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where | - ||sup,s(u) denotes the supremum norm on S(p).
1/n
P,
(V) lim sup “ n”sup,S(p) L
N0\ degP,<n ”PRHLP(M)
P, #0

If in addition S(p) C O0Q), then any of (i)—(v) s equivalent to the follow-
ing statement.

(vi) If {gn} is a sequence as in assertion (vi) of Theorem 3.2.1, then

1 1/n
P
P,
im sup Hgn n“sup,S(,u) =1,
n—00 \ degP,<n  I1PnllLo(u,)
P20

where dp, := gndy are the measures from Theorem 3.2.1.

Proof of Theorem 3.4.3. We mention first of all that if for a sequence
{Pn} of polynomials we have

1/n
lim ”Pn“sup,S(,u) —1
n—oo \ || Pl 2y ’

then the same is true with LP(u) norms:

1/n
lim (“Pn”Sup,S(,u)) -1

n—=c0 \ ||PullLr(y)

For p > 2 this follows from Holder’s inequality, whereas for p < 2 we can
apply the estimate

2—
[ 1Palan < IR [ PP

Hence, in this case all the LP(x) norms are asymptotically equivalent in
- the nth-rooth sense.

But then any of the implications (i)=-(j) where (j) is any of (ii)—(v)
follows from the corresponding implications in Theorem 3.2.3 (use also
Theorem 3.2.3, (i)=>(v)). As for (i)=(vi), the proof of this is also identical
with the proof of the corresponding implication in Theorem 3.2.3 if we use
(i)=(v) and replace 2 by p throughout in that proof. Now since each of the
’ ?t)atements (ii)—(vi) implies (iv), it remains only to prove that (iv) implies
i).

But this is a consequence of Theorem 3.4.1. Indeed, for any monic poly-
nomial of degree n, hence in particular for ¢, (u,p; ), we have

lan (i B3 2L gy > cap(S(10))
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(see (A.29) in Appendix IX with the special choice w = 1, or [Ts, Section
II1.5]), and so (iv) implies

(4.24) Tim{lga (s 2; ) 5y = c2p(S()

(recall that the inequality

limsup ||gn (g, p; - )Ile < cap(S(p))

—>00
automatically holds since for the Chebyshev polynomials Ty, (2) = 2™ + - -
associated with S(u) we have

1/n

Tim [ Tal g, = cap(S(u)

(see [Ts, Theorem II1.26] or (A.30) in Appendix IX with the special choice
w = 1)). Now having (4.24) at our disposal, all we have to do to conclude
the implication (iv)=-(i) is to apply Theorem 3.4.1. 0

3.5 Examples

Three examples will be given, which supplement our results from Sections
3.1 and 3.2.

Example 3.5.1. We construct a weight measure p with S(p) = [-2,2].
cy =0, and u € Reg,.

This example shows that 4 € Reg can happen even if the lower and
upper bounds in Theorem 1.1.4 are different.

Actually such an example trivially follows from the regularity criteria
to be discussed in the next chapter but we need the bases of the present
construction in the more sophisticated Example 3.5.2.

Let ty,(z) := 2cos(marccos(z/2)), -2 < z <2, m € N, be the monic
Chebyshev polynomials of the first kind on [—2,2], and set S, := Z(tm).
the set of zeros of t,,, for m = 3™, n € N. Each set S, consists of 3" distinct
points that are contained in [—2,2], and S, € Sp41. Set

(5.1) pn=3"" Y & for neN,
€Sy,

and define the weight measure u by

xX0

(5.2) M= Z anpin  (an >0, Z an < 00),

n=1

where in this example we set

(5.3)  an:=(1-<bp"" ! forsome 0<b<1l and n=12,...
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We have ||u|| = Y a, = 1 since the u, are probability measures. Since
51U 82 U--- is a countable carrier of u, we have ¢, = 0.
From the Gauss-Jacobi quadrature formula it follows that

(5.4)

1 2
/pd,un = —] fff)ﬂ— for polynomials p with deg(p) < 2-3"-1,
™ J_2 — T

and therefore

(5.9) Pm(tin; z) = \/iitm(z) (fym(un) = \/Li) for m < 3".

From Lemma 1.5.3 together with (5.2) we know that

(1-n)/2
(5.6) Ym(p) < \/ai'vm(un) <l for m<3™

21 -0)
If we use estimate (5.6) for 3" 1 <m < 3", n =1,2,..., then we easily
derive
(5.7) lim sup ym ()™ < 1.

m—0o0

Together with the lower bound of Corollary 1.1.7 this implies that
'ym(u)l/m — 1 as m — oo, which shows u € Reg (see Definition 3.1.2).

O

The next example shows that, in the case ¢, = 0, regular asymptotic
distribution of the zeros of the orthonormal polynomials pn(u;2), n € N,
does not necessarily imply p € Reg. The example further shows that the

assumption ¢, > 0 is really necessary in Theorem 2.2.1.(a) and Corollary
2.2.3.

Example 3.5.2. We construct a weight measure p with S(u) = [—-2,2],
¢, = 0, and p € Reg, but in spite of 1 ¢ Reg, the orthonormal polynomials

Pn(p;2), n € N, have regular asymptotic zero distribution. Furthermore,
we will have

(5.8) 1 < lim inf vy ()™ < limsup ym (1) ™.

m—oo m—00

Another measure y with similar properties but for which ~p,( u)l/ ™ tends
to infinity can be obtained from the construction that we used in the proof
of Theorem 2.1.4.

The measure g is defined by (5.1) and (5.2) as in Example 3.5.1, but now
the coefficients a,, > 0, n € N, tend faster to zero and they are defined by

(5.9) ap = (1— b?’)bgn forsome 0<b<1l and n=12,....
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We first show that i ¢ Reg. Let 7 = w_5 9] be the equilibrium distri-
bution on [—2,2], that is,

dx
5.10 dr(z) i= ——, -2<z<2,
(5.10) e e S
and set
o0

(5.11) plm = Z ajLj.

j=n
From (5.9) it follows that

oo
(5.12) (1= < [lp™] =) a; <% for n=12,....

j=n

The measure 7 has already been used on the right-hand side of (5.4). The
monic Chebyshev polynomials ¢, are not only orthogonal with respect to
pn for m < 3" (see (5.5)), but also with respect to the measure 7, and we
have

(5.13) Itmlizzr) = MmllLage,y = V2 for m < 3"

On [-2,2] all t,, are bounded by 2. In order to derive a lower estimate for
the leading coeflicients ~,, (1) we use the test polynomials

(5.14) gm(2) :=tpy_gn-1(2)tgn-1(z) for 3" 1 <m< 3"

in the minimality property (1.3.10) of the monic orthogonal polynomial
gm(1; 2). The test polynomial ¢, has zeros at every point of the set S,_1
if 37~1 < m < 3™ From (1.3.10) and (5.13) it follows that

(5.15)

1 2 / 25,.(n) / 24, (n) (n)
< m d’L - m d,u: < 4 t n—1 d“j — 8 u

for 3771 < m < 37, which, with (5.12), implies that

1 3
7

and, furthermore,

(5.17) liminf v ()™ > \/% > 1.

m—0Q

The estimate (5.17) shows that 1 ¢ Reg.
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In order to show that (5.8) holds true we have also to establish an upper
estimate for the coefficients v, (12). From Lemma 1.5.3 together with (5.4)
and (5.12) it follows that

(5.18)
1

Ym (1) < Y (™) = ———=m(r) < 201 = *)6*") 7% for m < 3"
[rrsd|

From (5.16) and (5.18) we derive

(5.19) 8 V2 < /2y, () <21 -1%)"V? for 3"l <m <3

If N:={3"| n €N}, then from (5.19) it follows that

3/2
. 1/m _ 1
(5.20) m%lcl)fnm LA ( b)
and
1\ /2
(5.21) mﬁolifnmeNﬁ,m_l(u)l/<m-1>:(5) .

Since these two limits are different, inequality (5.8) is proved.
Last we show that the orthonormal polynomials p,,(k; 2), m € N, have
regular asymptotic zero distribution. For this purpose we consider the

monic orthogonal polynomials g, (u; 2) instead of the orthonormal ones.
We have

Bl > llgm (s M3 > Nam (s )G aguomy = 18 llam (s N oy

for 3"~1 < m < 37, Indeed, the first inequality was proved in (5.15) , the

second one follows from yu > 1™ and the equality follows from (5.4) and
(5.11). From this we derive

(5.22) lgm (5 )| 27y < V8.
From Theorem 1.1.8 it follows with (5.22) that

1/m
qm(p; ) < eg,(z;oo)

(5.23) limsup |gm(; 2)|Y™ < limsup
Nam (5 )l L2 (r)

m—0oQ Mmoo

locally uniformly for z € C. Since 7 is identical with the equilibrium dis-
tribution wy_5 5 of the interval [~2,2], we know from Lemma 1.2.7 that

9r(2;00) = ga(z;00) with @ = C \ [-2,2]. Hence, from (5.23) it follows
that

livrgljélop lgm (i 2)]M™ <1 = exp(p(wi_g2]; 2) — zé?fgg]p(w[—?’?]; 2))
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uniformly on [—2,2], and so

1 *

(524) () — UJ[_Q’Q], m — o0,

—v
m I
follows from Lemma 2.1.6. This proves that the orthonormal polynomials
pm (1 2), m € N, have regular asymptotic zero distribution. O

Example 3.5.3. In connection with Theorem 3.2.3 we show by an example
that it is possible for a regular measure u to have orthonormal polynomials
with
1/n
limsup ||pn (1; )||Sup S(u) > 1.

n—o0

Of course, then S(u) is not regular with respect to the Dirichlet problem
in 2.
Let
S={0yu [J (@™ 27" + exp(-n?)),
neN

for some subsequence N = {n; = 1,n9,n3,...} of the natural numbers,
and let

S*={0}u | J @7 27" + exp(-n?)).
ncN

By Wiener’s test [Ts, Theorem III. 62] 0 is not a regular point of S*, so
QC\S*(OE o©o) =: a > 0. With N, = {ny,no,n3,... ,ny} and

Sm= [J @™ 27" + exp(—n?))
neEN,

we obviously have

o = ge\g+(0;00) < ge s, (0;00)

whatever the sequence N be.
Suppose that the numbers {nj, ng,...,n,m} have already been chosen.

Let P,Sj’“) be the orthonormal polynomials with respect to the restriction
of linear Lebesgue measure to Sy,. Obviously, this is a regular measure, so
we have

||P,,§,m)|1L2(Sm) =1 and lim \P?gm)(O)|1/"' = exp(geys,, (03 0)) 2 e”.

n—oo

Choose M, in such a way that

P ()M > /2,
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and then a p,, so that with

Sm=SmU J (27" 27" + exp(—n?))
n2pm

we have ||P](\;n )H 12(sz) < 2. Finally, let us choose np41 > pm arbitrarily,
and this completes the inductive choice of the numbers {n;}.
If p is the restriction of the Lebesgue measure to S, then by the con-

struction of the polynomials P](k}n ) we have

o 1/M,,
| Py (0)

lim sup ()

m=oe \ [Py iz

> 2> 1,

hence we must have for the orthonormal polynomials p(y;-) the relation

1/n
h;r_l_f;p l|pn (p2; - )Hsﬁp sy > 1
(see the proof of Theorem 3.2.3, (iv)=>(v)). On the other hand, p is regular:
For every z € § = S(u), z # 0, and any sequence {FP,} condition (2.4) is
satisfied because it 1s satisfied with the restriction of u to the interval of S
containing z (the restriction of Lebesgue measure to any interval is regular),
so we can apply Theorem 3.2.1. O

3.6 Regular Behavior and Monic Polynomials

In many applications it is not regular nth-root asymptotic behavior but
regular zero distribution that plays a central role. We saw in Section 3.1
that these two notions are strongly related (cf. Theorem 3.1.4) but they
are not fully equivalent (see Examples 2.2.5 and 3.5.2). In this section we
briefly discuss characterization of regular zero distribution in the sense of
Section 3.1. Incidentally we get a variant of Theorem 3.1.1 for the monic
orthogonal polynomials {g,(y;-)} as well. However, we would like to point
out that, although our next result is very similar to Theorem 3.1.1, it is
much less deep than the latter one.

Theorem 3.6.1. Let cap(S(u)) > 0. The following three assertions are
equivalent.

(i) Jim Jgn(u; 2)]V/7 = €92 %) cap(S(y)
locally uniformly in C\ Co(S(u)).

(ii) timsup |gn (; 2)|'/™ = cap(S(p))

n—oo
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for quasi every z € 0€0.
(111) l1m ﬁqn(”;_) = wS(#)

in the weak™ topology, where o denotes the balayage of the measure v onto
Q.

Furthermore, each of-(i)—-(iii) follows from p € Reg.

If Int(Pc(S(p))) = 0, that is, S(u) has empty interior and connected
complement, then (ii1) takes the form

(i)’ A vy, (4 = WS(u);

which 1s nothing else than the regular asymptotic zero distribution of

{pn ()}

Proof. That (i)—(iii) follow from p € Reg is an immediate consequence
of Theorem 3.1.1, hence we only have to prove the pairwise equivalence of
(1)—(iii).

()= (iii): Let o be a weak™ limit point of {7, (,.,)}nen. By Theorem 2.1.1
the measure o is supported on d{). We have to show that o = w S(u)- Since
for z € {1 we have

1 .
(6.1) —loglan (s 2)| = —p(Pg, (3); ),

and (i) is equivalent to

.1
lim —1log |gn(k; 2)| = —P(ws(uy; 2)

n—o00

for z € C\ Co(S(p)), it follows that
(6.2) p(o; ) = p(wg(u); 2)

for z € C\ Co(S(1)). Since here both sides are harmonic in €2, the equality
extends to {2, and then, by the fine-topology argument of the proof of
Theorem 2.2.1(b), to all z € Q. From (6.2) for all z € 8 we get

I{o): = /p(a;z)da(z) = /p(ws(“);z)da(z)

= [ ploi2)dws(z) = [ plusiuy;2)dws () = Husg) < oo

that is, together with wg p) the measure o also has finite logarithmic energy.

Hence we can apply the principle of domination twice to extend (6.2) (for
all z € 9Q) to all z € C, and so 0 = wg(, follows from the one-to-one
relation between measures and potentials (see Appendix III).
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(iii)=(ii): If we use

plwgr,y; 2) = log ————  for qu.e. z € 902

(807%) = 198 s

and (6.1) for qu.e. z € 9Q, then (i) is an immediate consequence of (iii)
and the lower envelope theorem (see Appendix IIT).

(ii)=(i): Let o be a weak™ limit point of the zero distributions {v  (,.)}.
By Theorem 2.1.1 we know that o is supported on Pc(S(x)) and every zero
of gn(y;-) is contained in Co(S(u)). Hence, we only have to show that (ii)
implies p(o; z) = p(wg(y); 2) for all z € 2. But (ii) and the lower envelope
theorem yield

(6-3) p(o;2) 2 p(wg(uy; 2)

for que. z € 90 = supp(wg(,); ), hence we get from the principle of
domination that the same holds true for all z € C (note that w S(u) has
finite logarithmic energy and so the set of z € 992 for which (6.3) is false
has zero wg,) measure). But at infinity we have equality in (6.3), and
since both sides are harmonic in €2, the equality sign in (6.3) must hold
for all z € €2 by the minimum principle for harmonic functions, as we have
claimed. 0



4

Regularity Criteria

For applications of our results concerning regular (nth-root) behavior of
orthonormal polynomials we need easy-to-use criteria for the inclusion
u € Reg. In Section 4.1 we review the existing regularity criteria and com-
pare their strength. In Section 4.2 we give several new criteria. Their com-
mon feature is that they directly relate the size of x4 on disks to u € Reg.
These new criteria turn out to be much stronger in applications than those
in Section 4.1 and they are very easy to use. The proofs that they imply
the regularity of ;¢ are given in Section 4.3. In Section 4.2 we also discuss
the sharpness of our criteria — they turn out to be “almost optimal.” Their
sharpness is shown in Section 4.5 after some potential-theoretic prepara-
tions in Section 4.4. Finally, in Section 4.6 we give a review of all criteria
discussed by us and establish their relative strength.

4.1 Existing Regularity Criteria and
Their Generalizations

We review the existing criteria that ensure regular (nth-root) asymptotic
behavior of the orthonormal polynomials {py(z; )}, in short, the regularity
of u (1 € Reg).

It follows from Corollary 1.1.7 and Definition 3.1.2 that every measure
with support of zero capacity is regular. Therefore, in what follows until
the end of this chapter we shall always assume cap(S(g)) > 0. This also
implies the existence of w S(u)> the equilibrium distribution of S(u).

The definition of regularity, that is,

1
: ifn _ ____ ~
B Tl = S )

(cf. Theorem 3.1.1), and also the equivalent formulations of it presented in
Section 3.1 refer directly to the orthogonal polynomials in question, and
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therefore, except for a few concrete cases, it is very difficult to check its
validity. Besides this, the story is usually the opposite, namely, we want to
derive different properties of the orthogonal polynomials (say, zero asymp-
totics, asymptotics away from the support, etc.) from the knowledge of the
regularity of u (see the results in the preceding chapter). Therefore, we are
looking for criteria that directly connect p to its regularity.

The first such criterion was given in an influential paper by P. Erdés
and P. Turdn, [ErTu]. They claimed that if p is a measure on [—1, 1] and
¢/ (z) > 0 almost everywhere on [—1,1], then p is regular (of course, p'(x)
denotes the Radon-Nikodym derivative of y with respect to Lebesgue mea-
sure, which, in the present case, coincides a.e. with the usual derivative of
the function p([—1,z])). Seeing that w;_; ;) and the Lebesgue measure on
[-1,1] are mutually absolutely continuous with respect to each other, we
have the following criterion as an obvious generalization:

Erdés—Turdn criterion:

dy
(1.1) drs >0 wg(y) almost everywhere.

Inequality (1.1) should be understood in the following sense: Let y =
pa + ps be the decomposition of y into its absolutely continuous and
singular parts with respect to WS(p)- Then the Radon—Nikodym deriva-
tive dua/dws(“) exists ws(“)valmost everywhere and (1.1) means the
Wg(y) a-e. positivity of this derivative. Thus, the Erdés—Turan criterion
actually refers only to the absolutely continuous part of u (with respect to
ws(p)), but, of course, the regularity of ug implies that of p.

Theorem 4.1.1. The Erdds—Turdn criterion implies u € Reg,.

Remark. Condition (1.1) can be equivalently expressed in at least two
other ways:

(i) Inequality (1.1) is equivalent to

I(p) € T(ws(w))

where I'(-) denotes the set of carriers defined in (1.1.1).
(i) Inequality (1.1) is equivalent to the assertion that the measures pt, and
Wg(y) are equivalent in the measure-theoretic sense, that is, pe(B) = 0 if
and only if wg(,)(B) = 0 for all Borel sets B, which is also equivalent to
the equality

I(pa) = Nwg )

that is, to the mutual absolute continuity of p, and WS(u) with respect to
each other.
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Corollary 4.1.2. If S(u) = AjU---UA,UE with Aj,... , Ap smooth and
compact Jordan arcs in C, A1 U---U A, does not separate C, and E CC
is a Borel set with cap(F) = 0, then

d
—dﬁ>0 a.e. on Aj forj=1,...,n,
8

implies i € Reg. Here ds is the line element of the arc length on Aj.

Corollary 4.1.3. If S(u) = [-1,1}, then

(1.2) d’;f)

>0 a.e. on [—1,1]
implies 4 € Reg.

Remark. As has already been mentioned, Corollary 4.1.3 contains the orig-
inal result of Erdés and Turan [ErTu]. It may be interesting to note that
more than 40 years later E. A. Rahmanov ([Ral] and [Ra3]) succeeded in
showing that (1.2) is not only sufficient for regular nth-root asymptotic
behavior, but also for the stronger ratio asymptotic behavior (1.2) of the
introduction. However, in Rahmanov’s result the fact that S{u) is an in-
terval is essential. The weaker assumption of Corollary 4.1.2, even in its
most special form of two disjoint real intervals A; and As and F = @, is
no longer sufficient for regular ratio asymptotics (see [Ra2]).

A weaker condition than the Erdés—Turian one was introduced by J. L.
Ullman in [Ul1]. It claimed for a measure p with S(u) = [—1,1] that ¢, = 3
be satisfied. Thus, we have the following criterion.

Ullman’s criterion: c, = cap(S(u)).
Recall that ¢, is the minimal carrier capacity of i (see (1.1.2)).

Theorem 4.1.4. Ullman’s criterion implies the reqularity of .

This is obvious from Corollary 1.1.7. It is not difficult to show that the
Erd6s—Turan criterion implies Ullman’s criterion. In fact, by dilation we
can assume diam(S(px)) < 1. Now (1.1) implies that if C is a carrier of

it and Ky C K9 C --- C C are compact subsets with p(Kp) — ||p| as
n — oo, then we have also wg(,)(Kn) — 1, and so for the logarithmic

energy
= //log dun(z)dvn()

Un = WS(u) | wn /¥S(u)(Kn)

of the unit measures
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we have

(1.3) limsup I(vy) < limsup I(wg(uy)/ Ws(u (Kn))? = Hwg(uy):

Since log(1/cap(Kp))is at most I(vy) and I(wg(,,)) equals log(1/cap(S(x))),
we can conclude

(1.4) l%ggfcap(Kn) > cap(S(u)),

by which cap(C) > cap(S(u)), and so ¢, > cap(S(y)), is established. This
proves that in the presence of (1.1) Ullman’s criterion ¢, = cap(S(y)) is
satisfied.

Thus, Theorem 4.1.4 proves also Theorem 4.1.1. Corollary 4.1.2 follows
from Theorem 4.1.1 because wg(,,y and the arc measure on Ay U---U Ay, are
mutually absolutely continuous (cf. [Wi2, p. 141]) and cap(F) = 0 implies
ws(“)(E) = 0.

In the case when Int(Pc(S(i))) # @, the Erd6s-Turan criterion can
be trivially weaker in strength than Ullman’s criterion, see, for example,
Example 1.5.1, where the measure p is the planar Lebesgue measure on
the open disc {z | |2|] < 1} and g € Reg. The equilibrium distribu-
tion wg(,) is in this case supported on the circle {z | |z| = 1}, and the
open disc {z | |z| < 1} is a carrier of . Hence, the derivative (1.1) is
2€ro wg(,)~a.€., and the Erd6s—Turéan criterion is not satisfied, despite the
fact that ¢ € Reg. It is much less trivial that Ullman’s criterion can be
significantly stronger in strength than the Erdés—Turdn criterion even if
Int(Pc(S(u))) = 0, say, if S(g) C R. In Lemma 1.3., part (b) of [Ull]
it was shown that for every ¢ > 0 there exist weight measures g with
S(p) = [-1,1], ¢, = cap([—1,1]), and a carrier C € I'(g) with the linear
Lebesgue measure A(C) < e. Since the equilibrium distribution wi_y 1y of
the interval [—1,1] is absolutely continuous with respect to A, it follows
that (.U[_l’l](C) <1.

In the next example the relation between the minimal-carrier capacity
¢, and the linear Lebesgue measure A of minimal carriers is carried to an
extreme. We show that there exist weight measures on [0, 1] with minimal
carriers of linear Lebesgue measure zero and ¢, = cap([0, 1]). Thus, in this

example “linear Lebesgue measure” and the “minimal-carrier capacity” are
maximally different.

Example 4.1.5. We construct a measure p such that S(u) = [0,1], ¢, =
cap([0,1]) = %, and there exist carriers C € I'(z) with linear Lebesgue
measure A(C) = 0.

The basic idea of the construction is to paste linearly transformed Cantor
sets together. The measure p is then defined as a weighted sum of the
equilibrium distribution on these transformed Cantor sets.
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Let K be the classical Cantor set on [0,1]. Then A(K) = 0 and cap(K) >
0. A set A C [0,1] is constructed by filling up the gaps in the Cantor set K
with linearly transformed Cantor sets. We describe the construction more
formally as follows.

For any set S C R the linearly transformed set aS + b is defined by

(1.5) aS+b:={dr+b|xeS} with a, b €R, a > 0.
The set A is defined as

A:=KU(%K+%)U[(%K+%)
U(%K+§)U (%K-&-%)}U---,

or in a compact formulation as

(1.6)

oo [37-1
(1.7) A=kKulJ | U K|,
j=01 k=0
where
1 3k +1
(1.8) Kjk = gfﬁK + W

for jjkeNand 0< k < 3.
Let pjj denote the equilibrium distribution of the transformed Cantor
set (1.8). The weight measure p is then defined as

1 00 1 3 -1
(1.9) pi= WK D AT D ik
§=0 k=0

It is easy to see that p is a probability measure, A € T'(x) is a minimal
carrier, and A(A) = 0. It remains to be shown that

(1.10) ¢y = cap(A) = cap([0,1]) = ;11

The Cantor set K is regular with respect to the Dirichlet problem in
C\ K (see Theorem II1.63 of [Ts]). From Lemma 1.2.7 and Definition 1.1.1
it therefore follows that

(1.11) gu(2;00) < gy, (273 0) = g&\ g, , (7 00)

forall z € C and j,k € N (0 € k < 3). From the regularity of the Cantor
sets K it then follows that

(1.12) gu(z;00) =0 forall ze A.
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We next show that for any z € [0, 1] and the sets

(1.13) A= An{z |27 ">z -2z > 27"V}, n=1,2...

we have

(1.14)

= OC.

nz::l log(1/cap(An))

Indeed, because of the regular structure of the set A, for every subinterval
I C [0,1] of length |I| > 3=U=1) j e N, there exists at least one trans-
formed Cantor set (1.8) with K, C I (0 < k < 37). Let j € N be the
first number with 3= U—1) < 2-(n+1) Then there exists a K, C Ap with
0<k< 3j, and therefore

2—17—2”("+1)cap(K).

cap(K) >

1

This proves (1.14).

From (1.14) it follows that all € [0, 1] are regular points of the Borel
set A, which implies that

(1.16) g\ a(z;00) =0 for all z € [0, 1].

As a reference for this last result see [La], Chapter V, Section 1/6, espe-

cially the second to last paragraph. Since [La] contains only a very sketchy

treatment of irregular points of Borel sets for logarithmic potentials, we

also refer to [Ts], where also only closed sets are considered, but the proofs

of Theorem I11.61 and Theorem II1.62 can be generalized without using

earlier results so that the derivation of (1.16) from (1.14) is covered.
From (1.14) and (1.16) it follows that

gu(z;00) = gE\A(z; o0) = 9?6\{0,1](Z; ),

which proves (1.10). 0

Obviously. in Example 1.5.1 the collapse of the Erd6s—Turén criterion is
somewhat artificial. However, the example is instructive for the following
strengthening of the Erdés—Turédn criterion, which is, up to a small modifi-
cation, identical with a regularity criterion introduced by Widom in [Wil].
The original formulation of the criterion is given as Corollary 4.1.7.

Widom’s criterion: For every carrier C of the measure p there exists a
sequence of compact sets Vi, € S(u), cap(Vyp) >0, n € N, with

(i) cap(Vn) — cap(S(p)) as n— oo



106 4. Regularity Criteria

and
(i1) wy, (C)—1 as n— oc.
Theorem 4.1.6. Widom’s criterion implies p € Reg.

Remarks. (1) In Theorem 4.1.6 it is sufficient to check the assumption
for only one minimal carrier C € T'g(p). However, it is essential that the
carrier be really minimal, which is in general as difficult to decide as to
decide whether Ullman’s criterion is satisfied or not.

(2) If all sets V;, are taken to be identical to S(u) , then condition (i) is
trivially satisfied and condition (ii) becomes equivalent to condition (1.1) of
the Erdgs—Turan criterion. Hence, Widom’s criterion is in general stronger
than the Erdos—Turan criterion,

As a corollary to Theorem 4.1.6 we state the original formulation of
Widom’s criterion from [Wil].

Corollary 4.1.7. If there exists a family of compact sets Vi C S(p), 0 <
t < tg, with

(1) Jim cap(Vy) = cap(5(n)),
and for any carrier C € I'(i) we have

(ii) limsup wy, (C) =1,

t—'to

then 1 € Reg.

Remarks. (1) Similarly as in Theorem 4.1.6 we can choose all V; (0 <
t < tp) to be identical to S(u), and condition (ii) of Corollary 4.1.7 is then
equivalent to condition (1.1) of the Erdés-Turén criterion. Hence, Widom's
criterion in its original formulation is also stronger than the Erdgs—Turén
criterion.

(2) Since in Theorem 4.1.6 for every carrier C' € I'(x) we may select a
different sequence {V,}, the new formulation of the criterion is easier to
apply than Widom's criterion in its original form, where the family {V;} of
compact sets has to be the same for all cartiers C € T'(u). The proof of the
corollary will show that the criterion of Theorem 4.1.6 is at least as strong
as the one in Corollary 4.1.7.

Proof of Corollary 4.1.7 and Theorem 4.1.6. Corollary 4.1.7 imime-
diately follows from Theorem 4.1.6. In fact, let V;, 0 <t < tg, be a family
of compact sets satisfying the assumptions of Corollary 4.1.7. Let further
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C € I'(p) be an arbitrary carrier. From (ii) of the corollary it then follows
that there exists a sequence t, € [0,1g) with ¢, — tg such that for the
sequence of sets V,, := V;_ the two limits (i) and (ii) in Theorem 4.1.6 hold
true. Hence, by Theorem 4.1.6 we have 1 € Reg.

As for Theorem 4.1.6 itself, we only have to prove that Widom’s criterion
implies Ullman’s criterion and then apply Theorem 4.1.4. But this is easy:
If C is a carrier of p and {V,} are as in (i) and (ii) in Widom’s criterion,
then for each n there is a compact set K, C C such that wy, (K,) — 1 as
n — 00. Now setting

Vp = Wy, |Kn /an(Kn)

and taking into account that for the logarithmic energy of wy, we have

lim I{wy,) = lim log(1/cap(Vy)) = log(1/cap(S(u))),

n—eo

we can conclude exactly as in (1.3)—(1.4) that

cap(C) > l'hm io%f cap(Kr) > cap(S(u)),

proving ¢, = cap(S(p)). O

Thus, we have verified that Widom’s criterion implies Ullman’s criterion.
Now we show that they are actually equivalent. In fact, if we assume Ull-
man’s criterion, that is, ¢, = cap(S(u)), and C is a carrier of y then there
are compact sets Vy, C C such that cap(V,) — cap(S(u)) as n — oc. For
this sequence {V},} the two conditions (i) and (ii) in Widom’s criterion are
satisfied.

As an illustration we show how to apply Widom’s criterion to Example
1.5.1. In Example 1.5.1 the measure yu is the planar Lebesgue measure of
the open disc{z | |z| < 1}. Set V; := {z | |2] < t}, 0 < ¢ < 1. The
equilibrium distribution w; of the set V4 is uniformly distributed on the
circle {z | |z| = t}. Let C € I'(i1) be arbitrary. Then for almost all ¢ € (0,1)
we have

MCN{z ||z = t}) = 2nt,

where A denotes the linear Lebesgue measure on {z | |2| = t}. Hence,
there exists a sequence {¢,} with ¢, — 1 such that the corresponding sets
Vn := W4, satisfy the two conditions (i) and (ii) of Theorem 4.1.5. Hence,
by Widom'’s criterion, we have i € Reg.

Of course, Widom’s criterion is of a different quality than Ullman’s or
the Erdés—Turdn criterion. Its application depends on the skill of the in-
vestigator in selecting the sequences {V,,}. For every carrier C € T'(u) a
different sequence may be selected. This different quality gives a practical
value to the equivalence between Ullman’s and Widom’s criteria.

As a summary of our findings we state the following theorem.
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Theorem 4.1.8. Let cap(S(p)) > 0. The following dependencies hold:

Erdés—Turdn criterion

= Widom’s eriterion < Ullman’s criterion

= i € Reg.

All the these criteria are rather weak. The problem with them is that
the two stronger criteria, namely, Ullman’s and Widom’s criteria, simply
do not take into account the size of u, they only refer to the carriers of .
Furthermore, they work only when in Theorem 1.1.4 and Corollary 1.1.7
the upper and lower bounds coincide, that is, only in the “trivial” case
For example, they never can be used to check the regularity of a discrete
measure. In the next section we present some incomparably weaker (and
hence in applications stronger) criteria for regularity of measures. Their
common feature will be that they relate the size of 4 on disks to p € Reg.

4.2 New Criteria and Their Sharpness
Let Ap(z) = {2 | |2/ — 2| < r}. We start with

Criterion A:

2y ap({

Theorem 4.2.1. Criterion A implies 1 € Reg.

r—0+ log I/T

< oo}) = cap(S(s).

We remark that A is weaker than Ullman’s criterion (which is equivalent
to Widomn’s criterion) because the set

r—0+ log1/r

is always a carrier for p (cf. Theorem 4.6.1).

Theorem 4.2.1 is about as far as anyone can go even if S(u) = [0.1]:
namely, we show that in (2.1) the function log 1/ cannot be replaced by a
much bigger one.

(2.2) {z

Theorem 4.2.2. There exists a measure p such that S(p) = [0, 1], the set

(2.3) {x lim logl/p(lz —r,z+ 7))

r—0 (log 1/r)1+7

=0 for every n>0}

is of capacity ;1£ but 1 € Reg.
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Condition A says that the measure g is sufficiently dense in the points of
a set of full capacity. Note that from a measure-theoretic point of view, in
general, this requires denseness only in a relatively sparse set (see Example
4.1.5 or Corollary 4.4.4). But actually, we do not need this; all we need is
a kind of “denseness in the average.” Therefore we introduce the following
“moving variant” of A.

Criterion A*: There exists a constant L > 0 such that

(24) lim cap({z | s(Ar(2)) 2 r}) = cap(S(p)-

Theorem 4.2.3. Assume that S(u) = supp(p) is reqular with respect to
the solutions of Dirichlet problems in @ = C\ Pc(S(n)). Then criterion A*
implies the reqularity of p.

We shall show in Section 4.6 that A* can be significantly weaker than A
even for S(p) = [0, 1]; namely, we will exhibit a g with S(u) = [0,1] for
which (2.4) is true for every L > 1 but the set

{s

is of zero capacity.
Theorem 4.2.3 is the best possible, as is shown by the following theorem.

1 —
lim sup logl/p(lz — 7,z + 7)) c o }
r—0+0 logl/r

Theorem 4.2.4. If v:(0,1) — (0,1) is any function tending faster to zero

than any =¥, L > 0, as © — 0 +0, then there exists a measure p such that
S(p) =10,1] and

lim cap({x | pu(fe — 7,2 +7)) 2 ()} = &,

but 1 ¢ Reg.

Conditions A and A* require that at a relatively large set of the points
z the p measure of the disk of radius r around z be at most polynomially
small in r. We have already remarked that this relatively large set must
be large only in capacity and not, say, in Lebesgue measure (when, e.g.,
S(p) = [0,1]). Now we show that the i measure of those disks can be almost
exponentially small in 7 provided we assume it to hold at more points. We
only consider the classical and most important case S(u) = [0, 1].
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Criterion A: S(u) =[0,1] and for almost every z € [0, 1]

(2.5) lim i(I)lf’f‘ log u([x —r,z +7]) > 0.
r—

Inequality (2.5) is a much weaker — “almost exponentially weaker” —
density assumption than the one defining the set (2.1). The price we pay
for it is that it must hold at more points (recall that meas(E) = 1 for a set
E C [0,1] implies cap(E) = ).

Theorem 4.2.5. Criterion A implies u € Reg.

This is the best possible in the sense of the following theorem.

Theorem 4.2.6. If v: (0,1) — (0,1) is any function with v(r)/r — 0 as
r — 0+ 0, then there exists a measure i such that S(u) = [—1,1] and for
all z € [0,1]

T

I 1 - =0,
Jim y(r)log u([z ~ 7,z +7])

but 1 ¢ Reg.

The “moving variant” of criterion A — in the sense of Theorem 4.2.3 — is

Criterion A*: S(p) = [0,1] and for everyn > 0

1
lim meas ({x i’ ([m - l,z+ —]) > e_”n}> = 1.
N-—00 n n

Here “meas” denotes linear Lebesgue measure on R.

Theorem 4.2.7. Criterion A* implies the regularity of .

Since condition A* is obviously weaker than A, we do not have to demon-
strate the unimprovability of Theorem 4.2.7 in the sense of Theorem 4.2.6
because it follows from that of the latter one.

In Section 4.6 we shall show that condition A* implies condition A* (and
so Theorem 4.2.7 is a consequence of Theorem 4.2.3). However, to ver-
ify this requires much more sophisticated arguments than directly proving
Theorem 4.2.7, so in Section 4.3 we shall present a direct proof for Theorem
4.2.7. This is also warranted by the simplicity of criteria A and A*.

Finally, we present a necessary condition for ;1 € Reg in the case when

S(p) = [0,1].
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Theorem 4.2.8. Let p be regular and S(u) = [0,1]. Then for every n >0

1
lim cap ({3: 7 ([zw l,:c-}- l]) > e—”n}) = —.
n—00 n ) 4

This should be compared to criteria A* and A*. To our knowledge Theo-
rem 4.2.8 is the only nontrivial necessity result for regularity of measures.
Let us shortly illustrate the aforementioned criteria by the examples of Sec-
tion 1.5. In Section 4.1 we showed how one can apply Widom’s criterion to
prove that the planar measure on the unit disk from Example 1.5.1 is regular.
Since for this 2 we have for every 0 < r < 1, |z| = 1, the estimate pu(A,(2)) >

%7‘2, criterion A is trivially satisfied and it € Reg follows from Theorem 4.2.1.
In a similar fashion, if ¢4 is the measure from Example 1.5.4, then for |z| = 1
1
A >
Au’( 5/n(z)) = (n + 1)n2

immediately follows from the definition of g in (1.5.10) and (1.5.11); there-
fore again 1 € Reg by Theorem 4.2.1.

Although our criteria are easy to work with, neither of them gives neces-
sary and sufficient conditions for regularity (with the possible exception of
A*). Thus, giving a necessary and sufficient condition for p € Reg that is
not a mere reformulation of the definition of regularity is an open problem.
Theorems 4.2.2, 4.2.4, and 4.2.6 at least show that our criteria that connect
regularity to the size of y are not very far from the truth.

4.3 Proof of the Regularity Criteria
In this section we prove Theorems 4.2.1, 4.2.3, 4.2.5, and 4.2.7.

Proof of Theorem 4.2.1 Let € > 0. Then there exist constants K,a > 0
such that the set

SK,a = {a:

has capacity

log 1/p(Ar(2))
log1/r

<K for O<r§a}

cap(Sk o) > cap(S(p)) —e.
By [An1,An2] there is a compact set E C Sk o such that
cap(E) > cap(S(u)) — ¢

and F is regular with respect to the solution of Dirichlet problems in the
unbounded component of C \ E, which is equivalent to the continuity of
9c\Pc(E)(#; 00) throughout C. Thus, for some § > 0

(8.1) ge\pe(E)(2) < log(1 + &)/ K

if d(2: E) < 6.
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Now let Pn(2) = 2™ + - -+ be an arbitrary monic polynomial. The norm
of P, on E is at least as large as (cap(E))"™ (see [Ts, Theorem IIL.15]);
therefore there exists a z, € E such that

(3:2) M = |Pn(2zn)| = ||Prllg > (cap(S(p)) — €)™
Inequality (3.1) implies via the Bernstein-Walsh lemma [Wa, p. 77|
|Po(2)] < M(1+ )"/
for d(z; E) < 6. But then for d(z; E) < §/2 we have
2
Pa(2)] < sM(1+e)™E,

and so for rp, = 6(1 + €)X /4 and z € A, (2) we get

| Pn(2)| =

2 M
> M~ rasM(1 +e)/k =

PaCen) + [ Pae)ig :

n

For large n we will have r, < «, and since z, € Sk o, we can write for
such ns

/IPn|2du 2/ ) |Ppl2dp > (%)Zﬂ(Arn(zn))

ra\fn

(cap(S(p)) — €)*" 85 (cap(S(p)) — e\ *"
> 2 lil T§Z4K+1( plfs )

Since here the infimum of the left-hand side for P, with deg(P,) =n is
V(1) 2, it follows that

. 1/n< 1+¢
sl S Sy

and for € — 0 we get

1
li n e« =~
msupyn ()" < TS )

With Corollary 1.1.7 and Definition 3.1.2 this proves the regularity of x.
]

Proof of Theorem 4.2.3. We break the proof into several steps.

Step 1. If K, K;, j = 1,2,... are compact sets and K; C K with

(3.3) lim cap(Kj) = cap(K) > 0,

J—00

then wg, — wg as j — oc in the weak™ topology.
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Of course, this is a well-known statement but for completeness we present
its proof.

Without loss of generality we may assume that wg, — ¢ for some o
in the weak* sense (subtract a suitable subsequence if necessary), and we
have to show that ¢ = wg. We know that for quasi every z € K

1
cap(K)’
and the left-hand side is never larger than the right-hand one (see [Ts,

Theorem II1.12]). Applying the same identity to K in place of K we get
from K; C K that

plwg; ) =log

for qu.e. € K;. Since the exceptional set where (3.4) is not true is of
zero capacity and wg, has finite logarithmic energy, it follows that (3.4)
i8 true wg,—almost everywhere. But then by the principle of domination

inequality (3.4) holds for all z € C. As j — oo we obtain from the principle
of descent and (3.3) that

(3.5) p(o;z) < plwg;z), z€C.

However, p(wg;-) —p(o; ) vanishes at 0o, so by the minimum principle for
harmonic functions we have equality in (3.5) for z € C\ Pc(K). Using fine-
topology argument (cf. the Appendix and the proof of (1.1.10) in Section
1.3) the equality in (3.5) extends to all z € dPc(K), which means that for

z € supp(w)

(3.6) plo;z) 2 plwk; @)

Applying once more the principle of domination we deduce (3.6) for all
z € C. This and (3.5) yield p(wg; ) = p(o;-), proving wg = 0.

Step 2. With the assumptions of Step 1, for regular K (here and in what
follows by “regular K” we mean the regularity of K with respect to Dirich-
let problems in C\ Pc(K)) we have

1
cap(K)’
In fact, we know from Step 1 that w k, tends to wk in the weak* topology.
The principle of descent says that if z; € K, z; — z* as j — oo, then

3.7 lim inf mi s x) > mi x) =1
3.7) im in min p(wg,; ) > min plwg; z) = log

liminf p(wg ;75) > p(wk; ™).
J—00

If we apply this to convergent subsequences of a sequence of points
{yj }?‘;1 C K, where y; is chosen to satisfy

plwk,;y;) < géifré p(wk,; z) + 1/3,

we get (3.7).
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Step 3. If K is regular, then for every € > 0 there exists a § > 0 such that
for every compact subset V' of K for which cap(V) > cap(K) — ¢ and for
every polynomial P, of degree at most n we have for the supremum norms
| Pr|| g and || Pp|ly the inequality

(3.8) 1Pallg < (1+ )" Pally.

To prove this, first of all we deduce from Step 2 that for every 5 > 0 there
is a & > 0 such that cap(V) > cap(K) — é implies

plwy;z) > log -1, €K

1
cap(K)
But then for x € K we get from the Bernstein—-Walsh lemma that

|Pa(@)] < [|Pallv exp (n (—PWV; ) +log Capl(V)>)

<t 2853+

< ||Prlly exp(n(log(1 — &/cap(K)) ™" +n)),
and if here ¢ and 7 are sufficiently small, (3.8) holds.

Step 4. If K is regular, then for every ¢ > 0 thereis a 4 > 0 and an n, € N
such that if V' C K is compact, cap(V) > cap(K)—§6, and Pp(z) = 2" +---
is a monic polynomial of degree n > ng, then we can find a zg = 2g(V, Fp) €
V such that for |z — 2p] < (1 +¢)™™ we have

(3.9) [Pa(2)] 2 (cap(K)™(1 — &)™

By Step 3 if €1 > 0 then there is a 0 < §; < /2 such that cap(V) >
cap(K)(1 — é1) implies

| Prllg < (1+c1)™||Prlly.

The regularity of K yields a 2 > 0 such that if d(z; K) < é2 then
9c\Pe(K) (23 00) <1+ €1, hence by the Bernstein- Walsh lemma

[Pa(2)] < (1+)™|Pallg < (1+ €)™ Pallv-
Thus, for d(z; K) < §2/2

B < 2 (Lt en)™ [Pl
2

Now if zg € V is chosen to satisfy |Pp(zg)| = ||Prlly and |z — 2| <
d2(1 + 61)—2n/4, then

|Pn(2)| > 3|Pa(20)l = 3| Pallv > (cap(V))™

> }(cap(K)(1 = 61))" > J(cap(K)" (1- 5",
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where in the second inequality we have used the fact that for monic poly-
nomial Pp(z) = 2" + - --

|Prllv 2 (cap(V))™

(see [Ts, Theorem III.15]). Thus, if &1 is chosen so that (1 +¢1)? < 1+¢,
then for large n, say, n > n., (3.9) will hold.

Step 5. Finally, we prove that condition A* implies ;1 € Reg.
Let L > 0 be such that

(3.10) lim cap({ | 4(&,(2)) < r"}) = cap(S(w)),

and for K = S(u) and € > 0 let 4, ne be as in Step 4.

From (3.10) we can deduce that for every sufficiently large n, say, n >
n(6), there exists a compact set V = V,; of capacity bigger than cap(S(u))—
¢ such that for z € Vj, and rp, = (1 + )"

(3.11) w(Ar, () > k.

Thus, if Py(z) = 2™ 4+ --- is a monic polynomial of degree n >
max(n(6),ne) and zg = 20(Vn, Pn) € Vj is the point ensured by Step
4, then (3.11) applied to zg yields (see (3.9))

/'Pn|2dN2/r " IPnIQd#Z( min IPn(Z)I)2u(Arn(ZO))

n FAS T Zo)
1—¢e)2\"
> K))2n (d-¢”
> (ean(k)" (G527 )
proving
1+¢)l 1
lim su 1/n < ( .
s e ) S T 0 cap(S()
Now for € — 0 the regularity of y follows from this, Corollary 1.1.7, and
Definition 3.1.2. O

Proof of Theorems 4.2.5 and 4.2.7. Since criterion A implies criterion
A*, we only have to prove Theorem 4.2.7.

Choose ¢ > 0 arbitrarily small and let P,(z) = 2™ + --- be a monic
polynomial. Remez’s inequality says that for a > 0

2
meas({z € [0,1] | |Pn(z)| < a}) B 1) -

|Pallo] < T (

where

To(z) = 3((z + Va2 = 1)" + (z = V22 - 1)7)
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are the Chebyshev polynomials (see [Fr, Chapter III, Lemma 7.3]). Seeing
that

2 n
Th (m —1) ‘—”Tn(1+2€) < (1+4\/&:)

and that [|Pnlljg 1] = 47", we have that the set

An={z € [0,1]] |Pa(@)] < 47"(1 + 4v0) "}
has Lebesgue measure
meas(An) < (1+6)7t <1 —¢g/2.

The set {0, 1]\ A, consists of at most n+1 intervals, and if we disregard those
that have length at most €/8n, then the remaining intervals Iy, ... , I, each
of length > £/8n, form a set By, of total measure > ¢/4. If I; is the interval
that we obtain from I; by shrinking it around its center by a factor of 2,

then the so-obtained set B;, = U;?:II ; has measure > ¢/8.

Now condition A* implies that there is an mg € N such that for m > my
the set

C(m) = {z | wlz = 1/m,z +1/m]) > ™™}
has measure at least 1—¢/16. Thus, for large n and m = [32n/e]+1 (> mg)

the sets B], and C{m) intersect each other and thus we can find a point
zy, € BJ, for which

1 1
(3'12) H ([xn - —,Tp + —]) > exp(_52m) > 8—64671'
m m

But then z, € I;. for some j and |I;| > &/8n, hence

1 1 € £
[”””‘a’“’nm] C [on = g0+ 55m) S5 S 10,1\ An

1
m?’

Pa(t)] > 47"(1 + 4V5) ™,
This together with (3.12) shows that

which means that for all ¢t € [mn e A %] we have

Z‘n+1/m
fIPnlzduZ/ (Po[2dp > 4720(1 4 4/2)~2ne—6den
T

n_l/m
and so
: 1/n 32¢
limsup yn () ™™ < 4(1 + 4y/e)e’“F,
n—oo
and the arbitrariness of € > 0 proves the regularity of y in the usual way
(see Corollary 1.1.7). C
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4.4 Preliminaries for Proving the Sharpness
of the Criteria

In this section we prove some results concerning the equilibrium distribu-
tion and capacity of sets consisting of finitely many intervals. Our proofs
in the next section will heavily rely on these lemmas. We have separated
the content of Section 4.4 because the results to be proved are interesting
in themselves, for example, Corollary 4.4.4 provides the “best” method for
constructing sets with small linear measure but large capacity.

Lemma 4.4.1. Let H C [0 1] be a set consisting of k intervals I; =

[aj,b ] bj < ajy1, J =1,... k. Then there are numbers y; € (bj,aj_;_l)
j=1,...,k—1 such that W, the equilibrium measure of H, is given by
T —

(4.1) dwp(z) = H I vil dz, z € H.

7| Hj:l( a;)(b; — z) |1/2
Proof. Consider the function

(4.2) Q) = [ 220

z—1

on the Riemann sphere C cut along H. On the cut the real part of Q
vanishes because there Re (7 is the derivative of the equilibrium potential
of H and the latter is constant on H. For the same reason there is a point
Yj € (bj,aj+1) where @ vanishes. Slnce Q(z) = Q(z), the function Q?(z)
is continuous and hence analytic on U¥ 1=1(aj, b5), so Q? is analytic on C\
{a;,b; } p Clearly, Q2 can have at most single poles at the points aj, by,
and hence Q? is a rational function on C. Q? has at least 2k zeros (two at

each y;, j=1,...,k—1, and at oo) and at most 2k poles, hence we must
have
k-1 k
2
Q(z)=const.><H(z—y] Hz—aj )(z — bj).
j=1 j=1

But Q?(z) ~ 1/2% as z — o0, so therefore the constant is 1. In summary,

1/2

k-1 k
Q(z) = Hz—yj Hz—aj )(z = bj) ,
j=1 j=1

where that branch of the square root is taken which is positive for positive
2. Cauchy’s formula gives

Q) Q(¢)
4.3 = ———dt,
(43) A=) = 2mj€{€—z€ Ht—2
where the last integral is taken on the upper part of the cut.
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Since on the upper part of the cut
1/2

k-1 k
__Q Hlt_yyl/ H t_ag ) ;

and the Cauchy transform uniquely determines the measure, (4.1) follows
from (4.2) and (4.3). O

Lemma 4.4.2. Let H C [0,1] be as in the previous lemma and let vy =
w'y, the density of the equilibrium measure (with respect to Lebesgue mea-
sure). Then for x € (a;,b;), j=1,...,k,

(4.4) vi(z) < %((m —a;)(bj — z))~1/2
and
(4.5) Wi (@) < (= - aj)(b; — 2)) "%/,

Proof. Inequality (4.4) follows immediately from the representation (4.1).
Similarly, to prove (4.5) we only have to remark that, for example, for
TE (aj, b])

-1
d (H(m —y)/((z —ap)(z - bz))l/z) [dx

=1

=1
(Hm — )/ ((x — a;)(z — bml/z) (- yj_1)7"

=1
—3(@=e )T (@ —b_) T+ (- yi2) T

-1

+@-y1) ' -3z —a) Tt + (@ =-b) Y < (z - yj-1)

< (b — ) (z— aj)(bj — )7 < F(bj — 2)((= — a)(b; — x)) "%/,
A similar estimate for the derivative of
k-1

[ —w)/((as1 — )by — 2)t/?
I=j
and the estimate

u(Ca aj)(;; —2)7) < l((w —a;)(b; — x))~/2

yield (4.5). O

W)
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Lemma 4.4.3. Let H = U?:ﬂaj’ b;] be as in Lemma 4.4.1,

b= min (b; — aj),

1<j<k
and
(4.6) E(n,a) = "‘01 [i —e o, L +e .
= Ln n
If
(4.7) a < 4710t
and
(4.8) n>a s
are salisfied then we have
(4.9) cap(H N E(n,«a)) > cap(H) exp(—al/%).

Remarks. (1) Inequality (4.9) claims that the capacity of H N E(n,a) is
about as large as that of H although E(n,a) consists of almost exponen-
tially small n intervals.

(2) Typical applications of Lemma 4.4.3 will use n = 2™, b = g—o(m) o =
B,

We would like to emphasize that the estimate (4.9) is uniform in H in the
sense that the thresholds (4.7)—(4.8) depend only on b and do not depend
on the actual size and position of the intervals in H.

Setting H = [0, 1] in Lemma 4.4.3 we get the following corollary.

Corollary 4.4.4. For a < 4710 gnd a > n™1/3 we have
cap(E(n,a)) > %exp(—al/s).

Note that E(n,a) consists of intervals of total length < 2ne™®"; that
is, when o, — 0 as n — oo, the capacity of E(n,a,) tends to the ca-
pacity of [0,1] but E(n,an) has “almost exponentially” small Lebesgue
measure: m(E(n, ap)) < exp(—(ap/2)n). This is sharp in the sense that
cap(E(n,an)) < e (see, e.g., (4.27)) and so for a, > log8 we have
cap(E(n,ay)) < %cap([O, 1]).

Proof of Lemma 4.4.3. We keep the notations from the preceding lemma,
and fix a,n with properties (4.7) and (4.8).
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Let

S = {z

and for i € S let T;n be a point in the interval
7o 2i—1 2i+1
"l 2n 7 2n
where v = vy attains its minimum on J; ,,. If v; ,, denotes the equilibrium

measure of the interval [% —e ", % + e~ "] then we shall prove the claim
in the lemma with the aid of the measure

1

i€ Sn)

We shall show that v has sufficiently small logarithmic energy and norm
||| close to 1, and thereby normalizing v so that it becomes a probability
measure, we will be able to prove the statement in Lemma 4.4.3 concerning
the capacity of H N E(n,a).

The 6 in the definition of H(®) will be chosen subsequently (we will set

_ 1 32
o= 9- 16b )
and that will complete the definition of the preceding sets and measure.
Note that in any case we have supp(v) C H N E(n,a) whenever n > 2/6.
According to Lemma 4.4.2 we have for v(z) := vg(z) = Wi ()

(410) v(z) < =((z = a;)(b — )2, /(@)| < ((z — aj)(b; — 2))~*/2

for
T € (aj,b;)=:1;, j=12,...k,

which imply for 6 < b/4 and n > 2/6
f v(z)dz > 1 — 3k(6/b)1/2,
H(28)

where k, the number of intervals in H, is at most 1/b. Thus
(4.11)

1 (2¢+1)/2n 21/2
Wi== 3 vlma) > Z/ ( ) - W)dw

ieSm iesm ¥ (2i-1)/2n

> / v(z)dz — 4(b6) 3/ 2n~1
H(28

>1—36Y/2573/2 — 4(b6)73/271 = 471,
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where, in the first inequality, we have used that by the second estimate in
(4.10)
21/2
v{x; 2v(zT)— ————
( ’L,n) - ( ) (b6/2)3/2n
when z € [%n—l,%j'—], i e 8,
We shall also need that 1 is an upper bound for the left-hand side of
(4.11):

(4.12) — Z v(Tin) < Z / d:v</ v(z)de =1
€S ieSim H

where, in the ﬁrst inequality, we used that z; , was chosen to be an (abso-
lute) minimum point for v on J; .
In order to estimate the logarithmic energy of ¥ we mention first of all

that because
cap ([i — e o 1y e_a'"’]) =e /2,
n n

we have
(4.13) (Vi Vi) = //log dl/z n(x)dv; n(t) = an +log 2.
Next, for |i — j| > 1 we get from

. . 1
(4.14) |z —t| > i % o X € supp(¥;.n), t € supp(¥;,n)
that

1 n
; in) = ——dy; dv; <log ——.
(V%n’bbﬂl) ./ijlogla:—'tl V%n(m) Lbﬂlcp)-— 0og ﬁ _'jl_'l

When |i — j| = 1 then we apply (4.13) and the Cauchy-type inequality

1
(Vi,na Vj,n) < (Vz',na Vz',n) /2(Vj,na Vj,n)1/2,

which follows from the fact that for supp(v),supp(u) C [0,1] the inner

product (v, i) is positive definite: (v,v) > 0 (see [La, Chapter I, Theorem
1.16]). From it we deduce

(Yin,Vjm) < an + log2,

All these show that the logarithmic energy of v can be estimated as

(v,v) < (a+k)_5g> % Z Uz(l‘i,n)‘*’% z v(mi,n)v(:vj,n)

€S n) i,jeS™,
li-jl=1
1
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According to (4.10)

(4.15) v(xy,) < (60)7Y2, 1€ 8™,
hence (4.12) yields
(4.16) To < 40(8b)"1/2

because a > 1/n. For ¥1 we can write

1 1
Bisiz 2 legm ey Y@ @)

i,jeS™
fi—j=>2
(4.17) 1 i =4l +1
+ 5'2— | Z 10g m?}(mi,n)v(.’lfj’n)
i,jeS™
li—j3}>2
= ¥11 + Xy9.

Here, because of the choice of z; ,, and z; ,,

In< ), / / |$—t| (z)v(t)dzdt

(4.18) A

1
1 t)dzdt =1 .
< [ [ s et = s
In 319 we use again (4.15) and (4.12) in the form

el ri
Y12 < (6b) 1/25521%7"_1 > v(@in)
r=2

ieSrn)

(4.19)

1/2 r+1 1/2108M logn
< (85)7H2~log er — = ()=

We obtain from (4.11) and (4.16)—(4.19) the upper estimate for the log-
arithmic energy (7, 7) of the probability measure 7 = v/||v|| :

(4.20) //log |w—t| (z)di(t) < (logcapl(H))’Y?fh@m

where
(4.21) Yn = (1 — 351/2p—3/2 _ 4(b6)—3/2n—1)—1
was defined in (4.11) and

n

(4.22) By = (4a(6b)_1/2 + (6b)—1/21"ﬁ) V2.
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Setting now
1
_ 1 3,23
"=5 16" @

and taking into account & < 4710 n > a3 we get for the terms in vy,
and 3,

361/2b_3/2

IA

(ar/b)Y/3,
ol/3

(a/b)/3,

4(b6)~3/2p 1
40:(8b)~1/2

IAIA
N Y e L N

(60)~ /21081 < L o3,

7 4

IA

Obviously,
! <lo %
cap(H) = ©%’

log
by which

1 1 4
1 2 <) 2 _1)log -
(Og cap(H))fYn— Og Ca,p(H) +(7n )}‘Ogb
Since a < 471044 also implies
(a/b)1/3 < 4—5/601/4,

the above estimates together with (4.20)-(4.22) easily yield that the loga-
rithmic energy of U is at most

1 1/5
cap(H) et

This and supp(#) C H N E(n,a) proves (4.9). O

log

We shall also need the following sharper form of Corollary 4.4.4.

Lemma 4.4.5. Let n™1/30 <« o < 4719 0 < e < 1, and EX(n,a) be a
Borel set such that for at least (1 —e)n of the js in the set {j}] we have

(4.23) cap (E;(n, ) [25"2; L2+ ID > emon,

2n
Then fore < a/2

cap(E} (n,a)) > %exp(—al/f’ — 2¢e/a).

Proof. Let J C {j}7, be the set of those js that satisfy (4.23), and for
each j € J let K; be a compact subset of

2 —1 2j+1
Ex(ma) (|25 22
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of capacity

cap(K;) > e™ %"
If 7 € J then we set

(4.24) K, = [i _pen d e—an]
. n n
and consider the sets
E: =] K;,
jedJ
n
E* = | K.
=1

Since Ef C Ef(n, ), it is enough to prove
(4.25) cap(E;) > %exp(—al/‘r’ — 2e/a),

which will be done by estimating the capacity of E* first and then by
showing that E* \ E} has small capacity (depending on €).

As for E*, we can repeat the proof of Lemma 4.4.3 for H = [0,1] with
wgk, replacing v;,. We have formulated the proof of Lemma 4.4.3 in such
a way that all the estimates hold in the present case (actually with a lot of
simplifications because H = [0,1] and v(z) = vg(z) = (z(z(1-x))1/2)~1).
Thus, we can conclude

(4.26) cap(E*) > exp( al/?).
E* \ E} consists of at most en intervals of the form (4.24), hence the
inequality

1

4.2
(4.27) log(1/cap(E Z log( 1/cap (Es)) E= UES’

which is valid whenever diam(FE) < 1 (see [Ts, Chapter III, Theorem
I11.17]), shows that

(4.28) cap(E* \ E}) < e™ /¢,

Applying once again (4.27) with the choice E = E*,E; = Ef, E2 =
E*\ EZ, we get from (4.26) and (4.28) that

1 1 €
< + =,
log4 + al/5 ~ log(1/cap(E})) o

which proves (4.25). O
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4.5 Proof of the Sharpness of the
Regularity Criteria

In this section we verify Theorems 4.2.2, 4.2.4, 4.2.6, and 4.2.8. We present
the proof of the necessity result Theorem 4.2.8 here because it is verified
via a construction like the other proofs of this section. In these proofs we
will heavily rely on the results from Section 4.4.

Proof of Theorem 4.2.2. Consider the sets
n—1 ;
E — — e _ —amn
(n,a) le [ e ~+e

from Lemma 4.4.3, and set gg = -1%, My = 4, Mgy, = 2M’°, Ek+1l =
exp(—H5Mger), k =0,1,..., and 6 = exp(—kMj_1). One can easily show
that e, — 0 and

Mpey = exp(My_1(log2 — Beg_1)) — o0
as k — oo, hence if n > 0 then we have for large k
log 1/6) < (Mg_165_1)"""/k.

Let u = Y 22 g, where py assigns mass 6, to each point of the set

] My-1
SMk = {_Al_k }‘7:1

Obviously, y is a finite measure with supp(u) = [0, 1].
If

exp(—Mper) <1 < exp(—Mg_1€k-1)

and € E(My,¢;), then at least one point of Sps, belongs to [z — 7,2 + 7]
and so for large k

logl/p(lx —r,z+7r]) <logl/b < (Mk—lﬁk—1)1+"/k < (log 1/r)1+”/k.

This shows that if £ belongs to almost all the sets E(My;eg) (i.e., it belongs
to all of them with finitely many exceptions) then for x

. logl/u(lz—r,z+r1])
(5.1) 1}1—% (log 1/r)1+n

holds. Therefore, to prove that the set of those points x for which (5.1) is
. 1 e, s
satisfied for all n > 0 has capacity 7 it is enough to show that

=0

hmme (My, ep) = U ﬂE M, €m)
k=1m=k

has capacity ;11 .
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Applying Lemma 4.4.3 with H = E(Mj,e), n = Mgy = 2Mk  and
Q=Epp] = 2‘5M‘°5k, which satisfy

n > a_3,

a < 4710(2. o Meewyd

provided n is sufficiently large (notice that H = E(Mj, €)) consists of inter-
vals of length 2 - 27 M€k which are of distance > 1/2Mj, apart), we get that

cap(E(My;ex) N E(My11,€k41)) > cap(E(My, ex)) exp(—&?,lc/5 )

+1
15  1/5
2 Zliexp(_fk/ _5k/+1)

(see also Corollary 4.4.4).
We would like to repeat this process by setting

H = E(M, ;)N E(Mgi1,€k+1),

n = Mgy, a = gi49. Everything works well if H consists of intervals
of length 2~ Mx+1€k+1 or larger because then we can apply Lemma 4.4.3.
Unfortunately, H may contain intervals of length smaller than 9~ Mit1€kt1,
however, there can be at most 2M}, such intervals, hence 1 divided by the
logarithm of the reciprocal of their total capacity is at most (see (4.27))

2My/ log(4 - 2Me+1€x01) < 2M; /(log 2) Mg 416511
= 2M}, exp(— My (log 2 — 5e))/ log 2,
which is much smaller than € ;. Now if we drop these intervals from
H = E(Mg, ) N E(Myy1,€k+1),
we get aset H' consisting of intervals of length 2~ Mx+1€x+1 or bigger for which

1/5 1/5
cap(H') > zlfexp(—ak/ — 26,6{1_1)

(apply (4.27) again for E = H, Ey = H', Ey = H\H'). Thus, we can then
continue with H’ instead of H. However, to keep things simple, in what
follows we shall assume H' = H.

Applying repeatedly Lemma 4.4.3 in this fashion to

H= ﬁ E(Myn,em)

m=k

and n = Ms41, @ = €541, we get in a similar fashion that for every s > k

(5.2) cap( ﬁ E(Mm,sm)) > gliexp (—2 i g}r{s)

m=k
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where we have used that for large
m:em = exp(—Mm_1(10§2 — 5epm_1)) < e 10™,

Now the sets E(M,,,em) are closed, hence for s — oo the left-hand side in
(5.2) tends to

cap ( ﬁ E(Mm,am)) .

m=k

This and (5.2) already prove our claim that

cap(liminf E(My,ex)) = 211—
k—o0
It is left to prove that u is not regular. But this is easy: If
M—1 j
Pp(z) = 3—1_[1 (m_m),

then Pjs, vanishes on the support of Z’fnzl tin and so

120, - 1/2M; - 1/2M,
([lPMklzdlL) < Z Hm < Z My bm
m=k+1 m=k+1
- 1/2M;
— Z 2Mm—1 2—mMm—1
m=k+1
1/2M
< (2. 275) M

as k — oo, proving p € Reg, because the preceding estimate gives

lim 'yMk(u)I/M" = oo. [
k—oo

Proof of Theorem 4.2.4. Let us suppose that : (0,1) — (0,1) decreases
faster than any power zZ as £ — 0 + 0. Clearly, we can assume without
loss of generality that -y is monotonically increasing. Then we can choose
€ > 0, e — 0, and Iy / oc such that if My =1, Mg, = oMk then
(27 Mrer) = 2~ Milk Now let & = 2~ Mk-1le-1 and consider the measure
¢ constructed in the proof of Theorem 4.2.2 with this ¢, and 6. Exactly
as there, we get for z € E(Mj, ¢p) and 2~ Mrér < p < 27 Mi-18x-1 that

u(lz =z +r]) 2 6 = y(27Merse1) > (),
and so

cap({z | p([z — r;z +7]) 2 ¥(r)}) = cap(E(My; ex)) — %
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as k — oo, by Corollary 4.4.4 (clearly we may assume ¢ > Mk—l/3 to be
able to apply Corollary 4.4.4).

But p is far from being regular because the same computation that was
done at the end of the preceding proof shows (for the same Py, as there)

1/ M
(/ |PMk\2du)' < (2- M2~ Meb) M 0

when & — oo, and then u € Reg follows. O

Proof of Theorem 4.2.6. Without loss of generality we may assume
that (r)/r is monotonically increasing. There is a sequence {l,} such that
ln / o0 asn — oo and ¥(27™) = [;227™. Let uy be the measure that
assigns mass exp(—Ip_12""!) to each point j/27, j = 1,...,2", and set

p= 3 pe1 Hn
If 27" <r < 27" then for every z € [0,1]

u(lz = roz+ 7)) > pn([z — 2+ 1)) > exp(=ln-12"7)
= exp(—(7(27" 1) " /l_1) > exp(—(7(r)) " /ln-1),
which proves

i 1 — =0.
Jim y(r)log(plz — 1,z +1])

On the other hand, i is not regular because for the polynomial

2" :
J
P =11 (+ 5)
j=1
of degree 2" we have

o0 o0
[1Prlans Y lali= 3 Fexpl-tii2Y)

k=n+1 k=n+1

< 22 exp(—1,2"),
showing that

72”(#)1/271 > eln/2(2n+2)—1/2”+1 - o a8 1 — 0O, [

Proof of Theorem 4.2.8. Let us suppose that for some n > 0 and o < i—

the sets
1 1 _
m m
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have capacity at most o for infinitely many ms, say, for m € NV C N. We
have to show that then u is not regular.

Let m € N and
1 1
S — i >e” MMy

Bm:{:l:

Clearly,
1 1
) - — — | C .
(5 3) U [55 2m’$+2m} C Anp
zEB,,
Let H,, be a set of the form
(5.4) Hp= |J (z-em(2),z + 6m(x)),

xeB,,

where the functions e, 6, take only the values 1/2m or 1/4m. We claim
that we can choose em(x) and ém(z) in such a way that every interval
contiguous to Hy, is of length greater than or equal to 1/4m. In fact, let
us start with ¢, = 6, = 1/4m, and let the corresponding set (5.4) be

Hy. If Jp = (§§l);§é”), l=1,...,lp, are those intervals contiguous to H},
that have length smaller than 1/4m, then for each | there are :c(ll),:c(zl) €

By, satisfying xgl) < dl) < 53) < :n(zl),a:g) — .’E(ll) < 3/4m. Thus, if we
set &:m(mg)) = 6m(:r:g”) =1/2m, | =1,2,...,lp, and leave all the other
em(z),6m(z) unchanged (= 1/4m), then for the resulting set (5.4) our
claim is satisfied.

If x ¢ Hy, then = € By, ; therefore

o (- oes L)) <o

The compact set [0, 1]\ Hy, is covered by the open intervals {(x—1/2m,z +
1/2m)} e q,. and by taking a minimal subcover we can conclude from (5.5)
that

(5.6) #([0,1]\ Hp) < 4me™ ™"

(note that in a minimal cover no three intervals can have common points,
therefore the number of intervals (z — 1/2m, z + 1/2m) in a minimal cover
is at most 4m).

We shall use (5.6) and

(5.7) cap(Hm) < cap(dm) <a < ;11

(see (5.3)) to construct monic polynomials P, with small L2(y) norm. The
degree n of these polynomials will be n = [pm/4], which ensures that the



130 4. Regularity Criteria

integral of |P,|? over [0,1] \ H,, with respect to x4 will be much smaller
than 472" in view of (5.6). On the other hand, we shall construct P, in
such a way that on Hp, the absolute value |P,| will not be much larger
than o™ — this is where (5.7) enters the picture. Note, however, that the
sets Hy, change with m (or n), that is, we essentially have to solve the
Chebyshev problem for the case when the set where the polynomials should
be minimalized changes together with the degree of the polynomials.

Since Hy, consists of certain intervals IJ(-m) = (a(-m),b(-m)), =1,...,
k(m), of length greater than equal to 1/2m, and every interval contiguous
to Hy, is of length > 1/4m, we have k(m) < 2m. Lemma 4.4.2 tells us that
if dwpy (z) = v (z)dz is the equilibrium distribution of Hyy, then

1

vm(t) < )
wl(t = ag™) (0™~ 0)]1/2

t e (agm),bg-m)), j=1,...,k(m),

from which one can obtain by easy calculation that
(5.8) lomll La/2]0,1) < 11m

(recall also that k(m) < 2m).
Fix now a 1 > « > 0 such that

ela < %—,
and let
n = [nm/4].

From (5.8) and Holder's inequality we obtain for every interval I C [0, 1]
and z € [0,1]

(5.9)
/|10g |z — t||vm (t)dt =/ +[
I |z—t|<e—7m |z—t|>e— 1

1/3
< (/ | log |z — t|3dt) llom i Lar210,1] +’yn/ vm (t)dt
|z—t|<ern I

< 1lmne~"™/3 & ’m/ U ()dt < 50 -~ nZe1/3 4 'yn/ vm(t)dt.
I I

Let us now consider the points

0=yl << <ulih <y, =1
with the property (set vy, (t) =0if t € Hp)
(n)

Yi+1n 1
5.10 t)dt = . j=01,...,n,
(5.10) Lo omat= g =00,

J.n
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and form the monic polynomials

Po(z) = [ - %)
j=1

of degree n. It was shown in [LuSal, pp. 40-2] that this P, (z) satisfies

(n)
Ui 1,n

(5.11)  (n+4+1)"Llog|Pu(z)| < —p( vn, [ N log |z — t|vn(t)dt,
Yim

where p(vp; ) denotes the potential of the measure v, (z)dz and where ! is
chosen to satisfy = € [yl(::l), yl(i)l,n] (see (6.13) and (6.14) in [LuSal]). To be
more precise [LuSal] contains the previous estimate for [—1,1] instead of
[0,1] but linear transformation does not introduce any new constant. Since
for z € Hy, we have —p(vp;z) = log(cap(Hy)), we get from (5.9), (5.11),
and (5.7) that

(5.12) 1Pall s, < (cap(Hm))" ™ exp((n + 1)(50n 1nZe™ /3 + )
| < 2(ae”)"?

provided n = [pm/4], m € N, is sufficiently large, say, n > ng.
On [0,1] \ Hm we have |P,| < 1; therefore (5.6) yields

(513) /[0 0 IPnlzdp, < 4me~ M < 207]_17‘1,6_41’& < (%)Zn

for large n, say, n > n;.
Now if n > max{ng,n1} and n is of the form n = [pm/4], m € N/, then
(5.12) and (5.13) imply

[ Paldi < 2taeP il + (1)

and so, in view of ae? < ;11—, we have

s ~1/n 1
Lim inf v, (1) <7

which proves that y is not regular. L]

4.6 Summary of Regularity Criteria and
Their Relations
For the convenience of the reader we give a summary of the criteria given in

Sections 4.1 and 4.2 for the regularity of measures and discuss their relative
strength. Let us first recall their definitions.
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2 rd d
Erd4s—Turén. EUS(FT) >0 wg(-ae

Ullman. ¢, = cap(S(u)).

Widom. For every carrier C of u there exist compact sets Vy, C S(u) with

cap(Va) — cap(S(p)), wy, (C) =1 as n — oo.

A. cap ({:c’ lim sup,_, o4 log 11{)g(1A/;(.z)) < oo}) = cap(S(p))-
A*. For some constant L > 0

lim cap({z | u(Ar(2)) > r}) = cap(S(u)-
A. S(p) = [0,1] and for almost every x € [0,1]

limi(I)lfrlog w(lz—r,z+r]) > 0.
7T—

A*. S(u) =[0,1] and for everyn > 0

1
lim meas ({m 1 ([m - =+ l}) > e_’m}) = 1.
n—00 n n

All of these imply regularity (for A* we have assumed that S(u) =
supp(u) is regular with respect to the Dirichlet problems in £2), and con-
versely, S(p) = [0,1] and u € Reg implies for every n > 0

1 1
lim cap ({m " ([:c ——z+ —]) > e_"n}) =1
n—oe n n

(see Sections 4.1 and 4.2).

We have already seen in Section 4.1 that the Erdés—Turan criterion im-
plies Ullman’s criterion and the latter one is equivalent to Widom’s crite-
rion. Examples 1.5.1 and 4.1.5 show that in general Ullman’s criterion does
not imply the Erdds—Turdn one.

Now we show that each of these imply critera A and A*. Clearly, this
follows from Theorem 4.6.1.

Theorem 4.6.1. For any u the set

C {x limn sup log 1/u(Ar(2)) < 2}

r—0+ log 1/7'
Proof of Theorem 4.6.1. Suppose that C is not a carrier. Then there
exists a compact set K in the complement of C which has positive p

is a carrier of p.
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measure. We set v = u|g, and it is enough to show that for some 29 € K
and ¢ >0

(6.1) V(Ar(20)) > or?

forevery 0 <r < 1.

But this can be easily verified by the usual quartering process. In fact, if
Qo is a closed square with one side equal to some number ¢ and parallel to
the z-axis containing K, and Qqg, Qo1, Qo2, Qo3 are the four closed quad-
rants of Qg (containing one vertex of Qg), then for some ¢1 € {0,1, 2, 3}

v(Que,) = v(Qo)/4 = v(K)/4.

Dividing Qoe, into four equal squares Qog,0,Q0e,1, Q0e,2, Q0e, 3, We have
an g € {0,1,2,3} with

V(Qoere,) > V(Que, )[4 > V(K) /42

Proceeding this way we get nested closed squares Qq, Qo , Qe 6,5 - - - With
sides equal to g,¢/2,¢/22,..., each containing the next one such that

U(Qoe 56, ) = V(K) /4R

If 2z is the common point of these squares then (6.1) is satisfied and obvi-
ously we must have zg € K (recall that supp(v) C K and K is compact).
O

Next we consider criteria A and A*. We mention first of all that A does
not imply A*. Based on criterion A* it is not too difficult to construct a
measure, say, on [0,1], which is regular and satisfies (2.1), but for which
(2.4) does not hold (in fact, Theorem 4.2.3 implies that if

lim cap({z € [0,1 —ez] | w(lz = r,z +1]) 2 r¥}) = (1 —ep)/4

for some 7, where e, — 0 as L — oo, then y is regular and such a 4 can be
chosen in such a way that (2.1) is true but (2.4) fails to hold for a single L).

Conversely, A* can be much weaker than A as is shown by the following
theorem.

Theorem 4.6.2. There exists a p such that S(u) = [0,1], and for every
L>0 andz€[0,1]

(6.2) lin%cap({:c | wlz —r,z+7]) > 'rL}) = ;11—
TrT—
holds, but the set

(6.3) {:c

s of zero capacity.

r—0+ log 1/7'

limsup (B L/Mlz—nztr]) OO}
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Proof of Theorem 4.6.2. Let

n—1 r . .
! —an ¢ —an
E(n,a)=U —~—e M —te
i1 n
i=1

be the sets introduced in Lemma 4.4.3, S, = {%}?:_11, and u, the measure
that assigns mass

bn = exp(—2" /n?)
to each point of Son. We show that

satisfies (6.2) and (6.3).
Let L > 0 be fixed and

exp(—2"/n) < r < exp(—2""1/(n - 1)).

Then for z € E(2™,1/n) the interval [z — r,= + r] contains at least one
point of Son; therefore for large n, say, n > np,

w(z —r,z +7]) > 8 > (exp(=2""1/(n — 1)) > ¢,

and this proves (6.2) (making use of Corollary 4.4.4).
To prove that the set in (6.3) is of zero capacity, let L > 0 be fixed and

exp(—28t1 /(b +1)%) < r < exp(—2F/k3).

Since for large k, say, k > kg,

oo o0 oo
Yo odwall< ) 2= ) 2"exp(-2"/n?)
n=k+1 n=k+1 n=k+1

< (exp(—2F+1/(k + 13 )L < oL,
the inequality
(6.4) w(z —r,z +7)) > rk

can only hold when

k
[:r:—r,:v-i—r]ﬂ(U Szn) # 0.
n=1

Now taking into account that

k
|J S2» = Sox and r <exp(—2°/k?),

n=1
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it follows that (6.4) implies

z e B(2F k%),
Thus, the set in (6.3) is contained in
o0 oo
1. . k _3 — k _3
minf B(2*,k7%) = | () B(2"
n=1 k:n
It is easy to check that for n < k < n/2

E(@@"n"%) [ E@* k73

2" -1 .
C U [;—n—exp( —2k /k3), —+exp( 2k/k3)};

j=1

therefore

2n 2" -1 .

M E@F k) c U [271 Ens o +£n} =: Bp,

k=n
where

En = exp(—22n/4).
The inequality
1 1
log(1/cap(E Z log(1/cap(E;)) '

valid for £ = U;";IEJ-, diam(E) <1 (see (4.27) or [Ts, Chapter III, Theo-
rem [I11.17]), when applied with £ = B,, and

J J .
Ej |:2—n“5n,2n+€n:|, j=1,...,2n'—1,
gives

cap ( N E(2k,k‘3)) < cap(Bn) < exp(—22""" /2™) > 0
as n — oo, and together with this we have

cap( ﬁ E(Zk,k—B)) =0,
k=n

proving

cap (lim inf E(2%, k‘3)) =0. O
k—oo



136 4. Regularity Criteria

Finally, we consider criteria A and A\*. Thus, in what follows let S(u) =

[0,1]. It is clear that A = A* but not vice versa. It is much less obvious
that A* = A*.

Theorem 4.6.3. Condition A* implies A*.

We shall prove more, namiely, that A* implies

" B > Ly o 1
r_j%)riocap({ﬂu([m nT+r)) 217} =g

for every L > 1.

Proof of Theorem 4.6.3. Let us fixan L > 1, 0 < a < 4719(L - 1), and
set ¢ = a2. According to condition A* there is an ng such that for n > ng

we have for the set
1 1 2
- - > —a n
(o g v ) 2

An={x
£

meas(Ay) > 1 — 3

the inequality

If

Jn={j\1sj5n, Ann[i—i l+1%]#0}

n 4n’'n

then we must have |J,| > (1 — ¢)n. But for each j € J, the definition of

Angives
2 —1 2j+1 ot
> )
M([ 2n ' 2n ])_e

This implies that there is an interval I; , of length 4e™" in [(2j — 1)/2n,
(27 + 1)/2n] for which

2] -1 2] +1 —an 14 2a _(a+2a2)(n_1)
uUﬁJZu([ : })e 247 e
. 2n 2n

provided n is sufficiently large, say, n > n1 (just divide the interval
[(27—1)/2n, (2j+1)/2n] into [exp(an)] equal parts; one will have y—measure
at least as large as

u([(25 — 1)/2n, (25 + 1)/2n])e™*";

this interval enlarged so as to have length 4e~" will suffice as I; ). But
then for

120D 5 > gemom
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and any z € I, j € Jp,

e —rx+1]) 2 p(lg) > 4122 (@ 205)(n-D)
— (4e—a(n—-1))1+2a > T‘L (TL > nZ)-

In summary, for large n (n > max(ng, n1,n2)) the set

E}(n,a)= | Lin

Jj€Jn
is contained in
B(r,L)={z | p(lz —r,z +7]) 2 rL}.

To EZ(n,a) we can apply Lemma 4.4.5 (note that each I;, has capacity
> e~ ") to conclude for large n

cap(B(r, L)) > cap(E(n, L)) 2 § exp(~aX/® - 2¢/a)
L exp(—

= p(—al/? — 2q).
Thus
lim(i)x_}_f cap(B(r,L) > % exp(—al/® — 2a),
r—
and since here a > 0 is arbitrary, condition A* holds. O

As a final summary we state the following.

Summary. The order of the criteria discussed above with regard to de-
creasing amount of assumptions on u (and hence increasing strength in
applications) ts roughly:

Erdés—Turdn criterion

Ullman’s and Widom’s criteria
A

A*
A
A*.
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Localization

In this chapter we show that in many cases regularity of a measure is a
local property. This is more remarkable if one considers that the definition
itself of the regularity of a measure g involves the whole support of u. For
example, if the support of 4 is the unit circle, then it will turn out that u
is regular if and only if its restriction to every arc is regular, and, of course,
the Green functions associated with subarcs (that appear in the definition
of regularity) are hardly related to the Green function of the exterior of the
unit disk. On the other hand, if we consider that regularity means that y
must be sufficiently dense around J€2, then we can see that localization is
actually a natural procedure.

5.1 Global Versus Local Behavior

Although each orthonormal polynomial py,(y;-) is determined by the whole
measure u, experience shows that their asymptotic behavior on certain
subsets of S(u) depends only on the restriction of i to this subset. In this
section we shall elaborate on this idea.

The upper estimates of Chapter 1 seemingly used the whole measure p
(cf. Definition 1.1 of the minimal-carrier Green function). But Theorem
1.1.4 easily implies that if we restrict u to a subset K then for the measure
(41 We also have

Iim sup |pn(u, z)ll/n S eg,”,{(z;oo)

n—oo

locally uniformly on C. In fact, this follows from the obvious inequali-
ty gu(z;00) < gu x(2;00). The situation is very different for the lower
estimates in Theorem 1.1.4 (away from the support): Since the support
of p1x is smaller than that of u, the corresponding Green function

9c\Pe(S(uix)) (23 00) is bigger than ge\pes(u))(2; 00)-
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If we consider the definition of regular (nth-root) behavior from Section
3.1 and its equivalent formulations given in Section 3.2, we can see that the
situation is similar to the lower estimates in Theorem 1.1.4: Everything,
even the definitions, heavily relies on the whole measure y, for example, the
support of u has played a prominent role. Despite these facts, in the next
sections we will show that in many cases the regularity of u is inherited by
restriction.

In this section we only show the following sufficient local condition for
regularity.

Theorem 5.1.1. Let us suppose that {K j};-”;l are compact sets and quasi

every point of 9 is contained in the union of the supports {supp(u |k, )};’_‘; 1-
Then if every K, = W|K; 1S reqular, then u ts also regular.

Remark. It is not enough to assume that quasi every point of 92 is con-
tained in the sets {K;}72,. Consider, for example, a nonregular measure
¢ that is the sum of a thin discrete measure with support in the unit disk
plus the arc measure on a closed proper subarc I of the unit circumference.
If each K is the unit circumference then each ug, is regular but u is not.

Proof of Theorem 5.1.1. If each p, is regular then by Theorem 3.2.1(v)
for every j quasi every point z on S(u, ) satisfies

P 1/n
limsup( [Pa(2)] ) <1

n—oo \ I1Pnllz2(ux,)

whatever the polynomial sequence {P,}S2 ; with deg(P,) < n is (see also

n=1
Remark (5) after Theorem 3.2.1). But then
1/n
P
(1.1) lim sup Pa2)] <1
n—oo \ [1PnllL2(u)

also holds for quasi every z € S(u, ), and since these sets cover quasi every
point of 9§12, we can conclude (1.1) for quasi every z € 0Q0. Now 1 € Reg
follows from the equivalence of (i) and (v) of Theorem 3.2.1. O

In Section 5.3 we shall consider a certain converse to Theorem 5.1.1;
namely, we will conclude the regularity of restrictions pug of u to compact
sets K from the regularity of u. That the set K for which we take the
restriction cannot be arbitrary is shown by the following example.

Example 5.1.2. Let K be the classical Cantor set and g1 a measure with
support S(u1) = K that is not regular. Since cap(K) > 0, the existence of
such a p; follows from Theorem 1.1.9 if we consider an arbitrary discrete
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measure with support K. With ug the Lebesgue measure on [0,1] we set

@ = po + p1. Then, of course, p > uo is regular but uy g = p1 is not. Note
that in this case

cap(d(uk) \ Int(K)) = cap(K) > 0. O

The preceding example showed that for localization we need the condi-
tion

cap(3 ) \ Int(K)) = 0.
Now we show that in general cap(9Q(ug) \ ) = 0 is also indispensable.

Example 5.1.3. The idea is that regularity of 1 does not imply any dense-
ness of the measure p inside Pc(S(u)). Based on this observation it is an
easy task to construct a measure p and a compact set K such that u is
regular, cap(0Q(pk) \ Int(K)) = 0, and pg is not regular. Let, for exam-
ple, o be the Lebesgue measure on the unit circle, 1 be a sufficiently
sparse discrete measure with compact support equal to the right half of
the unit disk, 4 = pg + p1, and K be a square containing this half disk
but not containing —1. Then p is regular, but g is not. In this example

cap(0Q(uk) \ 092) # 0. O

5.2 Localization at a Single Point
We start with the following definition.

Definition 5.2.1. A point 7y is called a p-regular point if

P 1/n
limsup ( |Pn(220)\1/2) <1

This is equivalent to
1/n

P,
lim Sup M =1 ,

M=\ degPr<n ”PHHLz(u)
P,#0

and also to (see the proof of Theorem 3.2.1, (ii)=>(iii))

lim sup |pn (; 20)|*/™ < 1.
n—oo
The equivalence of (i} and (v) of Theorem 3.2.1 asserts that y is regular if
and only if quasi every point of 82 is p-regular. Here 9€) can be replaced
by S(u) or Pc(S(u)) (see Theorem 3.2.2, Remark (5)). Our main result in
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this section says that under some mild condition u-regularity of a point is
a local property on 95).

Theorem 5.2.2. Let 29 € 02 and U be a neighborhood of zg. Suppose that
Ul does not have a carrier of zero capacity. Then zy is p-reqular if and
only if it is u|y -reqular.

The condition is obviously equivalent to saying that every carrier of u
intersects U in a set of positive capacity.

Proof of Theorem 5.2.2. Obviously, u|y-regularity of zp implies its pu-
regularity, so we only have to prove the converse.

Without loss of generality we may assume that S(ux) has diameter at
most 1. Since u|yy does not have a carrier of zero capacity, it follows
from Corollary 1.1.7 that {v,(u|y)/*}5% is a bounded sequence. Hence
{lpn (g1 )7~} 1 is uniformly bounded on compact subsets of the plane.
Expanding now an arbitrary polynomial P, of degree at most n into its
Fourier series in {pg(u|y;-})} we can see that there exists a constant C
independent of n and P, for which

(2.1)
1/2 1/2
{/]Pn|2d,u} <cn {/ |Pn|2du} , degPp,<mn,n=12,....
U

After this let us assume that zp is not a u|y-regular point. Then there
are an o > 1, a subsequence N/ C N of the natural numbers, and for each
n € N a polynomial P, of degree at most n such that

(2.2) 1Prllz2(p)yy =1
but
(2.3) |Pn(20)] > a™.

Choose an 1 > ¢ > 0 such that 1 + 2¢ < @ and let § > 0 be such that U
contains the disk

Ds(20) == {z | |z — 20} < 6}
Let now 6y = 6/2C. By Lemma 3.2.4 there is a polynomial @ of degree,

say, k, such that |Q(z0)| = 1, |Q(2)| < 1+eforall z € 90, and |Q(z)| < §/C
for z € 99, |z — 29| > §y. We claim that

(2.4) |Q(2)| € 1/C for z € 8(u) \U.

In fact, consider the polynomial

Q*(z) = (z — 20)Q(2)
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on the set K := Pc(S(u)) \ Ds,(20). The boundary of K is contained in
the union of 8Dg,(29) N Pc(S(i)) and 902 \ Dg,(20). On the former set
we have |@*| < 26y = 6/C because (by the maximum modulus theorem
for |Q|) |@Q] < 1+¢€ < 2 on Pc(S(u)), whereas on the latter set we have
|1@*| £ || < §/C by the choice of Q. Applying the maximum modulus
theorem for |@*| we can conclude that |Q*| < §/C on K and therefore

1, 1
Q) < 51Q*(2)I <

when z € Pc(S(p)) \ Dg(zp). Finally, our claim follows from the fact that
the latter set contains S(u) \ U.
Consider now the polynomials

R (14k)(2) = Pr(2)Q"(2)
of degree at most n(1 + k) for n € N. From (2.1), (2.2), and (2.4) we can

derive
1/2 12
{ / |Rn<1+k>|2du} s{ / !Pnlzdu} =1,
S(uN\U U

whereas |Q] <1 + ¢ for z € S(u) yields

1/2
{j;LRnu+kﬂ2dn} <(1+e)™

Taking into account (2.3) and |Q(29)| = 1 we have

1/n(1+4+k
. Bagi iy (0) )" 104k
lim sup R > > 1,
o0 | Rn (140l 2 () 142
proving that zg is not a y-regular point. 0l

As a supplement to Theorem 5.2.2 we show that Theorem 5.2.2 is not
true without any further assumption on zg and U (such as the one in the
formulation of the theorem).

Example 5.2.3. We construct a measure u with support in [—1, 3] such
that zg = 2 is p-regular but not u|;-regular, where U is the disk around
zg of radius 1.

Let ng = k"’, ap = 107" and p be the point measure that has mass
1/ng at 2 + a. Finally, with Lebesgue measure yg on [—1,1] we set

xO
p= o + Zuk-
k=1
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First we verify that zg = 2 is y-regular. Indeed, if we assume that Py, n €
N, are polynomials with deg(P,) < n,

(2.5) |Pnllzzguy =1, meEN,
and
(2.6) |Pn(2)] > @™, neN,

for some a > 1, then we get a contradiction as follows. Equation (2.5)
implies
1PrllL2(ue) < 1y

and so the Markov—Bernstein inequality (see also Nikolskii’s inequality [T,
4.9.6.)

IPallLo(—1,1) < 3nllPpllLe—1,1))
implies
(2.7) 1P| 22y = O(5®).
Ko is certainly regular, so if we apply Theorem 3.2.1(iii) to P} we get from
(2.7)
|Pr(z)] < 6™
for z € [2,3] and large n € N (this is also a trivial consequence of (2.7),
Nikolskii’s inequality [Ti, 4.9.6], and the Bernstein-Walsh lemma). This
and (2.6) imply for ny <n < ngyq
|Pn(2+ agg1)] 2 a” —ap 16" > a™ = 107"6" > a™ -1,
which in turn yields

-1/2 -1/2
|Pallza gy 2 1Pallzs e,y 2 (@ = 1) g 12 2 (@™ — Dn 172 > 1,

contradicting (2.5). This proves the y-regularity of zp = 2.
With U as in the statement of the example we have

xO
plu =Y ik
k=1

Now let
k

Py(e) = [](z - (2 +ay)).
s=1
For this polynomial we have

k
lpk(2)| = H (13,
s=1
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whereas for € {2,2 + ag 1]

k
|Pr(z)| < H Qg,
s=1

hence

oo k . )
/IPklzdu|U= > /IPklzdus < (Has) 3 -

s=k+1 =1

@

-1
< (H as) 2”k+1’

s=1

and so

n =
(J | Pyldpp)t/? 2Tk
proving that 2 is not pfy-regular. O]

1/k
( [P (2) ) S 1% e

5.3 Localization Theorems

In this section we state and prove our main localization theorems as well
as a localized version of the results of Section 3.2.

First we consider the problem of relating the regularity of the restriction
pr = pli of 1 to some compact set K to properties of {pp(u;-)}. That is,
we ask if the regularity of ug is reflected in the original orthonormal poly-
nomials associated with u(!). Here K cannot be arbitrary (see Examples
5.1.2 and 5.1.3), what we need is that the part of u carried by K should
be essentially carried by the interior Int(K') as well. More precisely, we will
assume

(3.1) cap(89(ug) \ (Int(K) N 8Q)) = 0.

Recall that Q(ug) is the unbounded component of C \ S(ug) = C \
supp(ux ). Typical examples of such Ks are closed disks when p is sup-
ported on the real line or on the unit circumference (in these cases the
set appearing in (3.1) has at most two points). Note also that for the case
S(p) = 0Q condition (3.1) is equivalent to

(3.2) cap(S(kk) \ Int(K)) = 0.

We have seen in Examples 5.1.2 and 5.1.3 that (3.1), in general, is indis-
pensable for the regularity of pg.
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Our first theorem is the following.

Theorem 5.3.1. Let K be a compact set such that the support of ug =

pli is an infinite set and (3.1) holds. Then the following statements are
equivalent.

(i) ux € Reg, that is, the sequence {pn(pK; )} has regular (nth-root)
asymptotic behavior.

(ii) We have
(33) lim sup |pn(u, z)llln < egn(uf()(z§°°)
n—oo

locally uniformly for z € C.

(iii) For any sequence { Py} of nonzero polynomials of degree deg(Pn) < n
we have

1/n
(3.4) lim sup (—M) < 92 k) (2:0)

locally uniformly for z € C.
(iv) The relation
(3.5) limsup |pn (s 2)[M/™ < 1

n—00

holds quasi everywhere on OQug ).
(v) For any sequence {Py,} as in (iii)

P 1/n
(3.6) lim sup (—-—l—n(z)—l) <1

ot \TPallpagn ) =

for quasi every z € OQ(ug).
If in addition we have S(ug) C 0k ), in particular, if

Int(Pe(S(kk)) = 9,

then each of (1)-(v) is equivalent to the following statement.

(vi) For any infinite sequence {Pn} of nonzero polynomials of degree
deg(P,) < n and for any sequence of weight functions gn > 0, n € N,
defined on S(p) such that lim g;/" = g uniformly on S(ug), where g > 0
18 continuous on S(puk), we have with duy, = gndp

1/n
Qn(z)l/zlpn(z)| / <1
I Prllz2(u,) -

lim sup
n— oo

for quasi every z € 0Q(ug) = S(ugk).
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If S(pg) s a regular set with respect to the solution of the Dirichlet
problem in the domain Q(pg) = C\ Pc(S(pk)) then our estimates hold
uniformly in the range described.

Remarks. (1) Note that the equivalence of (i)—(v) with y replaced by u|x
in (3.3)-(3.6) was stated in Theorem 3.2.1. Here the main point is that u
and not g stands in (3.3)-(3.6). Of course, the equivalence of (i)-(vi) to,
for example,

1/n
lim sup MJ—— <1 for que. z€ S(pg)
n—oo \ I1Pnllrz(uy)

is contained in Theorem 3.2.1.

(2) We have already mentioned that assumption {3.1) cannot be dropped.
Without it one can only prove the pairwise equivalence of (ii)—(vi) and that
each of them follows from (i).

(3) It is worth noting that the implication (i)=(vi) holds without the as-
sumption (3.1), and the limit superior is uniform on S(ug ) if the latter set
is regular with respect to the Dirichlet problem in 2(ug). Moreover, the
L2(p) norm can be replaced by any LP(p) norm for 1 < p < oo (cf. Section
3.4).

Corollary 5.3.2. Let K be as in Theorem 5.3.1 and assume that S(ug) s

regular with respect to the Dirichlet problem in Q{ug). Then ug s regular
if and only if

: YL -
i sup lpn (445 llup, 5r) = 1
Another equivalent condition is
1/n
P,
lim sup ” ﬂ“sup,S(uK) =1, 1<p<oc.
n—=00 | geg(P)<n  I1PnllLe()
P,#0

Proof of Theorem 5.3.1. (i)=>(ii) follows from (i)=>(iii) of Theorem 3.2.1
applied to px in place of p and to p,(u;-) in place of Py, (using also that
the L2(4) norm is at least as large as the L2(pug) norm).

In a similar manner (i)=>(vi) follows from the corresponding implica-
tion in Theorem 3.2.1, furthermore (vi)=>(v) is obvious. Now the proof
of (ii)=(iii) and (iv)=(v) is the same as that of (ii)=>(iii) in Theorem
3.2.1 (use Fourier expansion in {pg(u;-)}), and (iii)=-(iv) is trivial because
90(ui) (75 00) = 0 quasi everywhere on 9Q(ug). Thus, all that remains to
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be proved is the implication (v)=-(i) and this is the only place where we
use condition (3.1).

We show (v)=(i) by making use of the localization Theorem 5.2.2. Sup-
pose on the contrary that (v) holds but g is not regular. Then there are
a0 < A< cap(S(ugk)) and an infinite subsequence A' C N such that for
each n € N the monic orthogonal polynomial

1
Yn (1K)

gn(z) = pnliK; z)

satisfies
/|Qn|2dﬂK < A"

Without loss of generality we may assume that S(ug) is contained in the
disk Dq/9(0) = {z| |2 < 5}, and so Theorem 2.1.1 implies |gn(2)| < 1 for

2 € S(uk)-
We choose an € > 0 with the property

(3.7) A+ < cap(S(uk))

and set p = A2/, According to (3.1) the set Int(K) N S(ug) is of positive
capacity (otherwise cap(S(ui)) = 0 and so the regularity of ug would
follow); therefore for some zp € Int(K) N S{pk) the set Int(K) N S(px)N
Dy(z), where

Dy(20) = {2 | {z — 20| < p},

is of positive capacity, and hence it contains a compact set Kq of positive
capacity. Let

v= I“LK + wKQ’
where wg, is the equilibrium distribution of the set Kg. For the polynomials

Qn(2) = gn(2)(z — 20)E™

of degree n + [en] < n(l +¢) we have for n € N

[10uPav < [ laaldprc + por) < 320 4 gl
< (AV/@+e)y2n(lte) 4 l(pe/2(1+s))2n(1+e)
_ (1 n 1) (AL/(1+e)y2n(1+e)
P

which, in view of (3.7) and supp(v) = S(uk ), shows that v is not regular.
But then, by Theorem 3.2.1(v) there is a set E C 90(ug) of positive
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capacity such that no point of E is a v-regular point. From (3.1) we can
deduce that then

Ey:=ENnInt(K)NoQp)

also has positive capacity.
Set now

A= BlS(un\S ) TV

Then filuqx) = Vline(Kk) 2 Wk, does not have a carrier of zero capacity and
no point of Ey C Int(K) is fi|ae(k)-regular (recall that since fijiny(x) <
V, [|1at(k)-regularity of a point implies its v-regularity, and the points in
F1 are not v-regular). Thus we can apply Theorem 5.2.2 with U = Int(K)
to every point of E7 from which we get that no point of F; is fi-regular,
and since i > p we finally conclude that no point of Ej is y-regular. But
this contradicts (v) (note that cap(F7) > 0) and this contradiction proves
the implication (v)=(i).

With this we have verified the equivalence of (i)-(vi). The statement
concerning the uniformity of the estimates when S(ug) is regular can be
easily checked based on our earlier proofs (cf. Theorem 3.2.3). O

The following theorem immediately follows from Theorems 5.1.1 and
5.3.1.

Theorem 5.3.3. Let us suppose that {Kj}Jo.‘;l are compact sets such that
quast every point of 98 is contained in the union of the of the supports
{S(pKk, )32, and that each K; satisfies the condition

il j=

(3.8) cap(8ux, ) \ (Int(K;) N 8%Q)) = 0.

Then p s regular if and only if every px, = p|g, ts regular.
When Int(Pc(S(p))) = 0, in particular, if u ts supported on R, or even
when only S{p) = 0Q, then condition (3.8) reads as

(3.9) cap(S{uk,) \ Int(K;)) = 0.

Proof of Theorem 5.3.3. That the regularity of x implies the regularity
of each g follows from Theorems 3.2.1 and 5.3.1. The converse statement
is Theorem 5.1.1.

That (3.8) and (3.9) are the same conditions when S{(p) = 922 follows
from the fact that then 00 (ug ) C S(uk,) C S(p) = 99. O



6

Applications

In this chapter we give some applications of the results from Chapters 1-5.
These amply illustrate that Reg is an important and natural class of mea-
sures that appears in different problems of mathematical analysis. In Section
6.1 we consider rational interpolants to Markov functions and see how regu-
larity of the measure defining the Markov function in question is related to
the rate of convergence of the interpolants. Section 6.2 characterizes the reg-
ularity of a measure generating a Markov function by an exact, maximal rate
of convergence of best rational approximants on compact sets. In Section 6.3
we consider similar questions but for ray sequences of Padé approximants.
An interesting feature of the proof is that the problem on the upper half of
the Padé table is reduced to that on the lower half by the localization theo- -
rems of the preceding chapter. In Sections 6.4 and 6.5 we connect regulari-
ty to weighted polynomials and answer the question of where the LP norm
of these weighted polynomials lives. Section 6.6 is devoted to the rela-
tion of u € Reg to Fourier coefficients and best L? polynomial approxi-
mation of analytic functions. Finally, in Section 6.7 we investigate sets F
that have the property that orthonormal polynomials with respect to any
weight that is positive on F have regular nth-root behavior.

6.1 Rational Interpolants to Markov Functions

Orthogonal polynomials are closely related to continued fractions, and
one of the classical results in the analytic theory of continued fractions
is Markov’s theorem (see [Ma] or [Pe]). In this section we prove a gener-
alization of this theorem to sequences of interpolating rational functions.
With the help of results from Chapter 3 it is not only possible to prove
convergence, but also to determine the exact rate of convergence for these
approximants.
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A function of the form

(1) fo - [HL -0 G

r—=z z

is called a Markov function if y is a positive measure with compact support
S(u) C R; that is, Markov functions are Cauchy transforms of positive mea-
sures p with compact support in R. The coefficients ¢; in the development
of (1.1) can easily be recognized as the moments

(1.2) c; = —/a:jdp(:c), j=01,...,
of the measure p. For functions of type (1.1) A. Markov [Ma] proved in

1895 that the continued fraction development

b

Z—ai+

(1.3) .

z_a2+...

of f at infinity converges locally uniformly in €\ Co{S(p)). Since S(u) C R,
the convex hull Co{S(u)) is equal to the smallest interval I(S{x)) containing

S(u)-

The numerators A, and the denominators B, of the convergents

A b
n(z) _ L Con=1,2,...,
Bn(z) z—a1 + n 2+ '
Z_QQ aeae

z—an

satisfy the recurrence relations

An(z) = (z —an)An—1(2) + bpdpn—2(z), Ap=0, A_1=1;
Bn(z) = (z — ap)Bp-1(2) + bpBp-2(z), Bop=1, B_; =0,

and it is well known that the nth convergent is the [n — 1/n] Padé approx-
imant to the function (1.1) (see [Pe]). Hence the convergents of (1.3) are
rational interpolants with all interpolation points being identical to infinity.

We will consider here rational interpolants with more general systems
of interpolation points. Basically, there will be only two restrictions: The
interpolation points have to be chosen from outside of I{S(u)) and have to
stay away from S(u), and have to lie symmetric with respect to the real
axis.

In order to avoid the compulsory zero which the function (1.1) has at
infinity, we investigate a slightly more general class of Markov functions,
namely, functions of the form

(1.4) flz) = c-l—f du(x)‘




6.1 Rational Interpolants to Markov Functions 151

where c is a real constant and p is again a positive measure with compact
support S(u) C R.

For every n € N we select a set Ay = {£gq,... ,22nn} of 2n+ 1 interpo-
lation points from €\ I(S(u)). The points need not to be distinct. Hence,
Ay is in general a multiset. Put

2n
(1.5) wn(z) =[] (z—=jn).
7=0

Ty FOO

The degree of wy, is equal to the number of finite points in Ay,. In order that
wp(z) be real and do not change its sign on S(u), we assume that nonreal
points in A, appear only in conjugate pairs, that is, we assume that

(16) Ap=A,:={zeC|T€A} and A, CCT\I(S(y).

Denote by R n = Rmn the set of all rational functions with numerator
degree < m, denominator degree < n, and complex coefficients.

Definition 6.1.1. By r, = r(f, An,:) € Run, n € N, we denote the ra-
tional function that interpolates the function f of type (1.4) in the 2n + 1
points of the set An = {Zon,... ,Zonn}. If some of these points are con-
fluent (identical), then the interpolation is understood in Hermite’s sense,
that 1s, if an interpolation point x;, appears k > 1 times in Ap, then the
value of f at x;, together with the first k — 1 derivatives has to be interpo-
lated by . It is easy to see that this is equivalent to the assertion that the
left-hand side of

f(z) - 'rn(f: An; z)
wn(z)

ts bounded at every finite point of A, and at infinity 1t has the indicated
behavior. We note that interpolation at infinity has not been excluded.

(1.7) =0z 2"y g5 2] -

Contrary to the polynomial case, the existence of a rational interpolant
with the properties required in Definition 6.1.1 can in general not be guar-
anteed. However, because of the special structure of the Markov functions
and because of the assumptions made in (1.6), the situation is different
here. We have the following lemma, in which, besides the unique existence,
some other important properties of the interpolant and a remainder formula
are proved.

Lemma 6.1.2. (a) For any set Ap = {Top,...,Tann}t, R EN, of 2n +1

interpolation points from C\I(S(u)) possessing the symmetry property (1.6)
there exists uniquely a rational interpolant

(1'8) Tn(z) = rn(/f, An;z) = %z_; € Rnn
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to the function (1.4). We assume that the denominator polynomial g, 1s
monic.

(b) The polynomzal gy, ts of degree n, all its zeros are ssmple and contained
in 1(S(p)), every component of I(S(u)) \ S(p) contains at most one zero,
and q, satisfies the weighted orthogonality relation

(1.9) /qn(a:)xki—li(z—;zo fork=0,...,n—1.

(c) The two polynomials pp, and qn in (1.8) have no common factors.

(d) The remainder term of the interpolant has the representation

Wnplz 2 I xz
(1.10) (f = ro(f, An; N(2) = n( )/ In (z)dp(z)

a5(2) J wn(z)(z - 2)

for all z € Q.

Remark. The assumptions made in (1.6) with respect to the location
of the interpolation points are necessary for Lemma 6.1.2 to hold true.
The least obvious is perhaps the assumption that no interpolation points
are allowed to lie in the set I(S(x))\ S(u), not even if their number is
even in every component of I(S(u))\ S(u), which would be compatible
with the requirement that wy does not change its sign on S(u). The next
example shows that such a relaxation of (1.6) could lead to interpolation
defects.

Example 6.1.3. Let x be defined by du{z) = dz for x € § := [-2,-1]U
[1,2],

o = [ = [

n = 1, and the interpolation set A} = {0,0,00}. We have f{0) = f(o0) =0
and f'(0) = 1. Since R contains only Mdbius transforms or constants,

that is, only functions that are univalent on C or constants, the data cannot
be interpolated. O

A proof of the assertions of the lemma can be found in [GoLo]. Since
part (b) especially is basic for the understanding of the relationship between
weighted orthogonality and rational interpolation and since a proof does not
require too much space we shall give one in what follows after completing
the statement of the main results of this section.

Since our interest here is the convergence problem, we have to make
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assumptions about the asymptotic distribution of the interpolation points

Tjn, j=0,...,2n, as n — oo. A triangular matrix
Ag (GOO \
Aq 201 G611 a2l

(1.12) A=| P | =] :
A']’l aOn [N . azn’n

\ )

of interpolation points is called an interpolation scheme. By L(A) we denote
the set of all limit points of {%n}?io as n — oo.

Definition 6.1.4. We say that the scheme A has a probability measure
a = a(A) as i1ts asymptotic distribution ¢f

1 2n
Zﬁx, —a as n— oo
in
2n+1j=0

(1.13)

in the weak* topology of measures in C. Another formulation of this fact is
the assertion that for any Borel set B C C with o(0B) = 0 we have

(1.14) lim

n—oo 2n+ 1

card{j | z;n, € B} = a(B).

It is obvious that supp{a) C L(A).

Definition 6.1.5. We call an interpolation scheme A admissible if for

every n € N the set A, C C\ I{S(u)) possesses the symmetry property
(1.6) and +f

(1.15) L(A)CQ=C\ Sp).

Assumption (1.15) means that the interpolation points have to stay away
asymptotically from S(u), although they may approach points in I(S{u))\
S(u).

The next theorem is the main result of this section. It is a generalization
of Markov’s classical theorem on the convergence of continued fractions.

Theorem 6.1.6. Let f be a Markov function of type (1.4) and A an ad-
missible interpolation scheme with asymptotic distribution a = a(A).

(a) We have

(1.16) limsup |f(z) — rn(f. An; 2)|V/2" < RICRUED

n—o0
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locally uniformly in C\ I(S(p)), where

(1.17) gla, i 2) = /gn(zym)da(ﬂf)

is the Green potential of a in Q = C\ S(u).

(b) The following three assertions are equivalent.
(i) 4 € Reg.

(ii) We have

1 — . 1/2n= —g(a,Q;z)
(118) lim 1£(2) = ra(f, Ani2)[H2" = ¢

locally uniformly in C\ (I(S(u)) U L(A)).

(iii) For any infinite subsequence N C N we have

(1.19) limsup |f(z) — ra(f, An; 2)|1/2" = e~ 9(afz)

n—o0,nEN
for quasi every z € C\ I(S(p)).
Remark. If cap(S(u)) = 0, then g{a, Q; 2) = 0.

Corollary 6.1.7. If the interpolation scheme A s admissible, then the
sequence {rn(f, An; ")}, converges locally uniformly in C\ I(S(p)) to f.

Remark. If all interpolation points aj, in (1.12) are chosen to equal in-
finity, then the scheme is admissible, and Corollary 6.1.7 specializes to
Markov’s classical theorem.

Proof of Corollary 6.1.7. From Helly’s selection theorem it follows that
any infinite subsequence N C N contains an infinite subsequence, which
we continue to denote by N, such that the weak™ limit (1.13) exists in the
weak* topology on C. For the natural numbers n not belonging to N we
can choose interpolation sets A, C C\ I{S(u)) of 2n + 1 points in such
a way that (1.6) is satisfied and that the newly chosen sets have also «
as their asymptotic distribution. For the completed interpolation scheme
Theorem 6.1.6 is applicable. Since exp(—g(a,;2)) < 1 for all z € £, the
corollary follows from (1.16). O

Proof of Lemma 6.1.2. (a) First we prove the uniqueness of r =
tn{f, An;*), n € N. Let r1,79 € Rpp,rj = pj/g;, j = 1,2, be two in-
terpolants of f in the 2n + 1 points of A;,. Multiplying r; — ro by g1g2wn
gives with (1.7) that

(g2p1 — 1p2)(2) = O(298n)=1y 45 |2] — oo.



6.1 Rational Interpolants to Markov Functions 155

Hence, here the left-hand side is a polynomial of one degree less than wy,.
But since this polynomial interpolates the zero function at all finite points
of Ay, it has to be identically zero, and therefore gop1 = ¢1p2, and further-
more r] = ra.

Next we prove the existence of the interpolants. Let ¢ € II be the

monic orthogonal polynomial with respect to the orthogonality relation
(1.9). From this orthogonality and the identities

(1.20)
a(z)z — 2lq(x) dp(z) _ «2) 1 1), o 4u@)
/ r—z wn(z) / (q(x) Z) (z — 2) " Yq(x) e
= / zl—l + zl—2$ 4+ 4 Zn+1xl_n—2 N ﬂ(%%ggl — z"+1$l—n-—1
r—z
x q(z) Z’:g;

it follows that for all 2n + 1 > | > n the expressions in (1.20) are polyno-
mials of degree at most n. From this we immediately derive that the
polynomial

p(z) = / q(2)wn(x) — wn(2)q(z) du(z)

T —2z wn(x)

= [ a0 - 28 g(0)] 242 4 ez

wn{z) -z

+ cq(2)

is also of degree at most n, and from here and the orthogonality relation
(1.9) we derive

(1.21)
q(2)f(2) =
z)du(z)
)f wn(z)(z — 2)
B T ;L*n_l x™ dﬂ(x)
_wn(z)/ [_;_? ..... o + z"(i’—Z) Q(x)wn(m)

as |z| — oo. A comparison with (1.7) then shows that p/q is a rational
function interpolating f in the points of the interpolation set A, that was
used in (1.4) to define wy,.
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(b) First we prove that the denominator polynomial g, satisfies the or-
thogonality relation (1.9). Multiplying (1.7) by ¢n and performing some
elementary transformations we get

(1.22) q"fw—;p”(z)

- f [qn(z) _ qn(z)} dp(z) | can(z) ~pu(2)

wp(z)  wp(x)] z—2 wn (2)

n(2)AU(T) o —(2nt1)+deg(0)) s [2] — oo
/wn(x)(m_z) O( 8(4n)) |2| :

The first two terms on the right-hand side of (1.22) are rational functions
with poles only at zeros of wy, or at infinity. Since both the last term on the
right-hand side and the term on the left-hand side of (1.22) are bounded at
the zeros of w, and are zero at infinity, it follows that the first two terms
on the right-hand side of (1.22) cancel out, and we have

- d

(1.23) qnf — Pn (2) =/ gn(z)dp(z) _ O(Z—(n+1)) as |z| — oo.
W, wn(x)(x — 2)

Expanding the integrand in the second term in powers of z as in (1.21), it

is easy to see that (1.23) implies that gy, satisfies the orthogonality relation

(1.9).

Since wy, does not change its sign on S(u), it follows from Theorem 2.1.1
that deg(gn) = n and all zeros of ¢, are contained in I(S(g)). In Remark (1)
to Lemma 1.1.3 it has been noted that in the case of S(u) C R we further
know that all zeros are simple and every component of I{S()) \ S(u)
contains at most one of them.

(c) If pn, and gy, in (1.8) had common factors, there would exist a reduced
representation of r,(f, An;2) with a denominator polynomial g, of degree
less than n. But since ¢, satisfies (1.9) this is not possible.

(d) From the orthogonality (1.9) it follows that for every [ = 1,...,n we
have the identity

(1.24)
L an(@)dp@) _ o L d L a@,
fw wn(@) (@ —2) /[ 2 ! +z‘<w—2>} onle)
:zl/ qn(z)dp(z)

wn(z)(z —2)’

which implies that
gn(z)dp(z) gn (%)% dp(x)
(1.25) / on(2) (@ — z) e / (@) (@ - 2)"

Together with (1.23) this proves the remainder forrula (1.10). O
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Next we come to the proof of Theorem 6.1.6. It is based on the following
theorem, which is, from the point of view of the subject of this book,
even more interesting than Theorem 6.1.6 itself. The theorem shows that
there exists a one-to-one correspondence between the asymptotic behavior
of certain weighted orthonormal polynomials and the convergence behavior
of rational interpolants.

Theorem 6.1.8. Let f be a Markov function of type (1.4), let A be an in-
terpolation scheme with interpolation sets possessing the symmetry property
(1.6), and let py, be the weight measure defined by

(1.26) dpn = d_u’ n € N.
Wn
Then
1/n
: wpalpn;2)? |
(1.27) dim {(f(2) = ra(f, An; z))———wn(z) =1

locally uniformly in C\ I(S(y)), where pp(un;z), n € N, denote the or-
thonormal polynomials with respect to the weight measure pn.

Remarks. (1) It is not necessary to assume that condition (1.15) holds
true for the interpolation scheme A.

(2) Because of the symmetry property (1.6) the polynomials w,, are real
and do not change their sign on S(u). We can therefore assume without
loss of generality that pg, is positive for all n € N.

Proof of Theorem 6.1.8. Set, as in Lemma 6.1.2, rn,(f, Ani*) = pn/gn
with monic ¢p,. From the orthogonality (1.9) we know that

(1.28) qn(z) = ”‘IRHL?(,un)pn(#n; z),
and therefore the remainder formula (1.10) yields that

— TplJ, Ans - n\Z 2 T
29) (LEh R0 oy g o? = g [ EelL

, " anlZay,..y ] @ 2enla)’

For z € S(i) and z € R we have

(1.30) ‘Im (m i z)‘ 2 diam(i{lz(j)g(u))z’

for z e {x eR |z <inf S(u)}

1 S 1
r—z — diam({z} US(p))’

(1.31)
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forz€{x €R|x>supS(p)}

-1 1

(1.32) z—2 > dam({z} US(a))’

for all z € I(S(p))

1.
T2

1
< dist(z, S(p))

(1.33)

From (1.30)—(1.33) it follows that there exist two positive continuous func-
tions d1(z) > 0 and da(z) < oo on C \ I(S(r)) independent of n such
that

(1.34) d1(2)llanll 2, < x

ditn(z
fqn(;c)2 ”"_(z)‘ < da(2)llgnll 2, )

for all z € C\ I(S(p)). From these inequalities together with (1.29) the
limit (1.27) follows immediately. O

Finally, we turn to Theorem 6.1.6.

Proof of Theorem 6.1.6. With Theorem 6.1.8 the ground work of the
proof is done. We start with a consideration of the interpolation points
equal to infinity.

Without loss of generality we can assume in Theorem 6.1.6 that oo ¢
L(A). For if oo € L(A), then by a Mdbius transformation the original
problem can be transformed into an equivalent one with co ¢ L(A). More
precisely: There exists a € R\ (L(A) U I(S(z))); we consider the new
variable w defined by

1

(1.35) w=p(z)= .

In this variable the function f has the form

(1.36) flw) = (fo ™) = fla) - [ Y

y—w

with dji(y) := y?du(e~(y)), ¥ € ¢(S(u)), and the interpolants 7, and the
polynomials &y, ¢, and py are given by

(1.37) fn(f, An;’w) = rn(f, An; ‘P_l(w)) € Ran
with Ap = ¢(A4,), and

on(w) = W (wn 0 071 (w) € Tznq1,
(1-38) gn(w) = w”(gp © (P_l)(w) € Iln,

Pn(w) = w"(pn 0 @~ 1) (w) € II,.
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The function f is, except for its sign, again of the type (1.4). To verify
(1.36) we consider the identity
(1.39)

(=) =”/%-(—:2—f(xia—zia)_l (xia)zdum

:c—I—/[ L i ]du(a:):f(z).

:c—a—(a:-—a)(z—;c)

After this preparation we come to the actual proof, which consists of a
combination of the asymptotic results from Theorems 3.3.2 and 3.3.3 with
Theorem 6.1.8. Since we have assumed that oo ¢ L(A), we know that
supp(a) € L(A) has compact support in £\ {oc}, and Theorems 3.3.2 and
3.3.3 are applicable with the weight functions

1

—,, n€eN.
wp(T)

(1.40) gn(T) =

It is easy to see that (1.13) and (1.15) imply g,lz/n — g = exp(2p(a;-))
uniformly on 5(u) as n — oo. The measure ¢ in Theorems 3.3.2 and 3.3.3
is now « and the constant v = 2.

(a) From (1.13) and the lower envelope theorem it follows that

(1.41) lim sup |wr, (2)|/" < e~ 2P(@i2)
n—oo

locally uniformly for z € C and equality holds true in (1.41) quasi every-
where.

From (3.3.20) of Theorem 3.3.2 with v+ = 2 and 0 = « together with
(1.41) it follows that
Pn(pn; )
locally uniformly for z € C\ I(S(u)). By Theorem 6.1.8 this implies (1.16).

(b) We prove the chain of implications: assertion (iii) of Theorem 3.3.3
= Theorem 6.1.6(iii) = Theorem 6.1.6(ii) = assertion (iii) of Theorem
3.3.3. Since in Theorem 3.3.3 it has been shown that Theorem 3.3.3(iii) is
equivalent to 1 € Reg, part (b) of Theorem 6.1.6 is then proved.

If cap(S(p)) = 0 then (i) holds as well as (ii) and (iii) by (1.16). Hence
we may assume in what follows that cap(S(u)) > 0.

< o—9(@ i)

(1.42) limsup

n—oo

Assertion (iii) of Theorem 3.3.3 = Theorem 6.1.6(iii): From (iii) in
Theorem 3.3.3 we know that

(1.43) lim |— | = eplaiz)—g(a i)
pn(ﬂn? Z)

n—o0
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locally uniformly for z € C\ I(S(i)). From the limit (1.13) it follows by
the lower envelope theorem that (1.41) holds true also for any infinite sub-
sequence N C N, and we again have equality quasi everywhere. Therefore
we have

wn(z) 1/2’!1

..._....._._._—2 — e_g(aaﬂ;z)
Pn(pn; 2)

(1.44) lim sup

n—oo,neN

for quasi every z € C\ I(S(u)). With Theorem 6.1.8 this implies (1.19).

(iii)=(ii): Since the rational interpolant r,(f, An;-) has all its poles in
I(S(u)), it follows from the remainder formula (1.10) that the functions

1
2n

are harmonic on every compact set in C\ (/(S(z))UL(A)) for n sufficiently
large, and they are bounded because of (1.16). Hence, we can deduce from
the pointwise convergence quasi everywhere in (1.19), which is true for any
infinite subsequence N C N, that we have the proper limit (1.18) locally
uniformly in C\ (/(S(u)) U L(A)). The conclusion can be drawn by local
considerations of the sequence of harmonic functions.

(1.45) log | £ (2) = rn(f, An; 2)|

Theorem 6.1.6(ii) = assertion (iii) of Theorem 3.3.3: By Theorem
6.1.8 the limit (1.18) is equivalent to

wn(Z) 1/2n

_ne) — ¢~ 9, };2)
P (pin; z)z

(1.46) lim

n—00

locally uniformly for z € C\ (I(S(u)) U L(A)). From (1.13) it then follows
that

(1.47) lim eP(®2)=g(ash2) | () )" =1

n—oo
also holds locally uniformly for z € C\(Z7(S(x))UL(A)). Since the logarithm
of the function on the left-hand side of (1.47) is harmonic in C\ I(S(u))
(cf. the harmonicity of (3.3.37) in the proof of Theorem 3.3.2), the conver-
gence extends locally uniformly to C\ 7(S(u)) = C\ Co(S(g)). This proves
assertion (iii) of Theorem 3.3.3 with a = ¢ and v = 2. O

6.2 Best Rational Approximants to
Markov Functions

We continue the study of rational approximants to Markov functions by
investigating the convergence of best rational approximants. The type of
result is similar to that in the last section. First we prove a general estimate
for the rate of convergence, and then we show that the rate is sharp in the
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sense of geometric convergence if and only if the measure g in the definition
of the function (2.1) is regular.
The function f to be approximated is, as in (1.4), of the form

(21) f(2) = / duz) .

r—z

where p is a positive measure with compact support S(u) C R and ¢ € R
is a constant. We approximate f on a compact set V' C C\ S(p) that is
assumed to be symmetric with respect to R, that is,

(2.2) V=V:={zeClzeV}

Definition 6.2.1. By r;, = ri(f,V;:) € Run, 7 € N, we denote any
rational function that satisfies

(2.3) I f— r;||sup,V = T‘El%in If— r”sup,V-

It is called the best rational approximant of degree n to f on V.

Under our rather general assumptions the best rational approximant
v+ (f, V) may not exist. We know that r (f,V;-) exists for every n € N
if V' is a real interval or the union of finitely many real intervals (see, e.g.,
[Br, Section III]), but it may not exist if V contains isolated points. In any
case there exists a near best rational approximant r}(f, V) in the sense
that

Hf - 7'"::z“sup,V < zrei%fm ”f - T“sup,V'

For simplicity we use the convenient terminology “best approximant” for
r(f,V;+)s in the case of near best approximants. The results to follow are
not touched by this change in the definition. The question of uniqueness
of best rational approximants is even more difficult to answer than the
existence problem. The uniqueness of r},(f,V’;:) is known only in the case
when V is a real interval and the best approximant is selected from RY,
the set of #li rational functions of degree at most n with real coeflicients.
In this special case uniqueness can be proved by considering alternation
points (see [Br]). On the other hand, no example of a Markov function
(2.1) and a symmetric compact set V' C C\ S(u) is known for which the
best rational approximant ry(f, V;-) is not unique. In general, that is, for
arbitrary analytic functions f, uniqueness of best rational functions in R,
is not true. (For more references concerning the nonuniqueness problem see
Section 6.2 in the historical notes.)

In the statement of our main result we need the condenser capacity
cap(V, S) of two disjoint compact sets V, § C C, which is defined in Section
VIII of the Appendix.
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Theorem 6.2.2. Let f be a Markov function of type (2.1) and V C C\ S(x)
a compact set with the symmetry property (2.2).

(a) We have

(2.4) limsup||f = ra(f, V- fany < /st
(b) If cap(V') > 0, then

(2.5) Tim [If =i (£, V5 .)”;{;HV — o—1/cap(V,S (1)

if and only if p € Reg.
Remark. If cap(V) = 0, then cap(V, S(u)) = 0, and by (2.4) we have
. 1/2n

independently of whether y € Reg or not. Hence, in part (b) the assump-
tion cap(V) > 0 is necessary.

Since the proof of Theorem 6.2.2 is very long and technically quite in-
volved, we present the following outline of it.

The outline of the proof of Theorem 6.2.2. Parts (a) and (b) are
separately proved.

Two lemmas, Lemmas 6.2.3 and 6.2.4, prepare the proof of part (a).
Lemma 6.2.3 is a simple technical one on approximating measures by dis-
crete ones. Part (a) of Lemma 6.2.4 easily follows from the results in the pre-
ceding section: It gives an estimate on rational interpolants via Green po-
tentials of limit distributions of the interpolation points (cf. (2.10), (2.11)).
The most important step is part (b) of Lemma 6.2.4 which gives a tech-
nique as to how to get good rational approximants on V from rational
interpolants. The idea is to cancel in the partial-fraction representation of
the interpolants all those terms that contain poles closer to V' than 6p/n,
where n is the degree in question (cf. (2.17)). This yields rational approxi-
mants with rate of approximation expressed by suprema of potentials that
are majorized by the above Green potentials (cf. (2.12)). Then the proof
of part (a) of Theorem 6.2.2 is obtained by taking interpolation schemes
with asymptotic distribution equal to the equilibrium distribution on V" of
the condenser (V,S(x)). Much of the technical details are caused by the
irregular points of V.

In the necessity part of Theorem 6.2.2(b) we use the same rational inter-
polants. The idea is that they yield an approximation that is in between
the optimum rate (|jf — r5||yv/) and the rate expressed by the condenser
capacity (this is what is proved in Theorem 6.2.2(a)); hence if these two
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rates collapse (i.e., we have equality in (2.4)) then we know sufficient infor-
mation on the rate of approximation given by the rational approximants
to be able to apply the results of the preceding section.

The most severe proof is that of the sufficiency part in Theorem 6.2.2(b),
that is, when we want to conclude equality in (2.4) from the regularity of
. The method is rather ad hoc, and most of the difficulties arise because V
may not be regular with respect to the Dirichlet problems in C\V. 1 € Reg
is applied in the form that is guaranteed by the equivalence of (i) and (vi)
of Theorem 3.2.1, where the weight functions g,, are associated with the de-
nominator polynomials of the best approximants (cf. (2.56), (2.59), (2.60)).
Two lemmas, Lemmas 6.2.5 and 6.2.6, contain essential steps of the proof.
The first one simplifies the structure of V. The second, and technically most
difficult, one is concerned with moving the zeros of polynomials @y from
C\V onto V in such a way that the so-obtained polynomials behave on V
in a fashion similar to that of the original polynomials @, (cf. (2.66) and
(2.67)). This is done by selecting symmetric, weighted Fekete points with
respect to weights 1/Qy,. O

We prepare the proof of Theorem 6.2.2(a) by stating two lemmas. In both
of them we use the equilibrium distribution wy, g on V' of the condenser
(V, So) (see Appendix VIII).

Lemma 6.2.3. Let V be as in Theorem 6.2.2, and assume in addition
that OV N I(S(i)) has only finitely many points, cap(V) > 0, and oo ¢
V. Let further Sg 2 S(u) be a compact set with Syp C R, V. NSy = 0,
and cap(Sg) > 0. Then there exists an admissible interpolation scheme
A = (Ay,...,An, .. ) with all its interpolation points in OV \ I(S(p))
and wy,s, as its asymptotic distribution a(A).

Recall that I(S(u)) is the smallest interval on R containing S(y), and the
admissibility of A means that A is symmetric onto R, each interpolation
set Ay, is disjoint from 7(S(u)), and no point of L(A), the set of limit points
of the sets A, belongs to §(p) = supp(p).

Remark. In the sequel a compact set Sy different from S(x) will be used
if cap(S(u)) = 0, otherwise we can set Sp = S(u).

Proof of Lemma 6.2.3. Since V is symmetric with respect to R, the same
is true for wy g,. It is easy to verify that we can select for each n € N an
interpolation set A, with 2n + 1 points zgn,... , T2, € OV possessing
the symmetry property (1.6) and having wy, S(u) 8s their asymptotic dis-
tribution, that is, the limit (1.13) holds true with a = wy g(,,). Since we
have assumed that 9V NI(S(p)) consists of only finitely many points, the
Wy, 5 () —Ineasure of these points is zero, and we can therefore select all
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points T;,,0 < j <n, n €N, from 9V \ I(S(p))- Hence, the interpolation
scheme A := (A1, A4g,... )t is admissible in the sense of Definition 6.1.5.
L

If A = (A1, Ag,...)! is an admissible interpolation scheme with finite
interpolation points then define, as in (1.5) and (1.26),

wn(z) = H (z —*’L‘)7
(2.6)

dun(z) = L2 e S(u), neN.

Since A is admissible, we can assume without loss of generality that p,, is a
positive measure. (If wy, is not positive on S(u), then it has to be negative
everywhere on S(u), and we can multiply it by —1.)

Lemma 6.2.4. Let V be as in Theorem 6.2.2, and let A be an admis-
sible interpolation scheme with finite interpolation points and asymptotic
distribution o = a(A).

(a) Let qn be the monic denominator polynomial of the rational interpolant

tn = rn(f,An;-), n € N, and let N C N be an infinite subsequence such
that the two limits

(2.7)
1 * 1 1 R N
Vg, T V0, 0gllgnllp2(u,) — 0 € RU{—~0c} as n—o00, neN,
exist. Then
(2.8) supp(vo) € S(u),

1
(2.9) lim sup o log |f(2z) —rn(2)| < p(vo —a;2) +co

n—oo,neEN
locally uniformly for z € C \ I(S(w)), with equality quasi everywhere in
CA\I(S(w),

. 1
(2.10) n—~><l)lor,r'rlL€N on log |f(2) — rp(2)} = p(vg — a; 2) + o

locally uniformly for z € C\ (I(S(u)) U L(A)), and
(2.11) p(vo — a;2) + g < —g(a, §2; 2)
for all z € C (the Green potential g(a, Q; z) was defined in (1.17)).

(b) There exist rational functions ¥, € Rypn, n € N, such that for every
infinite subsequence N C N for which the two himits (2.7) exist we have

(2.12) limsup ||f — Fn||:l/1}2)nv < exp ( sup p(rg — o; ) + co).
n—oo,neEN ’ zeV



6.2 Best Rational Approximants to Markov Functions 165

Remark. The functions 7, are obtained from the rational interpolants
rn = rn(f, An;-) by removing all poles that the functions r, have on V
and in certain neighborhoods of V.

Proof of Lemma 6.2.4. (a) It has been shown in Lemma 6.1.2 that the
denominator polynomial g, is the nth orthogonal polynomial with respect
to the measure 1y, and therefore it has at most one zero in every component
of I(S(u)) \ S(i). This implies (2.8).

Since gy, is assumed to be monic, we have

n(z) = HQnHL2(un)pn(Nn§ z),

where py, (tn; -) is the orthonormal polynomial with respect to p,. From the

assumption that « is the asymptotic distribution of the scheme A, that is,
1 *
v > as n— 0o
on +1 An ’

and from the assumed limits in (2.7) we immediately deduce by the prin-
ciple of descent and the lower envelope theorem that

(2.13)

Pn{iin; z)2
wn(z)
locally uniformly for z € C\ I(S(u)), and equality holds quasi everywhere
in C\ I(S(u)). From Theorem 6.1.8 we then know that (2.14) is equivalent

to (2.9).

In the same way we deduce (2.10) from (2.7) and (2.13) by Theorem
6.1.8.

From (1.16) in Theorem 6.1.6 together with (2.9) we know that (2.11)
holds true for quasi every z € C\ I(S(u)). Since both sides of (2.11) are
continuous in the fine topology (see Appendix II), the inequality in (2.11)
extends to all z € C.

(b) It has to be shown that there exist rational functions 7, € Rpn, n € N,
satisfying (2.12). This part of the proof causes most of the technical diffi-
culties.

We start from the rational interpolants r,, = rp(f, An;+) and remove the
poles of these functions from V and from certain neighborhoods of V. Since
rn has only simple poles, it can be represented as

Tt

a<
Tn(z)=2 2+ cn

j=1 %7 Yin

with ajy,,cn € C,yj, € I(S(n)). Set

1
(2.14) liminf —log

>l —1pz)—CcC
pJiminf o oo > p( 052) — Co

1
671 = _607
T

(2.15) Vo = {z € C| dist(z,V) < &},

Vo i={z€C|dist(z.V) <26,}, né€EN,
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where we assume 8y > 0 small enough to ensure that Va1 N S(u) = 9, and
that both V51 and V intersect exactly the same components (intervals) of

I(S(p)) \ S(p). Let
(2.16) Yo = {Y1ns- - Ymn)n}

be the set of all poles of r, in Vj,. The numbers m(n) are bounded by the
number of components of I(S(p)) \ S(u) that intersect V. We define

tn(2) == rp(f, An; 2) — 11n(2) € Rpn,

m(n)

Qin
rin(2) = J € Rop(n)— ,
m(n)
hn(z) = H (2 = Yjn)-
j=1

First, we derive asymptotic estimates for hy and hp(f — rp) as n — .
Since the degree m(n) of h, is bounded, and since all zeros of h, are
contained in V, C Vi, we have

(2.18) limsup |hn (2)]1/™ < 1
n—oo

locally uniformly in C and
: I/n _
(2.19) nILrI;o |hn(2)] 1
locally uniformly in C\(Z(S(x))NV). Then (2.18) together with (2.9) yields

(2.20) limsupi log {hn(f — ro)(2)| < p(vg —a;2) +¢p
n—oc 2M
locally uniformly in C\ I(S(y)).

We need a version of the estimate (2.20) that holds true not only in
C\ I(S(w)), but also on I(S(x)) NV, and asymptotically on the points of
the sets Y, as n — o0o0. To get such an estimate, we introduce a sequence
of compact sets U,,n € N, with

VcaU,cC V2,n-

Let Z(qn) denote the set of zeros of the polynomial g,. Then for every
n € N we can choose U, such that

1
dist(3U,,, Z > —bp = —0p,
(2.21) ( n (Qn)) —_ n 0

UnNZ(gn)=Yn, neN.
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Indeed, in every component of I(S(x)) \ S(u) there is at most one zero of
gn- If this zero is in V,,, then it belongs to Y,,, and we will choose Uy, close
to Vs 5, in the critical region. This is always possible since Va5, has a
distance %60 from V},. If, however, the zero in question does not belong to
Vn, then it does not belong to V, and therefore we choose 8U,, close to V,
which is again always possible.

Next, we show that it follows from (2.21) that for any sequence of points
zpn € OUp, n=1,2,..., we have

Hm |hy(za)|/™ =1,

n—o00
(2.22)

1
limsup — loglhn(f — rn)(2n)| € maxp(vg — ;) + cp-
n—oo,ncEN 2n eV

In the proof of (2.22) we can restrict ourselves to convergent sequences
zn € U,, n € Ng CN, with 2z, — 29 as n — oo, n € Ny. Clearly zg € V.

For sufficiently large n € Ny every polynomial h, can have only one zero
close to zy since all the other zeros belong to components of I(S(x))\ S(u)
that do not contain zp, and their distance from z, is therefore bounded
away from zero. But also the zero of h, that asymptotically comes close to
zn has a distance from z, not smaller than 2%60 because of (2.21). These
considerations show that there exists a constant a > 0 independent of n
such that

1 —
(2.23) |hn(zn)| > %6Oam(n) 1,

which proves the first limit of (2.22).
The proof of the second relation in (2.22) starts from the modified re-
mainder formula

wn(2) [gn ] (z)dp(z)
(£2)(2)2 ) wnlz)(z—2)

which follows from (1.23) and (1.24). By the same arguments as were ap-
plied in the derivation of (2.23) we can show that

(2.24) [hn(f — mn)l(2) =

I (2n)

1
(2.25) lim —log
hn

= —p(vp; 2
i p(r0; 20)

for any sequence z, € U,,n € Ny C N, with z, — zp as n — oc,n € Ny
(also making use of the first limit in (2.7)). From (2.13) and the principle
of descent it follows that

1
(2.26) lim sup o - log |wn (2)] < —p(a; 2)

n—oo

locally uniformly on C. Since the limit (2.19) holds true uniformly on S(u),



168 6. Applications

we can repeat the estimate (1.34) in the nth-root sense for the integral in
(2.24). With the second limit in (2.7) this yields

/ [an 72](x)du(z)

) 1
(2.27) lim —log ()@= 2)

n—oo,nEN 2n

=CO

uniformly for z € Vi D V..Formula (2.24) together with (2.25), (2.26), and
(2.27) proves that

(2.28) lim sup 51— log |hn(f —rp)(2n)| < p(vo — a,20) + co
n—oo,nEN, 4T

for all sequences z, € AU,,n € Ny C N, with z, — 29 as n — oo, € Ny,
where NV is the same subsequence of N as was used in (2.7).

From (2.28) the second relation of (2.22) immediately follows.

With the two limits in (2.22) we are prepared to prove (2.12). First, we
derive an estimate for the sequence {ri,} (cf. (2.17)) on 9V;,. From the
definition of hy, and ry 5, in (2.17) it follows that

Pin(2) := hp(2)r1n(2) € Hm(n)—l? n € N,
and furthermore that
(2.29)
Pln(yjn) = ha,rz(yjn)ajn = —[hn(f — Tn)(z)]zzyjn for j=1,...,m(n),

where {y;,} are the m(n) zeros of h,. Since the last expression in (2.29)
is analytic on Uy, it follows from the maximum principle and the second
relation in (2.22) that

1
lim sup max — log|P in)| < maxp(yg — a; x) + ¢p.
n oo N F=1oms m(n) o gl ln(yjn)| Py p(vo )
Using Lagrange’s interpolation formula

m(n)

Pr(yjn)hn(2)
=1 h{n(yjn)(z - yjn)’

Piu(z) =

we derive

m(n)

|P1n(2)] < Z

j=1

Py (yjn) hn(2)
ho(Yin)(2 = Yjn)

, z€C.

Since hy, has at most one zero in every component of I(S(u)) \ S{(u), we
have

<0

. 1 |hn(2)]
limsup — log
n—oo,nEN 2n J:Zl Ih’éa(yjn)(z - yjn)l
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uniformly on every compact set in C. Hence, we have shown that

1
(2.30) limsup — log|P1,(2)| € maxp(yy — a;x) + ¢
n—oc,nEN 2n eV
locally uniformly for z € C.
From the definitions in (2.17) we immediately derive the identity

. 1 1
f—Tn=1—[hn(f —rn+7110)] = h_[hn(f — 1) + Py,
n T
and with both limits in (2.22), it follows from (2.30) that

1

(2.31) limsup % log|f(2n) — 7n(2n)| < max P(vg — a;z) + ¢p
n—00 n reV

for any sequence of points z,, € Uy, n € N. Since f —r, is analytic on Uy,

(2.31) proves (2.12) and the proof of Lemma 6.2.4 is complete. n

Proof of Theorem 6.2.2(a). Using, if necessary, the same transformation
as in (1.35)—(1.39), we can assume without loss of generality that oo € V,
that is, V' is a compact subset of C.

Since we do not know whether V is regular with respect to Dirichlet
problems in € \ V, nor that cap(S(u)) > 0, we introduce auxiliary sets Vg,
which are defined for 6 > 0 by

Vs := {2z € C | dist(2,V) < 6},
(2.32) ) i
Vs :=VsU{z € C|dist(z, Vs N I(S(p))) < 6}.

The set Vj is regular with respect to Dirichlet problems in C\ Vg, cap(Vs) >
0, and Vs N I(S(1)) consists of only finitely many points. From the outer
continuity of the condenser capacity (see Appendix VIII) it follows that
for every € > 0 there exists a § > 0 and a compact set Sgp with R D Sy 3
S(p), cap(Sp) > 0, and V5N Sy = @ such that

(2.33) ¢~ 1/cap(Vs,5o) < o=1/cap(ViS(w)) 4

Let wy, g, be the equilibrium distribution of the condenser (Vs, Sp) on V;
(see Appendix VIII). Since Vj is regular, we have

1

2.34 C\S0i2) = o5y
( ) 9(wv;,8,, C \ So; 2) cap(Vs, Sp)

for all z € Vj.

Since the set Vj satisfies the assumptions of Lemma 6.2.3, we therefore
know that there exists an admissible interpolation scheme A with asymp-
totic distribution a(A) = wy, g,. We apply Lemma 6.2.4 to the set V5 and
set o = wy, s,. For any infinite subsequence N C N for which the two
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limits vp and cp in (2.7) exist, we deduce from (2.12) and (2.11) in Lemma
6.2.4 together with (2.33) and (2.34) that

(2.35)
. *11/2n .
limsup |1 — 3|12, < sup exp(p(vo — wys,55 ) + o)
n—oo,neEN reVy

< sup exp(—g(wy; s,,{% 7))
reVs

< sup exp(—g(wy;,s,, C\ So; 7))
zEVy

— - - —~1/cap(V,S(u))
=P ( cap(Vs, 50)) = e

Since the right-hand side of (2.35) is independent of the subsequence N,
and since ¢ > 0 is arbitrary, (2.35) proves (2.4). O

In the proof of Theorem 6.2.2(b) we shall use the following lemma that
simplifies the structure of the set V.

Lemma 6.2.5. Let V. C C\ S(u), cap(V) > 0, be a compact set as in
Theorem 6.2.2(b). Then for every ¢ > 0 there extsts a compact set V* CV
such that V* is symmetric with respect to R,

dist(V* \ R,R) > 0,

C\ V™ is connected, Int(V*) = @, V* is regular with respect to the Dirichlet
problem in C\ V*, and

cap(V*,S(u)) > cap(V, S(p)) — ¢.
Remark. Applying twice the lemma we get the following: If V4,V C C
are disjoint compact sets then for every ¢ > 0 there are compact subsets

Vi € V1 and V5 C Vi such that Int(V{F U V) = @, C\ (VU VY) is
connected and regular with respect to the Dirichlet problem, and

cap(V{", V5') > cap(Vy, V) —¢.

Proof of Lemma 6.2.5. Since cap(V, S(u)) = cap(9V, S(u)), we can as-
sume from the beginning that Int(V) = 0.
First we remove two small strips from V around R: For > 0 set

V1 ={z €V |dist(z,R) > n} U(VNR).

We claim that
lim cap(V", S () = cap(V, ().
n—P
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In fact, in the opposite case there is an a > 1/cap(V, S(u)) such that
with the equilibrium distributions w" := Wy §(p) and wy = Wg(u), Vo of
the condenser (V,S(u)) (see Appendix VIII) we have for some sequence
{n;}7=, tending to 0

P —wp; 2) —p(W" —wpw) 2, n=1n1,72,...,

for quasi every z € V" and quasi every w € S(u). Without loss of generality

we can assume that {wy } and {w'} converge to some measures w, and

w* in the weak* topology. Since each w” is supported on V and each wy

is supported on S(u), and UB?OZI V% =V, we get from the lower envelope
theorem that

p(w* —wy;2) — p(w* —wsw) 2 a

for quasi every z € V and w € S(u), which implies o < 1/cap(V, S(u)) (see
(A.25) in Appendix VIII), and this contradicts the choice of a.
Thus, if we set V7 = V" then for some small n > 0 we will have

cap(V1,S(p)) > cap(V,S(un)) — /3.

Next we erase some vertical strips from V; to obtain a compact set
with connected complement. Let Gy,...,Gg,... be an enumeration of
the components of C \ V1, and let 2 € Gg,k =1,2,.... We are going to
construct nested compact sets Vi = Vlo ) Vll 2 V12 2 --- in such a way
that for each k

(2.36) cap(VF, $(1)) > cap(V1, S(u)) — /3
and Vlk does not have any point in a strip
(2.37) {z | |Re(2) — Re(2)| < ax}

for some a; > 0. In fact, if Vlk_l,k = 1,2,..., has already been con-
structed with the property (2.36), then by the argument that we used in
the selection of V} we can omit all points of a strip (2.37) from Vlk_l SO

that the remaining points form a compact set Vlk with the property (2.36).
Now let

o0
Vo= V.
k=1

By the upper continuity of the Green capacity (see [He, Lemma 7.18]) it
easily follows then that

cap(Va, $(w)) = lim cap(V{", S(w)) 2 cap(V1, S(u)) = ¢/3.

Clearly, C \ V3 is already connected.
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Finally, we turn to the construction of V* itself. By [Anl,2] for each
m € N there is a regular compact set VJ™ C V5 such that

1
cap(V3") > cap(V2) — —.

(G)u(g7)

if necessary, we may assume that each VJ" is symmetric with respect to R
(note that V3 has this property) and the sequence {VJ"} is increasing. We
claim that for large m the set V* = VJ" satisfies the requirements in the
lemma. By the previous construction it has only remained to prove that

(2.38) cap(V3"™) > cap(Va) — /3

Replacing V3™ by

for all large m.
Let gm(2;w) = ge\y;= (2, w) be the Green function of the domain C\ V3"

with pole at w € C\ VJ". It is verified in the Appendix during the proofs
of Theorems A.1 and A.2 that

gm(2:0) | govpy(2:0), 2 € C\ V3,

locally uniformly in z € C\ Vo as m — oc. Since gm(z,w) > de\v, (z,w),
we get from Harnack’s inequality (Appendix III) and the preceding relation
that

(2.39) %Enoogm(z!w) = 9\, (2, w)

locally uniformly and monotonically for z,w € C\ Va. If ¥ is the probability
measure on S(u) that minimizes the Green energy

1
/ [sm e\ (& )W) = e )

then by (2.39) and the monotone convergence theorem we get

1
(V2. S0)) =ml£noo[/5(p) (2, w)dv(z)dv(w)

> limsup
M—00 cap(V2 ,S(p))’

from which (2.38) follows for all large m. O

Proof of Theorem 6.2.2(b). Without loss of generality we can assume
in the proof of part (b) that cap(S(x)) > 0 since otherwise both the limit
in (2.5) and ¢ € Reg hold for p.
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Proof of the necessity of the condition: ;1 € Reg in (b). We assume
the limit in (2.5) to hold true and prove that this implies ;1 € Reg. Most of
the technical difficulties here are due to the fact that ¥V may contain points
from I(S(p))\ S(x) or that V may not be regular with respect to Dirichlet
problems in C \ V.

Let 29 € C\ (I(S(1)) UV) be fixed, and let ¢,;, > 0 be a sequence
of numbers with ¢,;, — 0 as m — oc. From the outer continuity of the
condenser capacity it follows, as after (2.32), that there exists a sequence
of numbers é,, > 0 with 4,,, —» 0 as m — o0 such that the sets V,; :=
V... m €N, defined in (2.32) satisfy

1 1
2.40 0< — <
(2.40) = an(V,5(w) ~ cap (Ve S(w) ="
and
(2.41) 9(wv,5(0) — wm, B 20)| < em,

where wy, = wy, gy, ™ € N, denotes the equilibrium distribution on Vp,
of the condenser (Vin, S(u)). As in the proof of part (a), it follows from
Lemma 6.2.3 that for every m € N there exists an admissible interpolation
scheme A™ = (AT}, AT, ...)! on 8V, with asymptotic distribution

(2.42) a(A™) =wm, meN.

For every m € N, let N;; C N be an infinite subsequence such that the
two limits

1 1
(2.43) Eyq,’," — U, " log ||(I7T”L2(pnm) — cm € RU {—o0}

exist as n — oo, n € Ny, where ¢’ is the denominator polynomial of
the interpolant r,(f, An';+) and 7! is the measure defined as in (2.6) by
the interpolation set A7'. We know from (2.10) of Lemma 6.2.4 that for
sufficiently large m

. 1
(2-44) n—»ogI'rl;lEN o log |f(20) —ra(f, A?; zO). = p(vm — wm;20) + cm.

From (2.11) of Lemma, 6.2.4 it follows that with & = C\ S(u)
(2.45) P(Vm — wm; 2) + cm < —glwm, ; 2)

for all z € C. Since we have assumed that the best rational approximants

ry, = r(f,V;) have a rate of convergence given by (2.5), it follows from
(2.12) of Lemma 6.2.4 that

—1
2.46 sup p(Vm — wm;x) + Cm > .
(2.46) Sup P(vm = wmi®) + om 2 SRS
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Indeed, if (2.46) were false, then by (2.12) applied to V;;, instead of V there
would exist rational approximants that were better than assumed in (2.5).

With the two equilibrium distributions wm = wy, S(u) and w™ =w S(1),Vim
of the condenser (S(u), Vin) we have the representation

(2.47) g(wm, 2 2) = plwm —w™2) + ™

for all z € C with a constant 7, (see (A.22)-(A.23) in the Appendix).
Subtraction of the Green potential (2.47) from (2.45) and (2.46) gives the
inequalities

(2.48) 0<p(w™ —vm:;2) —cm —Tm for z €9,
and
(2.49)
1
m _ . _ _ < . ﬂ.
p(w Vm, Z'm) Cm Tm > cap(V, S(H)) g(wma ,Zm)
1 1

ap(V,S(w)) ~ can(Vim, S(p) = ™

for some z;, € V. The second to last inequality follows from the regularity
of Vi, whereas the last one follows from (2.40).

Since both measures v, and w™ have their support on S(u), the po-
tentials in (2.48) and (2.49) are harmonic in Q. From Harnack’s inequality
(see Appendix IIT) we know that there exists a constant C = C(zg, V, Q)
such that any function h positive and harmonic in 2 satisfies

h(z0) < Clh(zm )|

independently of 2, € V. With this inequality we deduce from (2.48) and
(2.49) that

0< p(wm —Vm;20) — tm — Tm < Cém,
and with (2.43) and (2.47) further that
(2.50) |p(Vm — wm; 20) + cm + 9(wm, ;5 20)| < Cep

for all large m € N (for which 2y € V;5,). From (2.44) it then follows together
with (2.41) and (2.50) that for every m € N there exists an n,y, such that

1
(2.51)  |5=log|f(20) — ra(f, AR 20)| + 9(wy 5, 4 20)| < (C +2)e
o (e

for n > nyy,.
Now let the interpolation scheme A = (A7, Ag,...)! be defined by the
sets
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Then it is easy to verify that, because of (2.42), A has the asymptotic
distribution

if {n, } tends fast enough to infinity. From this and (2.51) it follows that for the
sequence of rational interpolants rn ( f, An; ), n € N, we have the convergence

(2.53)  lim |f(20) = rn(f, An; 20)['/%" = exp(—g(wy,s(), 2 20)).

It is easy to see that all these can be done uniformly in 2y provided |zp| is
large enough, that is, one and the same sequence {A,} can be chosen for
all |z9| > R provided the disk {z | |z2| < R} contains S(g) UV, in such a
way that the limit in (2.53) is uniform in |zg| > R. Since A is an admissible
interpolation scheme, it follows from the equivalence of assertions (i) and
(ii) in part (b) of Theorem 6.1.6 that (2.52) and (2.53) imply ¢ € Reg. To
be more precise, to make this conclusion we have to remark that the proof
of (i1)=(i) in Theorem 6.1.6(b) works word for word if we only know (1.18)
uniformly for |z| > R and not locally uniformly in €\ (I(S(x)) U L(A)) as
was assumed in Theorem 6.1.6(ii).

Thus, we have shown that (2.5) implies 1 € Reg, which is the first half
of the claimed equivalence.

Proof of the sufficiency of the condition: i € Reg in (b). It will be
shown indirectly that ¢ € Reg implies (2.5). We assume u € Reg and

(2.54) liminf {|f — rllg0o, = Ro < e~1/cep(V:S@W),

and show that this leads to a contradiction.

Replacing V by V* C V from Lemma 6.2.5 with some small ¢ > 0,
without loss of generality we can assume besides (2.54) that Int(V) = 8,
C\ V is connected and regular with respect to the Dirichlet problem, and

(2.55) dist(V\ R,V NR) > 0.

Let R} =7}(f,V::) = pn/qn with p, and g, relatively prime. For every
n € N we define

(2.56)
Qn(z) = qn(2)gn(2) =: qn(2)g,(2), &k =kn =deg(Qn)+2<2(n+1).
The normalization of ¢, and Qn, n € N, is still open. We have Qn(z) =

|qn(z)|2, z € R. Let the positive measures v, and the constants ¢, € R be
defined by

1
(2.57) p(vn;2) +cp =log———, neN.

We have ||v,|| = deg(@y) and supp(vp) CC\ V.
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_ Let 75, be the balayage measure of vy, defined by sweeping out vy, from
C \ V onto V. The polynomials @, and g, will now be normalized by
choosing the constants ¢y, so that

(2.58) p(Vn —Upy2)+cp =0

for every z € V. We have ||on|| = |lvpll, supp(iy) € 9V, and

/QC\V(SC; oo)dvp(z) = ¢y 2> 0.

For every n € N we are going to select kj distinct points x;, € V, j =
1,...,ky, that are symmetric with respect to R. As in (2.6), we define

kn
wn(2) = [ ]z = 2jn),
(2.59) j=1

diin(z) = j”ﬁfj z € S(u).

For the time being we assume that p, is positive for every n € N. At the
end of the proof we shall indicate the necessary changes if this is not the

case,
] )1/271
; <1
”q””L2(,un)

Next we verify that
for quasi every z € S(u). Since all zj, € V, the set {|wn|_1/2”|5(u) > s
a compact subset of C(S(u)). Hence, for every € > 0 there is an [ = I,
1/2

Qr{z)

wr ()

(2.60) limsup (

n—00

such that for each wy, /“" we can find a polynomial 1), > 0 of degree [,, <!

for which

1—e < |wn M@/, () SL+e, € S(u).

This implies for the polynomial Ry, (z) = gn(2)T;, (2)" of degree at most
n(1 + 1) that

wr (2)

1 (1+e*Ba(@)

< . T € 8(p),
lanll2a() ~ (L= ©2"lIBAl3,

where we also have used that Qy,(x) = |gn(z)|? for 2 € S(u). By Theorem
3.2.1, (i)=(v), we can conclude from p € Reg that

1/n(1+1)

lim su _Rnlz)] <1
p <
n—oo \ | Bnllrz¢y
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for quasi every ¢ € S(u). Since here [ is independent of n, this and the
preceding relation imply (2.60) with 1 replaced by (1 + €)/{1 —¢) on the
right, and for ¢ — 0 we finally get (2.60) for quasi every z € S{u).

Set e, = f —r;,, n € N, and let v be a connected integration path that

separates S(u) from V. Since C \ (S(u) U V) is connected, there is such a
~. Then we have with appropriate orientation of ~

(2.61)

kn ‘ _
3o delin) (g = - Jé [QZZ”(J“ - r;;)] (2)dz

:__1_ pnﬁ()d +L %(z)/éﬁﬂdz

271 ~ W 27 ~ Wn r—2z

— 7} » (2)]2
[ et 58

= ”an%z(un)'

The first equality in (2.61) follows from the residuum theorem since all the
T;n are chosen to be distinct. The other equalities in (2.61) can easily be
verified. Note that the integrand is analytic “inside” v, and also that 1/w,
has singularities only on V and deg(wy) > deg(gn@,,) + 2.

The identity (2.61) implies

Qn(ivjn)

1/2n
if = rof 22
(i) sup,V

Our next aim is to get rid of the large zeros in Q,,. To this end let R be
a large positive number and

(262)  anllfaq,, <’“1/2n( oo
=1 kn

-R
a2 =a(x) [[ T explacyy (wioo) — g (R;o0)),
lw|>R
Qn(’lU):O

(2:63)  QF(2) = ¢f(2)af(z)

z—R
=Qnl2) ] —— exp(ge\v(wi o) — goyy (Bi ),
|lw|>R
Qn(2)
that is, replace each zero of ¢},, and ¢,, of modulus greater than R by R. The
normalizing constants exp(ge\ v (w; 00) — ge\v {R; 00)) have been chosen so

that (2.58) is still valid for QX; that is, if we set

R R 1
p(v.t 2) + ¢t = log ———,
" " 1QE(2)]
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then

(2.64) pwl—vR: )+l =0

holds for every z € V. In fact, by Appendix VII the constant c, in (2.58) is
given by fgC\V(m; oc)dvp{z) and so cﬁ equals fgC\V(ac; oo)dy;?(a:), which,
again by Appendix VII, yields (2.64).

Seeing that the ratio

z— R

— w

exp{ge\v(w; o¢) — g\ (R;0)),  |w| 2 R,

tends to 1 uniformly on compact subsets of C as R — oo, by (2.62) and
(2.63) we can choose for every n > 0 an R = Ry such that

(2.65)

Qﬁ(xjn)

w;z($jn)

1/2n
* 1/27?,
=1, kn ) ”f "'Tn“supﬂf'

In Lemma 6.2.6 it will be shown that the k, points z;, € V, j =

1 1/2
||Q§‘|L/27(Lun) <(1+ W)kn/ " (J max

1,...,kn, can be chosen for every n € N in such a way that
1/2n
Ry

(2.66) lim sup sup QM <1

n—oo  \j=1,.. .k, wp (Tjn)
and

1/2n
R
(2.67) liminf |92 >
novo0 | wn(z)

holds uniformly for z € V.

Let N € N be an infinite subsequence such that the lower limit in (2.54)
is assumed through N, that is,

~1
cap(V, S(p))’

: 1
(2.68) lim o log || f — T;||sup,V = log Rp <

n—oo,n€EN

and furthermore that the limits

1 R * 1 — . 1 * 1 R
(2.69) oV Y, %yﬂ,{% b, —u,, — v, 9 Cn T CE R

exist as n — oo, n € N. Recall that here v, denotes the measure that has
mass 1 at every zero of wy,. In (2.69) the second limit follows from the first
one because the regularity of V with respect to the Dirichlet problem in
C\ V implies that the balayage operator v — © is continuous in the weak*
topology (see [La, Chapter IV, Section 3/17}).
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From (2.65) together with (2.66) and (2.68) it follows that for some
subsequence Ng C N

Ryl/n

lim sup HQn ”Lz(‘u

n—oo,n€ Ny

1/2n
Qi zjn) 1/2n
i 00 'n,ENO( ( ) j=1,... kn wl (:Ej’n,) “ ’n“sup’v
< (1+n)Ry.
The proof of (2.60) shows that
1/2n
R
1
lim sup O (2) <1
=00 wn(:L‘) HQn ”LQ(,u )

is also true for quasi every x € S(u) (just replace @ by Qﬁ everywhere in
that proof), and hence from the preceding relation it follows that

Q(2)
wn(z)

for quasi every z € S{u). With the lower envelope theorem and three of
the four limits in (2.69) this proves that

limsup — log

- n < log Rp + log(1 + 7)
n—oo,nE

(2.70) p(v* —v;z) —c <log Ry + log(1 + n)

for quasi every z € S(u). Note that wy, has all its zeros in V, and fur-
thermore the measures {1} have support in {z | |z| < R}, so the lower
envelope theorem can be applied.

From the limits in (2.69) and the lower envelope theorem we also deduce

Qf(2)

liminf — log
wn,(2)

n—oo,nENy 2n

1 1
< limsup — log|Q%(z)|+ liminf — 10
n—o00,n€N, 21 81Qn (2)l n—oo,n€N 2n |wn(z)|

=p(v* —v;z)—c
for quasi every z € C. With (2.67) this proves that
(2.71) p(v* —v;2)—c>0

for quasi every z € V.

In the function p(v* — v;-) the two measures v and v* are positive and
l#*|| = |l|| < 1. Hence, it follows from (2.70) and (2.71), and the definition
of the condenser capacity (see Appendix VIII) that

1
cap(V, S(u))

(2.72) —log Rg — log(1 +1n) <
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Since here n > 0 is arbitrary, this inequality contradicts the assumption
made in (2.54), and we have therefore proved that u € Reg implies (2.5).

In the last proof we assumed that du, was a positive measure for all n,
that is, wy(2) does not change sign on S(u). Now we indicate the necessary
changes if this is not the case.

Let I1,... , I; be those intervals of R\ S{x) that have common points with
V and let us fix in each of them one point ¥7,... ,Y;. Weset k, = deg(Qn)+
[ + 2 and choose k, points zj, € V, j = 1,... ,ky, as before (2.59). The
proof of Lemma 6.2.6 easily yields a choice of z;, with properties (2.66)
and (2.67).

Now if wy, (2 ), which now has degree ky, = deg(Qy, ) +1+ 2, does not change
sign on S(u) then the last proof is unchanged. If, however, for some ns wy,
does change its sign on the intervals Ilgn), R | (s tn, <1, then we set

» ol
du(z)
wn ()|’

dun(z) =

and consider the polynomials
tn

Sn(IE H l(")

of degree at most . Clearly, sn(x)/wn(a:) does not change its sign on S(u)
and deg(wy) > deg(sngng,,) + 2; hence with

d; = dist
~ 2 S0

we get exactly as in (2.61)

l 2 ‘Qn
dl“QnHL?(un) < / wn(l' d u(r)| =

kn :
— Zwsn(xjn)en(.??]n) ;

which leads to the following analogue of (2.62):
Qn(:lt jn)

CL)I

1 1/2n 1/2
n mn
o015,y < 0220 (e, |DZ ) T g gl

n(xgn) ’

G=1,... kn

with
l
M = k1/2n ( max |Y; — x|+ 1) -di’l.
1<y<l,zeV

The rest of the proof is the same as before.
For simplicity, in Lemma 6.2.6 we retain the case kn, = deg(Qy) + 2.
U
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The last part of the proof of Theorem 6.2.2 has made essential use of the
following lemma, in which we write Q,, instead of Qﬁ.

Lemma 6.2.6. Let V C C\ S(u) be a compact set as in Theorem 6.2.2
with the simplifications carried out in the sufficiency proof for Theorem
6.2.2(b), that is, we assume that cap(V) > 0, V is symmetric with respect
toR, Int(V) = 0, C\V is connected and reqular with respect to the Dirichlet
problem, and

(2.73) d = dist(V \ R,R) > 0.

Let further Qn, n € N, be polynomzials of degree < 2n with the properties:
Qn ts symmetric on R, Qp has zeros only outside V, there is a common
compact subset of C containing all the zeros of every Q,, and @, is nor-
malized according to (2.58) and (2.64), that is, if we set

1
2.74 Up;2)+cn =lo :
then
(2.75) p(vp —Up;z) +ep =0
for all z € V.

Let for every n € N the set X, = {z1,..., 2%} = {Z1n,- .- s T} TV
of k = kn = deg(Qn) + 2 points be selected so that X,, is symmetric on
R (X, = X,,) and it maximizes the expression

_ [li<icj<k lzi — 251

H.]jczl Qn(z;)

(2-76) an(fl,... ,Ik)

among all symmetric subsets of V.
With the polynomials

kn
wr(z) = H(z — Zjn)
j=1

we then have

) 1/2n
(2.77) limsup( max M) <1
n—00 \j=l,.kn | Wp(Tjn)
and
1/2n
(2.78) lim inf | 222 >1
n—oo wn(z)

uniformly on z € V.
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Remarks. (1) We call the reader’s attention to the fact that the present
Qns are not the same as in the preceding proof; they correspond to the QE
that we obtained by modifying the large zeros of @), there.

(2) The points z1,... ,x; can be called weighted, symmetric Fekete points,
since the concept of their definition is a generalization of that of Fekete
points. It is easy to verify that a selection is always possible and that all
points x1,... ,r; are necessarily distinct.

(3) The result (at least in a weak form) holds true for more general sets
V than stated in Lemma 6.2.6. Since the proof is quite involved even in
the simplified case given in Lemma 6.2.6, we will not go into details in
connection with possible generalizations.

(4) The proof would be considerably simpler without the symmetry as-
sumption on X,.

Proof of Lemma 6.2.6. We shall first assume that both sets V' \ R and
V N R are of positive capacity. The other two cases are simpler and are
discussed at the end of the proof.

Let the enumeration of the points {z1,... ,zn} be such that the first m
pairs of the points (z9;_1,29;), [ =1,2,... ,m, are contained in V' \ R and
they are pairwise conjugate, that is, r9;_1 = Z3;, and the remaining k — 2m
points zj, j =2m +1,...  k, are contained in V NR. Then 0 < m < k/2
and temporarily we assume 0 < m < k/2 for all n € N, that is, there
always exist points in V' \ R and V N R. The opposite case is simpler and
are discussed at the end of the proof.

We consider the rational functions

() = wn,(2) . _ .
RJ( ) Qn(z)(z—fl'fj), J 1) 1k7

(2.79
) (z —w)

(z — z;)(w — ;)
For special values of 2z and w we have
2

Rij(z,w) = Ri(z)Rj(w) , i =1,... k.

wn (2) |z — Z|

Qn(2)
fori=2l-1,7=2,l=1,... , m,and2m <i<j<k;

R;i(2,Z)| =

(Iz = zj]z — ;])?

P (o
|Rj(z;)] = wn(j) forj=1,... k;
Qn(xj)
(2.80)
R (o1, 707)]| = Wy (zo1-1) | 1
20—1,21\L21 -1, 42} Qn($2l—1) |~T21—1_$2l|
_ |wn(z2) 2 1
Qn(za)| lza—1 — =l

forl=1,....m.
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In the first identity we have used that @, = @n and w, = W,. From the
definition of Vi, in (2.76) it follows that

(2.81)
Vin(T1,- - T2(1-1), 2, Z, T214 15 - - - » Tf) = const. X [Roy 1 27{2,7)]
fori=1,...,m;
Vinn{Z1,.-- ,Tj-1,%,Tj41,... ,Tk) = const. X |R;(z)]
forj=2m+1,... k;
Vinn (21, . s Ti1, 2, Tiq 1,00 Tj-1, W, Tjgl, -+ 5 Tk)

= const. X |R;;(z,w)| for2m <i¢<j <k,

From the extremality of Vi, it then follows that for all j =1,... ,2m and
for all z € V' \ R we have

wn(z5) | _ |wn(2) wn (2)

Qn(z;)| ~ 1Qn(2) ~ 1@n(2)

where d is the constant from (2.73), and for all j = 2m + 1,... ,k and all
z € VNR we have

wh () wn(z) wn (2)

On(23)| = | Qnl2) 2| 0nz)

The inequality (2.82) follows from the first and last identities in (2.80) and
the first identity in (2.81) by varying the pair of points (z;,7;) in V\R. In
the same way (2.83) follows from the second identity in (2.80) and (2.81)
by varying the point z; in V NR.

If a pair of points (z,T;) is moved from V' \ R to V NR, and thereby m
is altered to m — 1, or if this operation is done in the opposite direction,
then the next two inequalities follow similarly to the way (2.82) and (2.83)
have been derived from the extremality of Viny,. For all j =1,...,2m and
all z,w € VNR we have

1/2 d

diam(V')’

(|2 = 2||lz; — Z4))
|z — :EJHZ ~ ;|

(2.82)

1
|Z-*$j‘

1

(2.83) TV

M 2 wn(2)wn{w) | 1z —wl||lz; — T
(2.84) Qn(z;)| ~ |Qn(2)Qn(w)| |z — l‘j|2|w _ xj.g
> (Z)wn(w) d|z — w|
= | Qn(2)Qn(w) | diam(V)4’

and for all 2m < i < j <k and all z € V \ R we have

(2.85)
wh (x;) | | wn(z)) wn(2) [ |2 — 2@ — 34 wn(2) |? dlz; — 74
Qn(zi) || Qn (5173) T Qn(z)| |z - Tz|2lz - $j|2 | Qn(z2) diam(V)4'
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Since deg(Q@n) < deg(wn) and since all zeros of wy, are simple, Lagrange’s
interpolation formula implies that

Z Qn 51:_] wn(z)

and we have the upper estimate

k: .
(2.86) On(2)| 5~ |@nl@i)| 1 anzec
wn(z) j=1 wn(xj) |z_$.7|
Now set
My, ;= max M ,
j=1,....2m | wp, ()
(2.87) My, =  max Qnl(z;)
j=2m+1,... k| wh(Z;)

Moy, := max(My,, M2,), neN.
Then it follows from (2.82), (2.83), and (2.86) that

k
Qn(z) 1
22 <M E —— forz € C,
(2.88) d__ _|@)| o R
Min diam(V) wn (2) orz€ VAR,
1 Qn(2)
n d R.
2 diam(V) wn (2) forz& VN

Most of the remaining investigation consists of systematic exploitation of

the information contained in these three inequalities.
We have

1/2n

(2.89) lim Z

locally uniformly for z € C\ V.
Let N C N be an infinite subsequence. Then we can select a subsequence
of N, which we continue to denote by N, so that the limits

~ 1 * *
— Uy — D, —y, — VU

(2.90) )
2—cn — ¢ € R, EﬁlogMjn—»mj ERU{—o0,00}, 1=0,1,2,
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exist as n — 0o, n € N, where the measures v, and the constants ¢, have
been defined in (2.74) and (2.75). Here © is the balayage measure that one
gets by sweeping out the measure v from C\ V onto V. In fact, the only
thing in (2.90) that needs explanation is the compatibility of the first two
limits, but this follows from the fact that the balayage operator v — D
is continuous in the weak* topology if the set V, onto which we take the
balayage, is regular with respect to the Dirichlet problem in C\ V' (see [La,
Chapter IV, Section 3/17]).

Let us also mention that, since all @, have zeros in a fixed compact set,
with the measures v, that are the counting measures on the zeros of @y,
we have that the sequence {c,} with terms

Cp = / 9e\v(z; 00)dvn(z)

(cf. (2.75) and Appendix VII) is bounded, hence ¢ in (2.90) is a finite num-
ber. Furthermore, the regularity of V', which is equivalent to the continuity
of 9e\V> implies that

(2.91) c= /gc\v(:v;oo)dy(a:).

At this moment the only thing we know about the limits m; in (2.90) is
that mg = max(m1,m2), which follows immediately from the definition of
the numbers M; in (2.87). We shall see that actually mg = m1 = mg = 0
is true.

The first estimate in (2.88) and (2.89) and the last limits in (2.90) yield

Qn(2)

wn(2)

1
limsup — log

- n <mg forzeC\V,
n—oo,NE

which, together with the first and fourth limits in (2.90), implies via the
lower envelope theorem

(2.92) p(r* —v;z)—c < myg

for quasi every z € C\ V. By continuity in the fine topology of the left-hand
side we get (2.92) for all z € C\ V and since C\ V is a domain, also for all
z € 0V = V. Making use of (2.91) and formula (A.13) from the Appendix
we can conclude from (2.92)

(2.93) p(v* —D;2)<mgy forallzeV.

Next, we draw conclusions from the second and third inequalities in
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(2.88). We deduce by the lower envelope theorem from the normalization
(2.74)-(2.75) of @ and the limits in (2.90) that

. 1 |Qn(2)] - 1
liminf —1 < 1 —1
LR 3 B ()] = DRy B 08190 )
+ liminf ilog L
(2.94) neomeN 2 fwn(2)

: 1 —~
= limsup —p(—¥n;2)
n—oo,neN «N

+p(v*2) = p(v* — 03 2)
for quasi every z € C, and analoguously

(2.95) lim sup 1 log 1@n(2)] > p(v* —7; 2)

n—oo,neN 2n |wﬂ(z)]

for quasi every z € C. From the second and third inequalities in (2.88) and
the last limit in (2.90) it follows that

o 1 Qn(2)
2.96 < 1 f —1
(2.96) mL= n—%g,l’IILIEN on B wn(2)
uniformly for z € V \ R and

oo 1 1 Qn(2)
297 < 1 f —log|—~——=
(2.97) m2 = n—}g,lrlzleN on 8 wn(z)

uniformly for 2 € VN R. With (2.94) this implies that
(2.98) my1 < p(v* —D;z) for quasi every z € V \ R,
(2.99) mo < p(v* — 0;2) for quasi every z € VNR.

Making use of the inequalities (2.84) and (2.85) we will improve (2.97)
and (2.98). For this aim we consider the cases m1 > mg and m; < mg
separately.

We assume first that m; > mgo. From (2.84) and the definition of Mjj,
in (2.87), it follows that

Qn(2)@n(w)|  d|z — |
(2.100) wn (2)wn (w) ‘ = diam(V )4

for all z,w € V N R. Because of (2.93), (2.94), and the assumption that
cap(VNR) > 0, there exist wg € VNR and an infinite subsequence Ng C N
such that

2
Mln

w
g M =p(v* — Dywg) < mo = my.

1
lim lo
Wn ( wo )

n—o00,nEN, 2n
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From this and the inequality in (2.100) with w = wyq, it follows that
W@n(2)

wn(z)

(2.101) m1 < liminf —l

n—o.oo nGNO

uniformly on compact subsets of z € (V NR) \ {wp}. However, since it is
possible to select not only one point wg but two different points wg, w1 €
V NR with the aforegoing properties, it follows that (2.101) holds true also
uniformly for z € V NR. From (2.101) and (2.94) with N replaced by Ny
we deduce that

(2.102) mo =my < p(v* — D;z) for quasievery z € VNR

in the case m1 > mag.
We next assume that m; < mg. As a first step we derive a lower asymp-

totic estimate for
o3 - 25
wh(z;) || whiz;) |

asn— oo, n € N. Let j, € {2m + 1,... ,k} be the index such that

X
2m<i<j<k

Qn(a:jn) — M2n,

wn (5, )
and set
2.103 M —max( T; — & .
(2109 = et |77 %

Since deg(Qn) + 1 < deg(wy), it follows from Lagrange’s interpolation
formula that

k .
Qn(a)(z — 25,) = 3 LTNT ZiaJon(e),

i=1 n(zZ)(z - xz)
and as in (2.86) and (2.88) we deduce

Qn(2)

for all 2 € C.
wn(z)

In the same way as (2.93) was proved we can get that this implies

(2.104) p(v* —;2) <mg forallze€dV =V,
where
(2.105) mg = limsup 1 log Mg,.

n—oc,n€N <7
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Combining (2.99) with (2.104) and the assumption cap(V N R) > 0, it
follows that mo < mg. From the definition of Mj3,, My,, m3, and mq it
follows on the other hand that mg3 < mg, which proves that mg = mo. In
particular, since we have assumed m; < mg, the 7 in (2.103) for which the
maximum is attained must be one of 2m + 1,2m + 2,... , k for all large n.
Now let Ny C N be an infinite subsequence such that we have a proper
limit in (2.105). With the definition of M3, and the last limit in (2.90) it

then follows that
1

lim max —lo
n—o0,nEN, 2m<i<j<k 2n

Qn(2i)Qn(z;)

FAESEACH

(x; —z;)| = 2ma.

From the inequality (2.85) we deduce
Qn(2)

(2.106) mg < liminf «l—log
wn(2)

n—oo,nEN, 21

uniformly for z € V \ R. With (2.94) (applied for Ny instead of V) this
proves that

(2.107) mo = mg < p(v" — ¥y 2) for quasi every z € V\ R

in the case m1 < mao.
Summarizing the results in (2.96), (2.97), (2.101), and (2.106), we can

see that

@n(2)

wn(z)

uniformly on V. Furthermore from (2.98), (2.99), (2.102), and (2.107) we
can conclude

1
2.108 < liminf —1
(2109 S RN, 2 8

(2.109) mg < p(v* — ; 2)

for quasi every z € V.

Now we use again the regularity of V. It is equivalent to the fact that
V is dense in itself in the fine topology (see Appendix VI), which implies
that the points z € V with property (2.109) are also dense in V in this
topology (cf. the equivalence of the statements (a) and (d) in Appendix
II), and hence (2.109) extends to all z € V. Combining this with (2.93) we
get

(2.110) p(v*;iz) = p(P; 2) + mg

on V.
From the formula

log T2 p(dz;2) — ge\v (2500)
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(see (A.13) in Appendix VII) valid for £ € V and z ¢ V we obtain by
integration with respect to a given ¢, where o is a measure of compact
support on V with total mass ||| = 1, the so-called Riesz formula

p(o;z) = /p@;ﬂ?)dﬂ(w) — gc\v (25 00)

= /p(a; :c)déAz(a:) — ge\v (2 00).

On applying this with o = v* and ¢ = P, respectively, we can derive from
(2.110) that

p(v*;2) = p(¥;2) + mg

for all z € C\ V. For z — oc this yields mg = 0, and then v* = ¥ follows
because, as we have just seen, (2.110) is true for every z € C.

Recalling the definition of mg in (2.90) this verifies (2.77), since our
starting subsequence N C N before (2.90) was arbitrary.

In a similar fashion, since mg = 0 in (2.108), we get (2.78) from (2.108)
again because N was arbitrary before (2.90).

At the beginning of the proof it has been assumed that for all n € N the
parameter m satisfies m # 0 and m # k/2. It is rather easy to check that a
violation of this assumption only simplifies the proof since then all points
z1,... ,Tk are either contained in VN R orin V \ R.

We have also assumed in the beginning that cap(V \R) > 0 and cap(V N
R) > 0. But if either of these capacities is zero then the corresponding set
(VAR or VNR) is actually empty because of the regularity of V' and the
assumption (2.73). Hence the preceding remark applies and the proof with
considerable simplifications runs through. O

6.3 Nondiagonal Padé Approximants to
Markov Functions
The convergence and divergence of nondiagonal sequences of Padé approx-

imants to a Markov function f will be investigated.
We assume that the Padé approximants

Pmn (1)
an(%),

to a Markov function f are developed at infinity, that is, pmn € Om, gmn €
Iy, gmn #0, and the pair (Pmn, gmn) satisfies

(3.1) [m/nl(z) =

m,n € N,

32 fEann (3) o (2) =06y s 1z = oo
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It is easy to see that polynomials pp,p, ¢mn exist for every pair of indexes
(m,n) € N2. These polynomials are not unique, but the Padé approximant
(3.1) is uniquely determined by (3.2). (For a general discussion of Padé
approximants see [Bak| and [BaGM].)

We will primarily consider the convergence and divergence of ray se-
quences

(3.3) {[m/n] | (m,n) € N(A)}, 0<A<oo,

which are defined by the property that the sequence of indexes N = N(A) C
N? satisfies

(3.4) lim D lim 2 = A
m-+4n—oo,(mn)eEN M N m

For A # 1 the degrees of the numerators and denominators grow with
a different rate, and the corresponding [m/n(z)] approximants are called
nondiagonal Padé approximants. The value of A describes the angle in
the Padé table along which the sequence tends to infinity. If A > 1, the
approximants are asymptotically contained in the upper triangle, and if
A < 1, they are eventually in the lower triangle of the Padé table.

Since the Padé approximants are developed at infinity, there is no ad-
vantage in considering the extended class of Markov functions defined in
(1.4) or (2.1), and we assume in this section the more classical definition

(3.5) i) = / du

r—2z

of a Markov function, where, as usual, u is a positive measure with compact
support S(¢) C R. In order to facilitate the analysis and to have a more
explicit determination of the convergence and divergence domains, we make
the assumption that

(3.6) S(w) € [0,1].

The main result of this section is the following theorem:.

Theorem 6.3.1. Let 0 < A < o0 be fized and set

. 1—2A
14X
J = J(8) = [62,1],
(3.7) h(z) = h(6; z) := QE\J(Z; o0) — |9|QE\J(Z; 0),

1-X
D,\.—{ZGC|h(1+A,Z)<0},

Cy = E\ (EA u [0, 1)).
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Then for h we have the representation

- 1 — p2 1
h(6;2) = 7}/ log|z_1_$‘ m;(lf )d$—|9\10gm
(3.8) 92 I
1+ |6)
+10g1_92 |6|log1_|6l, z€C.

Let further f be a Markov function of type (3.5) satisfying (3.6).

(a) Ray sequences (3.3) converge locally uniformly in the domain C to f.
More precisely: We have

(3.9)  limsup )If(z) — [m/n](2)[/ (™™ < exp (-—-h (1 2, ))

;2
m-+n—o0,n€EN (A 1+ A

locally uniformly for z € C.
(b) Let uy be the restriction u|y. If supp(uy) = J and py € Reg, then

(i) we have equality and a proper limit in (3.9) locally uniformly for z € Cj,
and

(ii) for A # 1, we have
(3.10)

lim I[m/n](2)|/ (™) = exp (sign()\ —1)h ('i_—A‘ z))

m+n—00,(m,n)EN(A) 1+X°

locally uniformly for z € D,

Remarks. (1) It is easy to verify that Cy and D), are domains. They
are called convergence and divergence domains. We have Cy = C; /A and
Dy = Dy for 0 <A < 00, and Dy # 0 if and only if A # 1.

(2) The right-hand side of (3.10) is smaller than 1 for all z € Dy and A > 1,
and it is larger than 1 for all z € D, and A < 1. Hence, in the first case
the approximants [m/n] converge to 0 and in the second case to oo for all
z € D). Since f(2) ¢ {0,00} for all z € Dy \ [0,1], we get from (3.10)
that the approximants do not converge to f in Dy \ [0,1]. This shows that
for the case u) € Reg, the domain C) is the largest possible convergence
domain for ray sequences (3.3).

(3) The proof of Theorem 6.3.1 is rather different for sequences in the
lower and the upper triangles of the Padé table. For the transfer of results
from one to the other half of the table, we use the localization results from
Chapter b in a decisive way.
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Corollary 6.3.2. Let f and C), be as in Theorem 6.3.1 and let 1 < A* < o0
be fizred. Then any sequence
{Imj/n;] | mj,n; € N}
of Padé approzimants to f with

m; +nj — 00 as Jj— 0,

1 n; n;
3.11 — < liminf —L < limsup —~ < A*
* .
A j—oo M jooo M

converges to f locally uniformly in Cy.

The Padé approximants [m/n] are rational interpolants with all interpo-
lation points identical to infinity. Because of the special properties of the
function f there are no interpolation defects. The next lemma is in one di-
rection a generalization of Lemma 6.1.2 since now we no longer have m = n,
but on the other hand it is more special since now each interpolation point
equals infinity.

Lemma 6.3.3. Let m,n € N with m > n.

(a) If (Pmn, mn) € Uy x Iy are a pair of polynomials satisfying (3.2), we
assume gmn to be normalized so that the inverse polynomial

z

1
(3.12) Qmn(2) = 2"gmn (—) e I,
ts monic. Then Qmn 15 unique and it satisfies
(3.13) /a:ijn(a:)a:m‘”du(:v) =0 forj=0,...,n—1.

We have deg(Qn) = n, all zeros of Qmn are simple, they are contained in
I(S(u)), and every component of I(S(u))\ S(u) contains at most one zero.

(b) We have the remainder formula

2 )pm—"n
B1) (=) = g [ 2 )

Qin (2)2777 T -z

for all z € C\ [0,1].
Proof. (a) Let h € II,, be an arbitrary polynomial. It follows from multi-
plying (3.2) by z™h(z) that

(hfQmn)(2)2™"" = h(2)2™Pmn (1) = Oz~ 1-n+dea(h))
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as |z| — oco. This gives the identity

(hfQmn)(2)2™ ™

— / (thn)(z)zm";: (Zthn)(w)wm‘" du(z)
3-15 m—nn
(3.15) . /(thZ)@x du(z)

= h(2)Pmn (l) 2™+ Ozt R))  as 2] - .

The first integral in (3.15) is a polynomial of degree at most m —1+deg(h),
and the second integral is analytic and equal to zero at infinity. This implies

(3.16)

r—z

With h =1 it follows from (3.15) and (3.16) that
Qmn(z)z™™"

r—z

dp(z)

1 :L.n—l ™

_ / [ _______ n Qmn(z)z™ "du(z)

2 2™ 2"z — 2)

=0(z"""1) as |z| = o0

A comparison of the coefficients of 1/z,... ,1/2™ then proves the orthogo-
nality relation (3.13).

Since Qmn is the monic orthogonal polynomial with respect to the posi-
tive measure z™ " "du(z), we know from Theorem 2.1.1 that deg(Qmn) = n
and all zeros of Qmy belong to I(S(x)). In Remark 1 to Lemma 1.1.3 it
has been noted that for the case S(u) C R we know further that all zeros

are simple and every component of I(S(y)) \ S(u) contains at most one of
these zeros.

(b) If in (3.15) and (3.16) we set h = @mn, then it follows from these two
identities that

Qmn(2)2™ " (f = [m/n])(2) = (Qnf)(2) = @mn(2)Prmn (1) 2"

[ Gl

r—z

which proves the remainder formula (3.14). O
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Analogously to Theorem 6.1.8 we can prove the next lemma. We have
only to substitute the remainder formula (1.10) by (3.14).

Lemma 6.3.4. For m > n we define the positive measure tmn by

(3.17) Apmn(z) = 2" "du(x).
For any sequence (3.3) with A <1 we have
(3.18)
lim |(£(2) = [m/n)(2))Pn{pmns 2)22™ Y/ 07 = 1

m+n—o0,(mn)EN(A)

locally uniformly for z € C\ (I(S(p)) U {0}), where pn(ttmn;-) is the or-
thonormal polynomial with respect to the weight measure timn.

The proof of Theorem 6.3.1 and Corollary 6.3.2 will be broken down in
four pieces.

Proof of representation (3.8). With J = J(#) = [%,1], 0< 8 < 1, we
have

(3.19) g (z'oo)——/llog ! do + lo :
. C\J\* p |Z—(17|7r\/(3;_92)(1_$) g1—92

for all z € C, which follows from a linear transformation of the domain
C\ [~2,2] onto C \ J. Let J* denote the interval [1,§~2], which is the
inversion of J on the unit circle. Then we have

1

For g&\ ;. ( ;00) a representation like (3.19) gives

(1 ) /9_2 log ! dz + log 4

* _; o0 = — .
oV \Z 1 L gl a /(e —1)(672=7) =2 -1
If we transform the integral by the substitution  — 1/z, we arrive at
(3.20)

1
QE\J(Z;O) = gc\J- (;, 00)
1 1 (£)de
l x L] 0; .
/6)2 o8 1z — 2| r/(z = 62)(1 — z) +ge\-(0:0)

Let ¢ denote the conformal mapping of C \ J* onto {z | |z| > 1} with
@w(00) = oo. Then it is easy to verify that

p(z) = 12_9292 (z— 1;9292 +\/z—1)(z—9 2))

= log —

Ed
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Hence,

1+ 6)°
g\ g+ (0; 00) = log |p(0)| = log (—1-:7%— = log

With (3.19) and (3.20) this proves (3.8).
We shall also need that

1+6
1-6

(3.21) h(8;z) <0 for z € [0,6].

This follows from k(6;62) = 0 (in fact, h(6;z) = 0 for all z € [62,1]) and
from A'(8;z) > 0 for z € [0, #2]. To prove the latter inequality we observe
that for z € (0, 6]

, 1 1/1 1 T — 62
. — - = d
R(6;2) lelz 7 Jgr T — 2z \| 22(1 — ) !
1 1 [l 1

dz,

>___ [ Z

161 18l Jer za/(z — 62)(1 — )
and here the last integral is 1 (with the substitution £ — 1/z it transforms
to
[ =
1 m/(z—1)(6"2-1z)

This proves (3.21). O

dr =1).

Proof of Corollary 6.3.2. We first show that A; < Az < 1 implies

(3.22) Cx, C€C,,.

With 61 := (1 = A1)\ (1 + A1) > 62 := (1 — A2) \ (1 + A2) it follows from
(3.7) that Jy := J(61) C Jo := J(62). From (3.21) we therefore deduce that

(3.23) h(01; z) < h(f2;2)

for 2 € J5 and for 2 in a neighborhood of 2z = 0. Since the difference of the
two functions h(f1;-) and h(f;-) is harmonic in C\ (J2 U {0}), it follows
from the minimum principle for harmonic functions that (3.23) holds for
all z € C. This implies (3.22).

Let N C N be an infinite subsequence such that

—— — XA as Jj—oo, jEN.

Then by (3.11) we have

1 ) 1 1
= < min (5‘—6, /\0) < max (:\E,AQ) < A\,
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and therefore Cy /5. = C). C C) because of (3.22). From Theorem 6.3.1(a)
we therefore know that
i e =
e lms/nil() = 7 (2)
locally uniformly for z € Cy.. Since the domain C'y. is independent of the
selection of the subsequence N, the corollary is generally proved. O

Proof of Theorem 6.3.1 for the case m > n. (a) From Lemma 6.3.3
we know that
1

’Yn(#mn)
where g,y was defined in (3.17). Despite many similarities, we cannot ap-
ply Theorem 3.3.2 since the assumptions made there with respect to the

Varying measure pm,y are not satisfied here. Therefore we give an indepen-
dent proof.

Let N C N(XA) be an infinite subsequence such that the two limits

1 1
Eupn(umn;') L’ 1o, E ]'Og ’Yn(ﬂmn) — () € R U {OO}

Qmn(2) = Pn(ptmn; 2),

(3.24)

exist as m+ n — oo, (m,n) € N. It follows from Theorem 2.1.1 that
supp(vg) C S(u) C [0,1]. By the assumption (3.4) we have
n 2n 2A m—n

——)A, — = —9,
™m m+n 14+ A m4+n

— 8, A<1, and 8 > 0.

From these limits together with the limits assumed in (3.24) and the prin-
ciple of descent (see Appendix III) it follows that

(3.25)
lim sup

m+n—oo M T T
(m,n)eN

log |pn (tmn; 2)22™ ™| < (1 — 6)(co — p(vo; 7)) + 0 log 2]

locally uniformly in C and
(3.26)
lim
m+n—oo M+ n
(mn)eN

log [pn(ttmn; 2)22™ " = (1 - 8)(co — p(vo; 2)) + O log ||

locally uniformly for z € C\ (I(S(u)) U {0}). In (3.26) we have used the
fact that the orthonormal polynomials pp{fimn;-) have all their zeros in
I{S(u)) (Theorem 2.1.1).

We first prove that

(3.27) co — p(vo; 2) + log|z| > 0

1-6
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for all z € supp(vy). The proof will be carried out indirectly. There are
strong similarities to the proof of (1.1.7) and (1.1.10) in Theorem 1.1.4.
However, since the situation is now much simpler, it will be sufficient to
consider a two point variation of zeros of p, (Umn; ).

We assume that (3.27) is false. Then there exists a ¢; > 0 such that the
set

U={z€(0,1)|co —plwo; z) + log |z| < —c1}

]
1—-4
has common points with supp(rg). Since U is open in R, there exist acp > 0
and two intervals I, I2 C U of the form Iy = [xg,yo], I1 = [zg +c2, yo —c2]
with vg(Int(I1)) > 0. This implies for (m,n) € N and m + n sufficiently
large the existence of two zeros Tmn < ymn of pp{ptmn;-) in I.

Consider the monic polynomials

Ve (2 _ L .z(z_‘vmn+c2)(z—ymn—02)
@mn2) ,Yn(ﬂmn)p"(ﬂmm ) (z = Zmn)(z — Ymn)

?

(m,n) € N, which differ from Quyn, only by the variation of two of its zeros.
It is easy to verify that there exists a ¢3 < 1 such that

(z — Tmn + 02)(z — Ymn — 02)

(3:28) (2 = Zmn)(Z — Ymn)

<ecg forallze S(p)\ I,

(m,n) € N, and m + n sufficiently large. With the principle of descent it
follows, as in (3.25), that

limsup lan(z)zzm'nll/Q" <eg @7
m+n—oo,(m,n)eN

uniformly for z € I3 since Is C U. This implies that for (m,n) € N and
m + n sufficiently large we have

1—c3
(L2)1n{pmn)?

for all z € 5. With (3.28) and (3.29) we derive an upper estimate for Qmn
in the Lz(umn) norm. We have

A 2_m—n
(3.29) |Qmn(z)“z | < p

“Qm"”%Q(an) = /,;.' + an(m)zﬂ?m—nd}.&(x)

(u)\I2 I
c3 9 1—c3
< —_ " ;- )°d + p( I
Y pmn )2 /p (i )" dpsmn =+ 41 2)#(I2)’Yn(ﬂmn)2
_ 1
’Yn(ﬂmn),

which contradicts the minimality of the monic orthogonal polynomial Qmp,
in L%(ptmn). Therefore (3.27) is proved.



198 6. Applications
From (3.27) we deduce that

(3.30) (1 —0)(co — p(vo; 2)) + Olog|z| = h(8, 2)

for all z € C. Indeed, if we use the representation of A(6;-) in (3.8) then we
get for the difference

d(z) = (1 = 0){co — p(vo; 2)) + Olog|z| — h(6,2)
= constant + p(v; — (1 — O)vy; 2),

where 17 is the measure supported on [#2,1] and given by the density

function
1 z — 62
m\ z2(1 —z)

Since h(f;z) < 0 for all z € [0,1] (see (3.21)), it follows from (3.27) that
d(z) > 0 for all z € supp(rg). In particular, the potential p(vg; z) of vg on
supp(vg) is bounded from above by a constant plus (1 — 8)~1 times the
potential of p{(vy; z), and since the latter is bounded we can conclude that
the potential p(1p; 2) is bounded from above. Hence v has finite logarithmic
energy. By the principle of domination then the inequality d{z) > 0 extends
from supp(1g) to the whole plane (note that v; has total mass 1 — 6) and
this proves (3.30).
From (3.26) and (3.30) we deduce that

(3.31) lim inf

mineo B InE ) Tt (08 [Pn(ma; 272 2 h(6; 2)

locally uniformly for z € €\ [0, 1] and for the special subsequence N instead
of N(X). Since the right-hand side of (3.31) is independent of N, (3.31) is
generally proved. With Lemma 6.3.4 then (3.9) follows not only for z € C),
but also locally uniformly for z € C \ [0,1].

(b) We first assume that m — n is even for all (m,n) € N(A). Then we have

1 m
ey = 1@mallze(un,) = 1Qmn(2)2

N FZIT
Since we have assumed that py = u|; € Reg, and since supp(py) = J is

regular with respect to the Dirichlet problem in C\ J, it follows from
Corollary 5.3.2 that

o 1/(m+n)
(3.32) lim sup Ian(z)mi | <1
m+n—o0,(m,n)eN(A) ||an(z)z_2—”L2(p)

for all z € J.
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If m — n is odd, then for every compact set K C C \ {0} there exists a
constant k = k(K'), which is independent of m,n, such that

2, m—n 1/2 m_2n+1
(|an(z)2 z |) <k |an(zr)nz_n - | for z € K.
1QualZa, [Qrn(2)2 ™ 12

This inequality shows that (3.32) also holds true if the sequence N(A)
contains elements (m,n) with m — n odd.

Our next aim is to show that (3.32) implies equality in (3.30) for all
z € C. From the limits in (3.24), the lower envelope theorem, and (3.32) it
follows that

(1—6)(co — p(vo; 2)) + 6 loglz| <0

for quasi every z € J. Since p(vg,:) is continuous in the fine topology,
the inequality must hold for all z € J (see Appendix II). From (3.30)
and h(6;z) = 0 for all z € J, it then follows that the function d defined
after (3.30) vanishes on J. Since J is the support of 11 and v has finite
logarithmic energy, we can conclude from the principle of domination that
d(z) <0 for all z € C. Thus d =0 (cf. (3.30)), and we have shown equality
in (3.30) for all z € C.
By (3.26) we deduce from this that

(3.33) lim =

lo - 2)22™ " = h(0; 2
oo NGy M AT g |pn (mn; 2) | = h(0; 2)

locally uniformly for z € C\[0, 1] and for the special subsequence N (instead
of N(A)) for which the limits in (3.24) exist. Since the right-hand side of
(3.33) is independent of N, (3.33) is generally proved. With Lemma 6.3.3
and (3.33) assertion (i) in Theorem 6.3.1(b) then follows for z € C) and
assertion (ii) follows for z € Dy \ [0, 1].

Assertion (ii) is proved for all z € D) if we can show that no point
of [0,62) is the limit point of zeros of pn(ftmn;-). This can be done by a
variational argument similar to that used in the proof of the inequality
(3.27), but now only one zero has to be varied. Let N C N(A) be an infinite
subsequence such that for every (m,n) € N there exists a zero .., € [0, §?)
of pp(timn;-) so that zpy,, — zg € [0, 92) as m+n — oo, (m,n) € N. Then,
by a variation similar to that in the proof of the inequality (3.27), it can be
shown that this assumption leads to a contradiction. In that proof replace
I> by [0, zp + c2] with some small ¢3 > 0 and an by

Then the analogue of (3.29) holds true because we have equality in (3.30)
and h(#; z) is strictly negative on [0, zg + c2] (cf. the proof of (3.21)) and
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from these we get a contradiction to the L2 minimality of orthogonal poly-
nomials exactly as we did after (3.29). O

In the last part of the proof of Theorem 6.3.1 we have to consider ray
sequences in the upper triangle of the Padé table; that is, we have to con-
sider the case n > m. In this part of the proof we simultaneously use both
the function f and its reciprocal 1/f and the Padé approximants [m/n] to
f together with approximants to 1/ f.

Lemma 6.3.5. (a) If f is a Markov function of type (3.5), then
1

(3.34) ) ST mE s g(z)
and
(3.35) o2) = [

where v 18 a positive measure with support S(v) C [0,1], that is, g is again
a Markov function of type (3.3). The constants ag and ay in (3.34) are
given by

1 1
(3.36) a) = e and agp= LR /md,u(:c).

The total variation of v is

B3 VR = o / (m - / ydu<y>)2du<x).

(b) Forn > m > 1 let [m/n]s and [n — 1/m — 1], be Padé approzimants
to f and g, respectively. Then we have the identities

1

(3.38) [/l (2)

=agp— a1z —[n—1/m—1]4(2)
and
(3.39)  f(2) = [m/n]s(2) = f(2)Im/n](2)(g(2) — [n — 1/m — 1]4(2)).

Proof. (a) In the development

fo= [HL DB

r—2z z

the coefficients f; are the moments

f3= —/xj_ld#(Z), j=12,..



6.3 Nondiagonal Padé Approximants to Markov Functions 201
We have

_ f£2
! ! —B—fs——ﬂf—l-§+0(z_2) as lz| — oo.

&R T2 f2

A comparison of coeflicients proves (3.36).

Since f(z) # 0 for all z & [0, 1], the function g is analytic in C \ [0,1],
and g{oo) = 0. If we apply Cauchy’s integral formula for g on contours
close to [0,1] and approach [0,1] with these contours then we can get a
representation like (3.35) with a possibly complex-valued measure. That
the so-obtained v is actually positive follows from the facts that ¢(z) = 9(z)
and, as it can be easily seen by a convexity argument, that Im(g(z)) > 0
for all z with Im(z) < 0 and Im(g(z)) < 0 for all z with Im(z) > 0.

From the development of 1/f it further follows that

iy BoBA L a1 ?
R) = 2 uR)? /m W) = TR)3 (/ d“(m))

= ”,u(anP/ (:v— fm/ydu(y)yd#(fv),

(b) Let pypn and gpn be the numerator and denominator polynomials of
[m/n]¢. From (3.2) it follows that

which proves (3.37).

(3.40) pmn(0) =0
and
(3.41) ~gmn(0)1(R) = prnp (0).

Multiplying (3.2) by 1/f we get

1 1 1 —m—
dmn ('z‘) — Pmn (;) 7(2) =0(z"™™") as |z| — oo
With the identity (3.34) we derive

(3.42)

() e ()
o (2) e )= (2

1. 1 1. 1 1 e
= —gmn (—) ~ ~fmn (—) 9(z) = —0(z"™""1) as | — oo,
Z Z A A

z
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where we have set

dmn (%) =z (qmn (%) — Pmn (%) (ap — alz)),
() (2

It follows from (3.40) that Py € Ily—1, and from (3.36), (3.40), (3.41),
and n > m that ¢, € II,—1. This together with the last row of (3.42)
proves that

(3.43)

1y G
[n—1/m 1]9()_ﬁmn(;)

The identity (3.38) then follows from (3.43).
From (3.34) and (3.38) together we derive that

(3.44) - /Tf]f(z) - 755 = 90 = [n = 1/m = 1),
Multiplying this identity by f(z)[m/n]s(2) we get (3.39). O

Proof of Theorem 6.3.1 for the case of n > m. (a) If n > m then
the [m/n] Padé approximant is contained in the upper triangle of the Padé
table and correspondingly we have A > 1 in (3.3). Simultaneously with
the sequence of indexes N(\) we consider the sequence Ny = Ni(Ay) :=
{{(n-1,m~1) e N? | (m,n) € N())}, and together with f we consider
the function g defined in (3.34). The A value associated with IV is given by

1
AM=-+-<1
1 A —_— b)
and correspondingly we have a 6 value
1—-)X1 A-1
0 = = = —0.
173 +A A+1

Hence, |01| = |6], h(61,2), C1/y = Oy, and Dy, = D).
The sequence

(3.45) {ln—-1/m—-1]g| (n—1,m—1) € Ny}

belongs to the lower triangle of the Padé table, Ay < 1, and for such se-
quences (3.9) has already been proved. Therefore we know that the sequence
converges to g locally uniformly in C), and since f(z) # 0 for all z € Cy,
we deduce from (3.44) that

U@ < lim/nls(2)] < 2|f(2)|
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for z on any compact set in Cy and (m,n) € N(A) and m + n sufficiently
large. With (3.39) we then have

(3.46)
31F(2)Pla(z) = [n — 1/m — 1g(2)| <1f(2) = [m/m]4(2)|
< 2f(2)|Plg(2) — [n — 1/m — 1]y (2)].

Since (3.9) has already been proved for the sequence (3.45), (3.46) proves
it for the sequence {[m/n]s | (m,n) € N(A)} withn > m.
(b) In order to carry out the same transfer of results from the lower to the
upper triangle of the Padé table, we have to know whether the assumption
1| 7 € Reg also carries over to the measure v defined in (3.35). In order
to verify a positive answer to this question we use the localization results
from Chapter 5.

We consider the two diagonal sequences {[n/n]f | n € N} and {[n —
1/n —1]g | n € N} of Padé approximants to f and g, respectively. From
the identity (3.39) it follows that

( £ (2) = [n/nlf(2)|
l9(2) = [n = 1/n —1]g(2)|
locally uniformly for z € C \ [0,1] (recall that for the diagonal sequence

{[n/n]s} the corresponding C) is the whole complement C \ [0,1]). With
Lemma 6.3.3 this implies that

(3.47) lim (M) v 1

n—oo \ |pp—1(v;2)|

lim
n—oC

1/n
) = i Al =1

locally uniformly for z € C \ [0, 1].

Since J is an interval, condition (5.3.2) is satisfied if we set K to be the
disk with diameter J, and so Theorem 5.3.1 is applicable. In this theorem
the connection between the asymptotic behavior of orthonormal polynomi-
als pn(p; z) near J and the regularity of u|; has been investigated. From the
assumption that p|; € Reg it follows by assertions (i) and (ii) of Theorem
5.3.1 that

limsup |pn (s; 2)| /™ < e90 i)
n— 00

locally uniformly for z € C. From (3.47) then we can deduce

(3.48) limsup |py (v; 2)|1/™ < edena (700)

n—oo
locally uniformly for z € C\ [0,1]. The maximum principle easily yields
then (3.48) for all z € C. Applying again Theorem 5.3.1, it follows from
(3.48) that vy = v|; € Reg. Therefore we know that the assumptions of
part (b) are satisfied for the function g and the assertions (i) and (ii) are
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already proved for the sequence (3.45). From assertion (i) for the sequence
(3.45) together with (3.46) and f(z) # 0 for all z € C we can derive
assertion (i) also for the sequence {[m/n]s | (m,n) € N(A)}.

In the same way we deduce for A > 1 assertion (ii). Since ag — zaj 1s
bounded in Dy, we have by (3.10) and A\; = 1/A <1 that

(3.49) Jim n - 1/m — 1]4(z)|/m+7=2)

(n—1,m—1)EN; (A1)

= lirn [n—1/m —1]g(2) — ap + apz|t/ ()
m+n—oc

(n—l,m—l)ENl(x\l)

_ 1=
_exp( h(1+/\1,z

locally uniformly for z € D). With (3.38), 1 =sign(A1), and |1 — Aq|/(1 +
A1) = |1 = A]/(1 + A), the limit (3.10) then follows from (3.49) for the
sequence {[m/n]s | (m,n) € N(A)}. O

6.4 Weighted Polynomials in L?(x)

Let ¥ C C be a closed set, and let w(z) = exp(—Q{z)), @: £ — (—00, 0],
be a continuous and not identically vanishing weight function on ¥ with
the property that |zjw(z) — 0 as 2z — o0 and z € ¥ for the case ¥ is
unbounded. In several recent investigations weighted polynomials of the
form w™(2)Pn(z), deg(Pp) < mn, have played a significant role, and one
of the most basic questions concerning them is where the norms of such
polynomials “live.”

To make this more precise we need the concept of the equilibrium distri-
bution associated with w (for the subsequent discussion see also Appendix
IX). It can be shown (see Appendix IX) that there is a unique probability
measure wy, with support in ¥, called the extremal or equilibrium measure
associated with w, minimizing the weighted energy

o) = [ [ (1o = + Q)+ Q) dote)dutt

among all probability measures with support in X. Let S, = supp{wy) C &
be the support of this extremal measure. It is known (see Appendix IX)
that Sy, is compact and () is bounded on S,,.

To avoid technical difficulties, let us assume that ¥ is of positive capacity
at each of its point, that is, for every open set U the intersection U N X
is either empty or it is of positive capacity, and that ¥ is regular with
respect to the Dirichlet problem in E\ 3. This is the case in every relevant
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application. Under these conditions the potential of w,, is continuous and
we have

plww; 2) 2 ~Q(2) + Fy, z €L,

(4.1) . .
with equality for z € Sy,

where the constant Fy, is determined by

Fy = Iy(wy) — /dew.
If deg(Pn) < n and

(4.2) w'(2)|Pa(2)| < M for z € Sy,
then (see (A.31) in Appendix IX)
(4.3) |Pn(2)] € M exp(n(—p(ww;2) + Fu)), z€C.

Inequality (4.3) is the analogue of the Bernstein-Walsh lemma and (4.1)-
(4.3) tell us that the supremum norm of every weighted polynomial w" P,
“lives” on S, that is,

(4.4) lw™ Prlls = lw" Palls, -

It turns out that S, is the smallest compact set with this property (see
[SaTo2, Theorem II.2.2)).

Now what about the LP(x) norm if p is a given measure with compact
support in X7 Of course, if x is supported outside Sy, then the LP(u) norm
of weighted polynomials cannot live on S,,, but if we assume that the
restriction of p to Sy, is regular, then it does so (at least in the nth-root
sense).

Theorem 6.4.1. With the above notations and assumptions let us also sup-
pose that the support of pls,, s Sw, tls, € Reg, and that Int(Pc(Sy)) = 0,
or at least that the support Sy, 1s on the outer boundary of Sy, that s, on
the boundary of the unbounded component of C\Sy,. Then the LP(u) norms
of weighted polynomials w" Py, essentially live on Sy, in the sense that

1/n
w" P,
(4.5) lim sup | — n”LP(“) = 1.
n—00 | degP, <n 1W"PnllLo(ys. )
P,#0
Furthermore, if S is any compact subset of ¥ and
1/n
w" P,
(4.6) lim sup | m nlle () 1,
=0 \ degP.<n f|lw Pn”LP(MS)
P,#0
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We shall show after the proof that the assumptions of the theorem cannot
be essentially weakened.

Remarks. (1) In many cases the continuity of w can be relaxed to upper
semi-continuity but not always; for example, if w has a large jump at a
mass point of x4 outside Sy, then (4.5) may be violated. The same remark
applies if we want to relax the condition that ¥ be of positive capacity at
each of its point.

(2) Of course, the regularity of pu|s, is not necessary for the conclusion
(4.5); for example, every p with supp(p) C Sy satisfies (4.5).

(3) After the proof of Theorem 6.4.1 we shall show by examples that the
assumptions of the theorem cannot be essentially relaxed.

(4) The theorem holds for locally finite measures y even if the total mass
of 4 is infinite, provided the quantity u{Ag(0)) does not grow faster than
a power of R as R — oo, and |z|7w(z) — 0 as z — oo for some ¢ > 1. The
proof of this fact easily follows from (4.3) and the following proof.

Proof of Theorem 6.4.1. If u|s  is regular then (see Theorem 3.4.4,
(i)=(vi), and Remark 3.4.5(1) made after it)

1/n
w" P,
lim | sup DL els, =1
n—=00 | degP,<n l|w P”l”L"(MSw)
P, #£0

Therefore (4.5) immediately follows from (4.4).

Now let S be a compact set not contajning S,,. Then § is disjoint from
some Dg(29) neighborhood of a point 29 € Sy. Let ¥1 = £\ Dg(2p) and
wi = w|g,. We cannot have

p(w’LUU Z) - le 2 —Q(Z)
for every z € S,y Dg(zg) because then (4.3) applied first to w; rather than
to w and then to w would yield for any polynomial P, of degree < n
(4.7) |w"Pallg = lw™Palls,, -

But (4.7) is possible only for S,, C Sy, (see Theorem I1.2.2 of [SaTo2])
and this cannot happen because 2y € Sy \ £1 € Sy \ Sw, - Thus, from (4.1)
applied to w; we can conclude the existence of ¢ > 0, 21 € Sy, and p > 0
such that D,(21) NSy, = # and for 2 € Dy(z1) we have

(48) P(wwl ) Z) - le < —Q(Z) — 2.
For each n let Z(®) = {zgn), . ,z,fln)} be a point system in ¥ maximizing
[T 1 = ™) ™).
1<i,k<n

i#]
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We can choose Z(™) so that Z(™ C &, is satisfied (this follows from the

extremality of Z(™) and of (4.3) applied to wy; see, e.g., Theorem I11.2.5 in
[SaTo2]). But then the polynomials

pn(z) = ‘I’n(z)/“wn‘l’n”&,

ﬁ )

j=1
satisfy

(4.9) lw™enlls, <1
and (see Corollary I1.1.9 of [SaTo2])

ll/n

lim |pn(2) = exp(—p(ww,; 2) + Fu,)

n—o

locally uniformly outside S, . Together with (4.8) this shows that for large n
(4.10) w™(2)len(z)] > (L+¢€)", 2 € Ds(21).

Since we have assumed that the support of u|s, is Sy and 21 € Sy, we
must have p(Dg(21)) > 0 and so we get from (4.9) and (4.10) that

1/n
wn 2
lim sup | m enllr ) >1+e,
n—oo \ lw™enllLeus)

proving that (4.6) is not true. This proves the second claim in the theorem.
O

Now we show that the assumptions of Theorem 6.4.1 cannot be essen-
tially relaxed.

Example 6.4.2. First we show that it is essential that the support of
#ls, be on the outer boundary of &y In fact, let £ = {z | |2| £ 2} and
w(z) = exp(—||z| — §|). It can be shown (see, e g., [SaTo2, Section III.6])
that in this case Sw is the ring R = {z | & 3 < |z| < 1}. Now we set

= 6p + p1 + po with u1 the Lebesgue measure on the unit circumference
and po = Y peq Mkbz, a discrete measure with support R, where the very
fast decreasing coefficients 7 will be chosen later. It is obvious that the
restriction of 4 to R = S, is regular with support equal to S,,.

Now let

Pm(z) = [ (z — zp).
k=1
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For n > m it is a polynomial of degree at most n, and the L?(p) norm
of the weighted polynomial w™ P}, is at least as large as e~ n/ 3|Pm(0)| =
e~n/3 [[%eq |zk|, whereas its L2(u|3w) norm is at most

- 1/2

e amym 2™ S m|
k=m+1

so by appropriate choice of the sequence {n} and the numbers n = n(m)
(4.5) will not be satisfied.

In this example the measure y|s_ was not supported on the outer bound-
ary of &, O

Example 6.4.3. Next we show that the assumption that the support of
t|s, 18 Sw is also indispensable. This is very easy: Let ¥ = [-1,2], w =1
on [—1,1], and

1

a:—+—\/x2—1

if z € [1,2]. Since the logarithm of this w is the equilibrium potential of
[—1,1] plus a constant (—log?2), it easily follows from (4.1) that w,, must
be equal to the equilibrium measure of [—1,1] (cf. the proof of Theorem
6.5.1) and so S, = [—1,1].

Now let i be the Lebesgue measure on the set [0,1/4]U[1, 2]. It is obvious
that uls, is regular, but with Py (z) = 2" the L2(u) norms of the weighted
polynomials w™ Py, do not live on S, = [—1,1] in the sense of (4.5) because

lw™ Pall 2 > (3)"

w(zr) =

), whereas
(1)"- C

Example 6.4.4. That u|s, € Reg also cannot be dropped in Theorem
6.4.1 can be shown by an example very similar to the previous one. In fact,
if we add to the measure p of Example 6.4.3 a discrete measure Y o N0z
with support equal to [—1, 1], where the coefficients 7, decrease very fast,
then arguments similar to that applied in Examples 6.4.2 and 6.4.3 show
that for this measure (4.5) is not satisfied although all the assumptions of
Theorem 6.4.1 except the regularity assumption pls € Reg are true in
this case. 0]

b

(note that for z > 1 we have w™ Py (z) >

IA

" Pallz2 (s,

One could also show that in general the regularity of S,, with respect to
solutions of Dirichlet problems is also a necessary condition but we do not
elaborate on this.
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6.5 Regularity and Weighted
Chebyshev Constants

Let 4 be a measure satisfying the condition of Theorem 3.2.3(vi); that is,
let us assume that S(p) = 052 and that O€) is regular with respect to the
Dirichlet problem in 2. Let £ = S(u) and consider a positive continuous
weight w on ¥ as in the preceding section. The constant F3, from Section
6.4 gives the solution of the weighted Chebyshev problem: Find the limit
of the nth root of the weighted Chebyshev numbers

tn = inf{l{w"Pols | Pu(z) =2" +---},
namely, (see (A.30) in Appendix IX)

: wy\l/n _ —F,
nh_)néo (t) e .
If we take into account Theorem 3.2.3, (i)=>(vi), we can see that for the
case u € Reg, in the nth-root sense the L% (u) Chebyshev numbers ¢}, are
asymptotically the same as the Lz(u) Chebyshev numbers

But these are the leading coefficients of the nth orthonormal polynomials
with respect to the varying measures dy, = w?™dy: hence F, is also closely
related to leading coefficients of orthonormal polynomials with respect to
varying measures. This gives the first half of the following theorem.

Theorem 6.5.1. Let S(u) = 0 and suppose that 05} is regular with respect
to the Dirichlet problem in Q. If g, > 0 are weight functions on S(u) such
that gn/ ™ uniformly converges to w?, where w is continuous and positive on
S(p), then for the case u € Reg for the varying measures duy, = gndp we
have

(5.1) lim 7n(,un)1/" = fw

n—00

I

where Fy, is the constant introduced in (4.1) in the preceding section in
connection with w on X := S(u).

If in addition w is given by w(z) = exp(¥p(o;2)) where o is a probability
measure of compact support in Q@ and 0 < 9 < 1, then (5.1) is equivalent
to u € Reg.

Example 6.5.2. Let Wy(z) = exp(—|z|*), A > 0, # € R. Then for the
corresponding orthonormal polynomials pn(Wf; z) = »7n(W/\2) 2" 4. we
have

(52)  lim ya(WHY 0 = 22 AAT()Ar(A/2) "2
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In fact, the substitution z — nl/A¢ carries Wf(m) into (w)(1))%" with
wy(t) = exp(—|t|*); hence with y the Lebesgue measure on R (5.1) can
be applied. The corresponding extremal measure w,,, is called the Ullman
distribution and that exp(Fy,) equals the right-hand side of (5.2) was
calculated in [MhSa2]. That we can do this despite the fact that g has R
as its support (and not a compact set) is due to the fact that W), decreases
rapidly (say the preceding proof works in this case as well). O

Proof of Theorem 6.5.1. We only have to verify the very last assertion
concerning the equivalence. This is done via the equivalence of (i) and (ii)
in Theorem 3.3.3. In fact, let ¢’ be the balayage of o onto S{u). We claim
that the extremal measure w,, of Section 6.4 is given by

(5.3) wy = 90" + (1 = Awg(,),

where, as usual, We(p) denotes the equilibrium measure of S(u). In fact, if
the measure on the right-hand side of (5.3) is denoted by v then we have

1
pl32) = (3(03) + [ gnas o)do(a) ) + (1= 9)log s
= logw(z) + ¢
for all z € S(p), where

1
czz?/ z; 00)do(z) + (1 — 9) log ————.
ga(x; oo)do(z) + ( ) gcap(s(u))
Thus, by (4.1) we have
Plwy; 2) — Foy + ¢ 2 p(v; 2)

for all z € supp(v), so this inequality extends to all C by the principle of
domination. In quite similar manner we have by (4.1)

Plww; 2) — Fy + ¢ < p(v; 2)

for all 2 € supp(wy), so this inequality extends again to all C by the
principle of domination (it easily follows from the definition of wy, that it
has finite logarithmic energy, so the principle of domination is applicable).
Hence

Plww; 2) — Fu + ¢ = p(v; 2)
for all 2 and it follows that w,, = v as we claimed.
We also have that
1

Fw =19fgg($;00)d0($)+(1—Q9)10gm,
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so the equivalence of (5.1) and ¢ € Reg immediately follows from the
equivalence of the statements (i) and (ii) in Theorem 3.3.3 (set v = 249).

OJ

As a side product of the preceding proof it also follows that y € Reg is
equivalent to the fact that in C\ Co(S(p)) the nth-root asymptotics for the
orthonormal polynomials py, (uy; ) with respect to the varying measures pn,
are given by

/7 = exp(Fy — plww; 2))

Mm |pp(pm; 2))]
(cf. Theorems 1.1.4 and 3.3.3). Furthermore, for the case Int(Pc(S(u))) =0
the asymptotic distribution of the zeros of pp (un;-) is wy.

6.6 Regularity and Best L?(x) Polynomial
Approximation

In this section we shall relate the regularity of p to best L?(y) polynomial
approximation of analytic functions. To avoid unnecessary complications
we shall always assume that 9 is regular with respect to the solutions of
the Dirichlet problems in §2.

Let,

En(f)pr(p) = infaegp, <nllf = Palizs(u), 1 <p < oo,

be the best LP(u) approximation of f by polynomials of degree at most n.
A well-known result of S. N. Bernstein says that {En(f)ze(u)}i=; tends

geometrically to zero if and only if f is analytic on S(u) (see [Wa]). More
precisely, if

a(f) = inf{é | f is analytic in the region {z | go(z; ) < log1/6}}

and
&(f) Loy = limsup(En(f) o)™,

n—00
then Bernstein’s formula

(6.1) a(f) = e(f)Leo(p)

holds for every f. Note that in this result the measure u actually does not
play any role; the statement only refers to the compact set S{u) = supp(u).
Of course, the situation will radically change if we consider the case p < 0.
We shall show in what follows that the LP(yu) analogue of the preceding
result is true if and only if 4 € Reg.

Besides a(f) and €(f)r»(,) we also introduce

¢(f)u = limsup|f(n)|}/™,

n—00
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where

fn) = /fpn(u; )y
are the Fourier coefficients of f with respect to the orthonormal polynomials

{on(u;-)}-

Let us also agree to write | - ||s(,): En(f)s(y), and so forth instead of

” ) ”LC‘O(“)a En(f)Loo(u), cee
Consider the following statements.

A, of)<1l &  e(flpa <l for feL*(u);

that is, geometric order of best L2(u) approximation of a function f is
equivalent to the analyticity of f (i.e., f coincides p—a.e. with a function
that is analytic on S(u)).

Al a(f)= E(f)m(‘u) for every f e L%(p).

F,: af)y <1 &  e(flu<l for feL?u);

that is, analyticity is equivalent to geometric decrease of Fourier coeffi-
cients.

Fp a(f) = @(f)u for every f e L*(u).

Cu: If | f = Sn(f)llp2(y), where Sn(f) denotes the nth partial sum of the
Fourier series of f in {pg(u; )}, converges geometrically to zero as n — oo,
then Sy (f) uniformly converges on S(u);

that is, geometric convergence of the Fourier series in L?(y) implies its
uniform convergence.

Now each of these is equivalent to the regularity of .

Theorem 6.6.1. Assume that 0§} is regular with respect to the Dirichlet

problem in . Then the following siz statements are equivalent: p € Reg,
A, A;‘;, F, Fl’j, Cu.

Remarks. (1) Instead of the L2(u) norm we could use the LP(y) norm in
the definition of A, Aj, so long as 1 < p < o0, and Theorem 6.6.1 would
still hold.

(2) In €y we could have requested pointwise convergence of the Fourier
series on S(p) without uniform convergence and Theorem 6.6.1 would still
be valid. Furthermore, from C}, it always follows that the Fourier series
geometrically converges to the function in the supremum norm as well.

Proof of Theorem 6.6.1. It is a standard matter that e(f)r2(,) = ¢(f)u

for every f € Lz(u therefore the statements concerning F, and F}; follow
from those on A, and Aj;.
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Suppose. first that g € Reg. Then we have by Theorem 3.2.3

(6.2) lim sup(|| Pall g/ 1 Pall 2 () /™ = 1

n—00

for every sequence of polynomials {P,}, deg(P,) < n. Now if {S,(f)} are
the partial sums of the Fourier series of f (with respect to {pn(u;-)}) then

Sn(HIE <

limsup||5'n+1( ) L2 (u )_.» ( )Lz(,u,)

n—00

Together with (6.2) this tells us that

lim sup |Sn+1(f) = Sa( g < €(F e

n—oo

and this easily implies e( f) Lo S e(f) L*(p)- The converse inequality is
evident, so u € Reg = AJ, follows from this and (6.1).

A}, = A, is trivial; therefore to verify the equivalence of the first five
statements in the theorem (1 € Reg, Ay, A}, Fy,, F}}) it only remains to
show that A, = 1 € Reg. Suppose 1 € Reg. Then there exist an a < 1
and a subsequence N C N of the natural numbers such that for eachn € N
there are polynomials Py, deg(Fp) < n, satisfying

(63) ||P71”L2(,u,) < an, En—l(Pn)S(‘u) = 1.
In fact, we claim that

Pn = pu(p; )/ En_1(pn(p; ))S(,u.)

will do the job. To see this we only have to remark that
Bre1 (P )5y = (| Tl s,
where {T},} are the Chebyshev polynomials associated with S{u), and that
. 1
Tim_|[Tall ) = cap(S(w)

(see [Ts, Chapter III, Theorem I11.26]), whereas 1 ¢ Reg implies

| . 1
hTILILSO%P(%(H))I/ > cap(S(a)

Choose now a sequence {n;y} C A with the property ng,q > 4n; and

set
1
f = Z apnk.
We get from (6.3)

(6.4) En(f)L < Y Pl g2y

L2(u) k=l+1

f Z_Pnk

k=1

< Ca™+t < Ca”
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if I is chosen to satisfy n; < n < m;, 1. At the same time it 1s not difficult
to see that if n is fixed in (6.3) then there is a § = §(n) > 0 such that
for every subset S of S(u) with the property u(S(p)\ S) < é we have
E,_1(Pp)s > ;1— If we also consider the fact that for n € N and

An = {2 | |Paz)| 2 1}

we have p(An) < a®™ (cf. (6.3)), it easily follows that for sufficiently fast
increasing {ng} C N with §; = S(u) \ Uz=;41 An, We get

131 1 11
- > e = A pa-ri
En, 1(f) S(p) En -1 ( n )Sl k;&-l ng — 4mn Z ng 4nl’

and hence A, does not hold by (6.1).

Until now we have verified the equivalence of u € Reg, Ay, 4}, F},, and
F. As for C, it follows from y € Reg because this is what we verified in
the proof 1 € Reg = Aj,. That C), = p € Reg also holds is shown by the
function

=Y Po, = Y (i) Eng—1(Pna (1)) )
k=1

k=1

(cf. (6.3)), where {ng} C N. In fact, for this we have exactly as in (6.4)

En(fi)r2 () < Co®,

and at the same time for the partial sums of the Fourier expansion of f1
we have

|:Sn. (f1) — Snk-l(fl)”S(,u) 2 Enk—l(Pﬂk) =1,
that is, if 4 ¢ Reg then C, does not hold either. O

Before closing this section we show that the regularity of {2 in Theorem
6.6.1 is essential to make the conclusions of the theorem.

Example 6.6.2. We construct a measure g and a function f defined on
the support of y such that f cannot be extended to an analytic function
in a neighborhood of S(x) but its best L?(p) polynomial approximation
satisfies

hmsupEn(f)l/n

n—00 Lz('u

Of course, then 992 cannot be regular with respect to the Dirichlet problem
in £2.
Consider the construction given in Example 3.5.3, and let

<L

In)=(2""2""+ exp(—nB)).
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By the construction given in Example 3.5.3 there exist a v > 1 and three
sequences {nm},{Mm},{P](\;:B} such that

deg (P) < My, and  [|P{7" || () < 2

but

(s)
”P HLoo(I(an)) > ’)/ (2 + lina<x ||PMSHL°°(I(nm+1))) .

Here p is the restriction of the linear Lebesgue measure to the set § =
U I (nm). Without loss of generality we can assume { My, } to be increasing
so fast that

Y M Pl oo (1)) < 278
is satisfied for all m and s > m. In fact, we only have to mention that
by Nikolskii’s inequality (see [Ti, 6.9.6]) the supremum norm of |P;7 | on
I(npm41) is bounded by O(M,) times its L2 norm (the O depends on nm+1)
and this latter one is assumed to be less than 2 (recall that in Example
3.5.3 the numbers M, 1, M;,42,... were chosen to be large enough after
the selection of 7n,,11).
Set,

o0

:Z - mP(m

We claim that this f and u satlsfy the preceding requirements. In fact, let
M. <n< Mk-}-l’ k=1,2,.... Then

o0

- 2’7 M 2’)’ -

n(freg < Y. v M”HPJ(\;,?HH(M < pom k4 < pom ",
m=k+1

so the rate of Lz(u) polynomial approximation to f is geometric. Since
the series representing f uniformly converges on any interval of S, f is
continuous on S\ {0}; hence any analytic function that coincides g—almost
everywhere with f must actually coincide with f on S\ {0}. On the other
hand, for the supremum norm of f we get

“f“sup,[(nm+1) 2 '7Mm (2 + max “P](\;Z”LN(I(an)))

1<s<m
! = (s)
—M _Ms 8 Mm
S A M P ety = Y VMNP ey 2 Y
s=1 s=m+1

if m is large enough. But here the right-hand side tends to infinity as
m — 00, s0 f cannot agree on S = S(u) with any function analytic in a
neighborhood of S. O
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6.7 Determining Sets

In connection with the Erdés—Turén Criterion J. Ullman [Ul1] and P. Erdés
and G. Freud [ErFr] studied and solved the following problem: For what
Borel sets A C [—1,1] is it true that if w is a weight function on [~1, 1]
that is positive on A and dv(z) = w(x)dz, then the orthogonal polyno-
mials {pnp(v;-)} belonging to v have arcsine zero distribution. Obviously
A must have positive Lebesgue measure in every interval [a,b] C [0,1],
which implies ¢, > 0 and supp(v) = [—1,1] for all v in question. But for
¢y > 0 the polynomials {p,(v;-)} have arcsine distribution if and only if
v is regular (see Corollary 2.2.3), so the preceding problem can be refor-
mulated as: For what sets A C [—1,1] is it true that if v is a measure on
[0,1] such that v/(z) > 0 for almost every x € A then v is regular. Setting
du(z) = xa{x)dz, where

1 ifz € A;

0 otherwise,

(1) xa@) = {

this problem is equivalent to characterizing for a measure x the implication
I'(v) CT(u) = v € Reg.

Recall that I'(i) denotes the set of carriers of u.

Using our results from Chapter 1 we can easily characterize all such
measures y.

Theorem 6.7.1. The following statements are equivalent for a measure p.

(1) If v is any measure with supp(v) C S(u) and I'(v) C I'(u), then v €
Reg.

(2) cp = cap(S(p))-

(3) For every e > 0 there is a § > 0 such that u(E) < § implies

cap(S(u) \ E) > cap(S(u)) —&.

Theorem 6.7.2. Let A be a Borel subset of S, where S consists of a finite
number of rectifiable Jordan curves such that C\ S is connected, and let m
denote the arc measure on S. Then the following statements are equivalent.

(1) If v s a measure such that supp(v) C S and

dv(s)

dm(s) >0

for m—almost every s € A then v € Reg.

(ii) With the assumptions of (i) the orthogonal polynomials {p,(v;-)} have
asymptotic zero distribution wg.
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(iii) If B C A such that m(B) =0 then
cap(A \ B) = cap(S).
(iv) For every € > 0 there is a § > 0 such that B C A, m(B) < § implies
cap(A \ B) > cap(S) —«.

Remark. For S = [-1,1] and m equal to Lebesgue measure, Theorem 6.7.2
reduces to the aforementioned results of Ullman and Erdds and Freud. In
this special case Ullman called sets A with property (ii) determining sets
whereas Erdds and Freud used the terminology of having minimal capacity
% for property (iii).

Proof of Theorem 6.7.1. (1)=>(2) because of Theorem 1.1.9 (cf. also
Theorem 3.2.1).

(2)=(1) because Corollary 1.1.7 (or Ullman’s Criterion), for ¢, = cap(S(u)),
and T'(v) C T'(u) imply ¢, = cap(S(u)).
(3)=(2) is obvious, so it is only left to prove that (2) implies (3).

Assume that (3) is false, that is, for some ¢ > 0 there are sets E, C S(u)
such that u(E,) < 27" but

cap(S() \ En) < cap(S(p)) - ¢.
Then

E* =limsup E,, = ﬂ U E,

n—00 m=1n=m
has zero y—measure. Therefore C := 5(u) \ E* is a carrier of u. But

cap(C) = cap ( U N s En))

m=1n=m

= lim cap ( N (S(ﬂ)\En)) < cap(S(p)) — ¢,

m—00
n=m

where, in the second equality, we have applied the monotonicity of the
sequence of sets {No2, (S(p)\ En)}0_; (cf. [La, Chapter II, Lemma 2.10]).
This means, however, ¢, < cap(S(u)) and (2)=(3) is also verified. O

Proof of Theorem 6.7.2. If we set

du(s) = xa(s)ds

as before (7.1), and apply Theorem 6.7.1 we get the equivalence of (i), (iii),
and (iv) from the corresponding statements (1), (2), and (3) in Theorem
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6.7.1, provided we can show that each of (i), (iii), and (iv) implies S(u) = S.
In proving this we can argue as follows. If S(u) # S then on some subarc 1
of S the set A has zero arc measure: m(I N A) = 0. It is easy to show that
because C \ S is connected and cap(f) > 0, we have then

(7.2) cap(S \ I) < cap(S).

This proves that each of (iii) and (iv) implies S(u) = S by setting there
B=1.

To prove that (i) also implies S(u) = S we choose as the measure v in
(i) the restriction m|g\; of m to S\ I. From (7.2) and Corollary 1.1.7 we
can see

. 1/n
(7.3) 1}nn_l,lo%f n{v)" > cap(S)’

Now we modify v by setting
i) = V+ZCj6mj,

where {z;} is a dense subset of I. Applying a standard argument, the
positive coefficients {c;} can be chosen in such a way that

1
li ~ l/n
imsup (7)1 > T

also holds. But supp(#) = S, so this & is not regular although the assump-
tion of (i) is satisfied for it. This proves the implication (i) = S(u) = S
and with it the equivalence of (i), (iii), and (iv) has been verified.

Finally, we consider (i) and (ii). In the sequel we shall show ¢, > 0 for
every measure v satisfying the assumption in (i), hence (i)=-(ii) follows from
Theorem 2.2.1(b) together with the just established fact that supp(v) = S
for every v in (1). If we apply Theorem 2.1.1 instead of Corollary 1.1.7 in
the preceding proof establishing the implication (i) = S(u) = 5, we can
similarly conclude that (ii) = S(¢) = S and that if (ii) holds then A has
positive arc measure on every arc of S. We shall show in a moment that
then ¢, > 0 for every measure v satisfying the condition in (i), and this
will complete the proof of (ii)=>(i) because of Corollary 2.2.3.

In proving that ¢, > 0 for every v satisfying the assumption in (i),
we remark first of all that if v is a measure with dv(s)/dm(s) > 0 for
m—almost every s € A and C is a carrier of v then m(C) > 0 (recall that
m{A) > 0 has already been established). Of course, then for at least one of
the connected arcs, say, for Sg, in S the intersection Cy = C N Sy also has
positive m measure (actually, C must have positive arc measure on every
subarc I C §). Let v(t), t € [0, 1], be a parametric representation of Sp,
and let

To=A{t|~({) € Co}.
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Since
(7.4) 0 < m(Co) = ]T Iy (8)dt,

we must have meas(Tp) > 0, and hence cap(Ty) > 0. Now pick a tg €
To, 6 >0, and € > 0 such that for t € Ty N [ty — 6, tp + 6] we have, say,

(7.5) Re(y(t) — v(to)) > (t — to),

and at the same time cap(Tp N [ty — 8,t0 + 8]) > 0. The existence of such
to, 0, ¢ follows from (7.4) with possibly replacing Re or ¢t —tg by Im or ¢y —¢
in (7.4). Inequality (7.5) shows that ¢ — ~(¢)/¢ is an expansive mapping
on [tg — 8, tg + ], hence the image of Ty under = is of positive capacity (cf.
[Ts, Chapter III, Theorem III.26]) and this proves cap(C) > 0 and together
with it also ¢, > 0 (see Lemma 1.2.2). O
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We give a brief review of those aspects of the theory of logarithmic poten-
tials that are relevant to the main body of the monograph.

The readers can be recommended to turn for details to the texts by N. S.
Landkof [La], M. Tsuji [Ts], L. L. Helms [He], W. K. Hayman and P. B.
Kennedy [HaKe], W. K. Hayman [Ha], J. L. Doob [Do], C. J. de la Vallée-
Poussin [dVP], E. Hille [Hi], C. Pommerenke [Po], or O. D. Kellogg [Ke]. Un-
fortunately, none of these could serve as our standard reference for either they
consider logarithmic potentials a little tangentially by putting the emphasis
on Riesz or Green potentials or their exposition is of a different character or
not as deep as we would need.

We restrict ourselves to the basic definitions and facts with two excep-
tions: We treat the Green functions and equilibrium measures correspond-
ing to general Borel sets with full details. The reason for doing this is that
our whole theory rests on these notions and they are omitted from most
textbooks in the generality needed for us.

In our terminology “measure” means nonnegative (= positive) finite Bo-
rel measure. We will always use the adjective “signed” if signed measures
are allowed.

A.l Energy and Capacity

Let u be a signed Borel measure with compact support on C. Its logarithmic
energy is defined by

(A1) 1w = [ [1og ——du(t)du(z),

|z — 1|

provided that the integral has meaning, the simplest case of which is when
I(|u|) is finite (here |u| denotes the total variation measure of p).
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It can be shown ([La, Theorem 1.16]) that /(p) > 0 if either

(a) u(C) =0, or
(b) supp(y) is contained in a circle of radius 1

holds. Furthermore, in both cases I(x) > 0 unless ¢ = 0.
A measure y is said to be of finite logarithmic energy if I(u) < oo.
If K C C is a compact set, then we set

(A.2) Vg =inf{I(p) [ supp(u) € K, p >0, [[p| =1},

that is, the infimum is taken for all probability Borel measures supported
on K. The (logarithmic) capacity of K is defined as

(A.3) cap(K) = e VK,

To extend the notion of capacity to arbitrary Borel sets £ we introduce
the notion of inner and outer capacity:

cap;(E) = sup{cap(K) | K C E, K compact}
and
cap,(E) = inf{cap;(U) | E C U,U open}.

Then every Borel set F is capacitable in the sense that cap;,(F) =
cap,(E) ([La, Theorem 2.8]) and we can simply write cap(E) for this com-
mon value.

A property is said to hold quasi everywhere (qu.e.) if it holds outside a
set of zero capacity. A countable union of sets of (outer) capacity zero has
again zero capacity ([La, Chapter II, No. 6, rem. (1)]).

It follows from the definitions that if x4 has finite logarithmic energy and
E is of zero capacity, then u(EF) = 0. In particular, if a property holds
quasi everywhere, then it holds y—almost everywhere provided p has finite
logarithmic energy.

A.Il1 Potentials, Fine Topology

The logarithmic potential of a measure u is defined by

(A.4) p(p; 2) = / log L

|2 =1

du(t).
Logarithmic potentials are superharmonic functions, that is,
(a) they are lower semicontinuous, and

(B) if h is harmonic on the closure of a bounded domain D and p(u;2) =
h(z) for z € OD, then p(u; z) > h(z) inside D.
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Conversely, F. Riesz’s representation theorem ([Ts, Theorem I1.24)) asserts
that if H is superharmonic in a domain D, then there is a unique measure
i such that for every subdomain D* C D with D* C D we have

(A.5) H(z) = h(z) + log

where h is a harmonic function on D¥*.

Since the minimum of two superharmonic functions is again superhar-
monic, it follows that the minimum of two logarithmic potentials is again
a logarithmic potential.

In the definition of superharmonicity condition 3 can be replaced by

1 27 )
(A.6) plu; z) > oy /(; plu; z +re®)dt, forallz€C, r>0.

The fine topology on C is the coarsest topology on C for which all su-
perharmonic functions are continuous. This is finer than ordinary planar
topology. However, if U is a connected open set then the boundary of U
in the fine and Euclidean topologies coincide. In fact, this follows from the
fact that if  is not in the fine closure of a set F, then there is an arbitrary
small r > 0 such that C\ E contains the circle Cr(z) of radius r around z
([He, Theorem 10.14]).

The following four statements are equivalent for a Borel set E ([He,
Theorem 10.2, Corollary 10.10], [La, Chapter III, Section 1]):

(a) cap(E) =0,

(b) there exists a p such that p(u; 2) = oo for 2 € E,
(c) E is a discrete set in the fine topology,

(d) E has no limit point in the fine topology.

A.II1 Principles

The following five principles for logarithmic potentials are frequently used.
In each of them the measures are assumed to be nonnegative Borel measures

on C.

Principle of descent. Let yu and {un}52; have their support in a compact
subset of C and pn = p as n — oo in the weak* topology. Then

p(p; 2) < liminf p(un; z)

locally uniformly on C.
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See [La, Theorem 1.3]. In our terminology “locally uniformly” means that
for any sequence {zn} of points with 2, — 2 we have

p(p; z) < liminfp(pn; 2n).

If p(u;-) happens to be continuous in a domain D, then the limit-inferior
relation in the principle of descent holds uniformly on compact subsets of
D (this automatically follows from the assumed continuity of p(y;-) and
the fact that the preceding relation holds locally uniformly on D).

*
Let us also remark that weak™ convergence pn, — u means

/fd,un—»/fd,u as n— oo

for every f continuous on C.

Lower envelope theorem. With the same assumptions as in the prin-
ciple of descent we have

p(u; z) = lim inf p(pp; 2)

for quast every z € C.
Compare [La, Theorem 3.8].

Principle of domination. Suppose that u, v are positive measures of
compact support, ||v|| < ||\u|l, and u is of finite logarithmic energy. If for
some constant ¢ the inequality

p(v;z) + ¢ 2 p(p; 2)
holds u—almost everywhere, then it holds everywhere in C.

Compare [La, Theorem 1.27].

First maximum principle. If u is of compact support and
(A7) p(p;z) <M
for every z € supp(u), then (A.7) holds for every z € C.

See [Ts, Theorem III.1] or [La, Theorem 1.6], but this is also an imme-
diate consequence of the principle of domination.

Second maximum principle. Let D be a subdomain of C such that
cap(0D) > 0, and let h be a subharmonic function on D that is bounded
from above. If for quast every points x of 0D we have

limsup A(z) < M,

z—zx,2€D

then h < M in D. Furthermore, we have h < M in D unless h is constant.
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See [HaKe, Theorem 5.16]. In particular, this yields a strong form of the
maximum principle for harmonic functions.
Related to the maximum principles is the following inequality.

Harnack’s inequality. Let D be a subdomain of C, zg € D an arbitrary
point, and K C D a compact subset of D. Then there is a constant M =
M(zg, K, D), such that for ‘every positive harmonic function h on D the
inequality

h(z) < Mh(zo)
holds for every z € K.

See the inequality [HaKe, Theorem 1.18], and apply a standard “chains
of overlapping disks” argument.

Finally, we mention the following uniqueness theorem ([La, Theorem
1.12]): If two potentials corresponding to measures with compact support
coincide almost everywhere with respect to planar Lebesgue measure, then
the two measures are the same.

A.IV Equilibrium Measures

If K C C is compact with positive capacity, then there is a unique mea-
sure p for which the infimum in (A.1) is attained. We shall denote this
extremal measure by wx and it is called the equilibrium measure of K. For
its potential

1
iz)= [ 1 dwpe (¢
plwgi2) = [ log ——durc(t
we have
(a) plwg;z) < log cap(E) for every z € C,
(A.8) .
(8) plwg;z) = log c_ap(T) for quasi every z € K

(see [Ts, Theorem II1.12]). We would like to extend the notion of equilib-
rium measure to an arbitrary bounded Borel set F. This was done by de
la Vallée-Poussin in [dVP], but since the existence and uniqueness of equi-
librium measures play a central role in our investigations and the afore-
mentioned extension is beyond the scope of most standard texts, we have
found it necessary to give complete details.

Theorem A.l. If E is a bounded Borel subset of C of positive capacity,

then there exists a unique probability measure wg with the following prop-
erties:
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(1) p(wg;z) <log ap(E) for z € C,

(A.9) )
ii 1z) =1 ' E.
(ii) plwg;z) = log cap(B) for quasi every z €

Unlike the compact case when the set (more precisely, its outer boundary)
carries the equilibrium measure, in the present case we only can assert that
supp(wg) is contained in the closure of E.

Proof. We first prove the result in the case that F is an F, set, and then
extend it to the general case.

First assume that F is a bounded F, set with cap(E) > 0. Let F =
U3 Kpn, where the K, are compact, K, C Kp+1, and let wy, be the
equilibrium measure for K,,, n =1,2,3,.... Because cap(E) > 0, we may
assume without loss of generality that cap(K,) > 0, n = 1,2,3,.... By
properties (A.8) of the equilibrium measures

p{wn; z) < log(1/cap(Ky)) forall z € C,
p(wn; z) = log(1/cap(Ky)) for all z € Kn \ Zy,

where cap(Z,) =0, n=1,2,3,... . Let u be a weak™ limit of the sequence
{wn}S2 ;. Replacing w, by a subsequence if necessary, we may assume
that limy, o0 wn = p. We will show subsequently that x4 is an equilibrium
measure for E.

From the principle of descent we infer

p(w; 2) < liminf p(wr; 2)

< lhrgloréf log(1/cap(Knp))

= log(1/cap(E)),

so condition (i) is satisfied. For 2 € E \ {Zg U |J;2; Zn}, where Zj is

the exceptional set of capacity zero in the lower envelope theorem for the
* .

convergence wy, — u, it follows from the lower envelope theorem that

p(i; z) = liminf p(wn; 2)
= liminf log(1/cap(Kn))

= log(1/cap(E)).

Since U2y Zy, is of zero capacity, u also satisfies condition (ii), so g is an
equilibrium measure for the bounded F,, set FE.

To prove uniqueness, let I be a bounded F,; set of positive capacity, and
let u; and peo be equilibrium measures for E. It follows from the defining
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properties {A.9) (i) and (ii) that u3 = (u1 + p2)/2 is also an equilibrium
measure for E.

Let A = {z | p(u3; z) = log(1/cap(E))}. Our next aim is to prove that
us(A) = 1. If {K,} are as before, then, by Section A.Il, the energy of the
signed measures u3 — wg,_ is nonnegative. This implies that

[ plusi g > [ plons i + [ plis; don — [ plens Ydon
= 2fp(M3;-)dwn - /p(wn;')dwn

= 2log(1/cap(E)) — log(1/cap(Ky,)),

where we have used the defining properties (A.8) and (A.9) of the equilib-
rium measures and the fact that any set of zero capacity has wg_ measure
zero. Letting here n — oo we can conclude

f p(a; )duz > log(1 /cap(E)),

from which p3(A) = 1 follows from the defining property (A.9)(i) of an
equilibrium measure.
From

1= pg(A) = 3p1(4) + pa(A)]

it follows that p1(A) = pa(A) = 1; moreover if p(u3; 2z) = log(1/cap{E))
for a z, then necessarily we must have

p(m1; z) = p(p2; z) = log(1/cap(E)).
Thus

I(u1 — po) = /A(p(m; ) = p(po;-))d(p1 — u2) =0,

and by Section A.I we may conclude that u; = ug.

We continue the proof of Theorem A.1 by demonstrating the existence
of an equilibrium measure for F, where E is any bounded Borel set of
positive capacity. Let K; be a compact subset of E satisfying cap(Ky) >
cap(E) —1/n and K, C Kp41, n=1,2,3,...,and let By = U32 K, We
will show that wg, is an equilibrium measure for E.

First, note that

p(wE,;2) < log(1/cap(Ey)) = log(1/cap(E))

for every z € C, so condition (i) is also satisfied. We argue by contradiction
to show that condition (ii) is also satisfied. Assume on the contrary that
p(wg,;2) < log(1/cap(E)) for all z € B, where B is a subset of E with
cap(B) > 0. Let K be a compact subset of B with cap(K) > 0, and let
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E; = E; U K. 1t follows that wg, is also an equilibrium measure for Ey, so
WE, = WE,, since Ep is an F,; set. Thus we have

p(wE,;2) = p(wg,; z) = log(1/cap(E))

for some 2z € B, and this contradicts the choice of B. This contradiction
shows that (A.9)(ii) is also satisfied and wg, is an equilibrium measure for
E.

Now let g1 and uo be two equilibrium measures for the Borel set E.
There exists an F, subset F' of E such that cap(F) = cap(FE), and it
readily follows that u; and uo are both equilibrium measures for F. The
uniqueness of the equilibrium measure for a bounded F, set of positive
capacity implies that g1 = uo. 0

A.V Green Functions

Let U be a subdomain of C and let a € U. The Green function gy{z;a)
corresponding to U with pole at a € U has the following properties.

(&) g7 (2; a) is nonnegative, subharmonic in C\{a}, and harmonic in U\ {a}.
(B) gu(z;a) +log |z — a| remains bounded as z — a.
gu{z;a) = 0 for quasi every z € C\ U.

2

gy exists if and only if OU is of positive capacity and it is always unique.
Furthermore, g;; is a symmetric function in its arguments.
For a = o0 assumption (3) takes the form that

gu (25 00) — log 2|
remains bounded near infinity, and it turns out that in this case
(8)  gu(z;00) =log|z| —log(cap(C \ U)) + o{1) as |z| — o0

holds.
If U is the complement of a compact set K of positive capacity, then it
follows from (A.8) that gy(z; o0) has the form

gc\k (2;00) = —p(wk, ) — log(cap(K)),

where wg is the equilibrium measure of K.

We need to extend the notion of Green function with pole at oo for an
arbitrary Borel set B C C with bounded complement. In this case the
defining properties of gg(z; 00) are

(1) gB(z; 0c0) is nonnegative, subharmonic in C, and harmonic in Int(B) \
{o0}.
(i) gp(2; 00) = log 2| — log(cap(C \ B)) +o(1) as |2| — co.
(iii) gg(z;00) = 0 for quasi every z € C \ B.
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Of course, if cap(C \ B) = 0, then we set gp(z;00) = oo. Otherwise we
have the following theorem.

Theorem A.2. If B is a Borel set such that C\ B is bounded and of
positive capacity, then the Green function gg with properties (i)—(iii) ezists
and s uniquely determined.

Proof. The existence easily follows from Theorem A.1. In fact, if E = C\ B
and we set

(A.10) 9B(2;00) := —p(wE; ) — log(cap(E))

then (i)—(iii) follows from the corresponding properties of wg {recall also
that wg is supported on E).

To prove uniqueness, suppose that gg satisfies (i)—(iii). On applying
Riesz’s representation theorem (see Section A.II) we get a measure p such
that for every B > 0

—gp(z;00) = hg(z) +/ log du(t), |z| <R,

<k lz—t
where hp is a harmonic function in the disk Dr(0) = {z | |2] < R}. We
also know that ¢ does not have mass in an open set U if gg is harmonic in
U (see [Ts, Theorem II. 25]). Thus, p is restricted to C \ B, and it follows
that if £ := C\ B C Dpg_ (0), then for Ry < R1 < Ry and |z| < R; we have
hg, (2) = hg,(z). Hence, by letting R — oo we get the representation

(A1) —ga(s00) =h(s) + [log ——du(t). ze€C,

|z — 1|
with a harmonic function A and a nonnegative measure y with compact sup-
port. (A.11) and (ii) imply that h is bounded from above on C if |[u]| < 1,
whereas it is bounded below if [|u|| > 1, and in either case & must be constant.
Thus, (A.11) and (ii) yield that ||¢|| = 1 and then that A = log(cap(C \ B)).

We can summarize our findings as follows: If gg satisfies (i)-(iii), then
there is a probability measure u with bounded support such that

gB(z;00) = —p(u; z) — log(cap(E)).

Thus, (i) and (iii) show that y is the equilibrium measure of £ = C\ B. Now
the uniqueness of gg follows from the uniqueness of equilibrium measures
(see Theorem A.1). ]

A.VI Dirichlet’s Problem

Let U be a subdomain of C and suppose that C\ U is of positive capacity.
Suppose that f is a continuous function defined on the boundary 8U of U.
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Dirichlet’s problem consists of finding a function u that is harmonic in U, is
continuous on U, and has u|gy = f. We say that U is regular with respect
to the Dirichlet problem if the above u exists for every f. Sometimes we
also use the terminology that U (or C \ U) is regular with respect to the
Dirichlet problem in U.

The following statements are equivalent:

(a) U is regular with respect to the Dirichlet problem,
(b) any Green function gr7(2;a) associated with U is continuous throughout

C\ {a},

(c) C\ U is dense in itself in the fine topology.

See [He, Corollary 10.12].

The generalized Dirichlet problem on U can be formulated as follows. Let
f be a real-valued function on OU. For simplicity assume that oo € OU.
Consider the so-called upper and lower classes

Uy = {u | u superharmonic in U;lim iilfu(y) > f(z)
y——}

for all z € OU, u bounded from below on U}

and
L = {u | v subharmonic in U;limsup u{y) < f(z)

Yy—T
for all z € 8U, u bounded from above on U}.

We define the upper and lower solutions of the generalized Dirichlet prob-
lem with boundary values f as H f = inf{u | u € Uy} and H;=sup{u|ue
Lg}. If Hy = Hy, then this common function Hy is called the solution
of the generalized Dirichlet problem with boundary function f. It can be
shown (see [He, Theorem 8.13]) that this is always the case if f is a Borel
measurable function that is bounded from above or below. Furthermore in
the definitions of the classes U/ 7 and L # we could have requested the limit
relations liminfy ., u(y) > f(z) and limsup,_,, u(y) < f(z) only for quasi
every z € OU without changing the lower or upper functions.

A point z € 9U is called regular if for every continuous f on OU we have
lim, .y ;e Hf(2) = f(z). Then for all bounded f that are continuous at
the same relation holds; furthermore the following statements are equivalent
for an z € OU:

(a) z is a regular point,

(8) z is a fine limit of C\ U,

(7) there exists a positive superharmonic function u in a neighborhood of
z in U such that limy,_,; , ey u(y) = 0.

See [He, Theorem 10.11 and Corollary 10.12]. The last property is often
referred to as the barrier property.
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It is obvious that U is regular with respect to the Dirichlet problem if
and only if every point of QU is regular. On the other hand, for every U

quasi every point on the boundary is a regular boundary point {see [Ts,
Theorem I11.33]).

A.VII Balayage

Consider in C an open set G with compact boundary 0G and let u be a
measure with supp(y) C G. The problem of balayage (or “sweeping out”)

consists of finding a new measure g’ supported on 8G such that {ju|| = |||
and
(A.12) p(u; 2) = p(y'; 2)  for quasi every z € G.

For bounded G such a measure always exists ([La, Chapter IV, Section 2}),
but for unbounded G we must replace (A.12) by

(A.13) p(i; 2) = p(y';2) + ¢ for quasi every z € G,

where the constant ¢ turns out to be equal to

- / g2 (z; 00)du(y),
0

where  is the component of G that contains the point infinity ([La,
(4.2.6)]). If we also require the measure ¢ to vanish on the set of irregular
points of G, then y is unique ([La, Chapter IV, Theorem 4.6, Corollary
2]) (see the uniqueness theorem in [La, Chapter IV, Section 14, p. 245]).
Furthermore, if G is connected and it is regular with respect to the Dirichlet
problem, then in (A.12)-(A.13) we have equality for all z ¢ G.

Besides (A.12)-(A.13) we also know that

(A.14) p(i's2) < p(s; 2),

(A.15) p(u'; 2) Sp(u;Z)Jr/QgQ(y;OO)du(y),

respectively, hold for all z € G.

The balayage measures 1! also have the property that if 4 is any function
that is continuous on G and harmonic in G, then

(A.16) f hdy' = /_ hdp.
G G

With the concept of balayage it is easy to describe the Green function
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of a domain G of compact boundary and cap(0G) > 0. In fact, if G is
bounded, then

1

(A.17) 9c(z;a) = log 7 al

- p(é;’; Z)7

where §/, denotes the balayage of the Dirac mass §, at a onto the boundary
of G. On the other hand, if G is unbounded (and so oo € G}, then

(A.18) 96 (7 @) = log — (63 2) + 9g(a;00), a# oo,
and
(A.19) 9c(z; 00) = —p(z; 6 ) — log(cap(9G)).

Furthermore, the equilibrium measure of a compact set K is the same as
the balayage of 6 onto the outer boundary of K.

A.VIII Green Potential and Condenser Capacity

Let U C C be a domain and ¢ a measure in C. The Green potential of y in
U is defined as

g(p,Us 2) 1= /gu(z;z)du($)~

If cap(C \ U) = 0, then g(u,U;-) = oco.

Let K,S C C be two disjoint compact sets. The pair (K,S) is called
a condenser. For probability measures p1, po with supp{(u1) € K and
supp(u2) € S and the signed measure o = ) — po consider the energy

I{o) =[/10g L ; do(z)do(t)

|z =1

defined in (A.1), and set

(A.20 Viks = inf{I(o) | o = p1 — p2, supp{u1) C K,supp(uz) C S,

1, p 20, |l = fluall = 1},
The condenser capacity is defined as

(A.21) cap(K, §) = ——.
Vks
The capacity is symmetric in K and S, and cap(K,S) = 0 if and only if
either cap(K) = 0 or cap(S) = 0.

As in the case of logarithmic capacity, there exists an equilibrium distri-
bution, which now is a pair of two probability measures: If K and S are of

positive capacity, then there uniquely exists a pair of probability measures
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(wgs,wsk) with supp{wgs) C K, supp(wsk) C S, and two constants Vg
and Vg such that

(1) Vk — Vg = Vks,
(ii) Vg <plwgs ~wsk;z) < Vg forall z€ C,
V €. S,
(iii) P(WkS — WSK;2) = { s Ao
Vk qu.e. on K

(see [Ba, Theorem 1] and [SaTo2, Chapter VII]). The measures wgg and
wgk are called equilibrium distributions of the condenser (K, S) on K and
S, respectively. With ¢ = wg g — wgg the minimum is assumed in (A.20).
The properties (i) and (iii) imply that wgg (wsk) is the balayage of
wsk (wig) onto K {S).
We call

prs(z) = plwks —wsk; z)

the condenser potential. If U = C\ S is connected and cap(S) > 0, then
we have the representation (cf. (A.17) and (A.18))

(A.22) prs() = glwks,U;-)

if oo g U, and

(A.23) rrs() = g(wgs,U;s+) — glwks,U; o)
otherwise.

From [Ba, Theorem 1] {cf. also [SaTo2, Chapter VII}]) it follows that
if for two probability measures p1 and p9 in C of compact support and
V1, Vo € R we have

<Vi que. onléS;
A.24 — 1
(A.24) p(pg — 1; ){ >V, que onK,
then
1
A.25 Vo Vi < Vio = — ~ .
(A.25) 2= VIS Vks = oK 5

It is easy to see (e.g., by adding to u; discrete measures of the form
const. - §; with || — o0) that (A.24) implies (A.25) for all positive mea-
sures p1 and po of compact support in C with ||x1]] <1 and ||uo|l < 1.

The condenser capacity is outer continuous: If for a § > 0 K (respec-
tively, Sg) denote the sets of points the distance of which to K (respectively,
S) is at most §, then

Jim cap(Ks, S5) = cap(K, S).
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A.IX The Energy Problem in the Presence of an
External Field

Let ¥ C C be a closed set and let w: ¥ — R4 be a weight function on ¥.
We call w admissible if the following three conditions are satisfied:

(i) w is upper semicontinuous,
(ii) w > 0 on a set of positive capacity, and
(iii) if ¥ is unbounded, then w{z)z — 0 as z — o0, z € L.

We shall set w(z) = exp(—Q{z)) and for admissible w consider the prob-
lem of minimizing the weighted energy

@) = [ [ (1og 25+ @)+ Q) ) o1ty

for all probability measures w with support in 3. There is a unique probabil-
ity measure w,;, with support in X, called the extremal or equilibrium mea-
sure associated with w, minimizing the weighted energy (see [SaTo2, Section
I.1]). This wy, has finite logarithmic energy. Let Sy, = supp(wy) C X be
the support of the extremal measure. Then (see [SaTo2, Sections I.1 and
1.3]) Sw is compact and of positive capacity, and @ is bounded on S,,.

There exists a constant F,, such that for the potential of w,, we have
([SaTo2, Section L.1])

(A.26) plww; z) 2 —Q(2) + Fy  for quasi every z €
and
(A.27) plww; 2) < —Q(z) + Fyy,  for every z € Sy,.

The constant F;, is determined by

Fw = Iy(wy) — /dew.

Another representation for Fy, is (see [SaTo2, Section IIL.2])

1
F, = log ———
w =log cap(Sw) / Qdus,

1
= inf <1 d :
égz{ %% cap(K) +/Q wK}
where the infimum is taken over all compact subsets of X.
F, 1s connected to the weighted Chebyshev problem with varying weights

w™ as follows (for the following results see [SaTo2, Sections I1.2 and I1.3]).
First of all, if P,(z) = z™ + --- is any monic polynomial of degree n then

(A.29) [w"Prllz 2 [[w" Ppls, > exp(—Fu).

(A.28)
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On the other hand, if

tw = inf{|w" Pp||x | Pn(z) =2" +--+}

is the nth weighted Chebyshev number, then the limit, which is called the
Chebyshev constant for the weight w,

. unl/n _ qw
(A.30) nll»moo(t”) =t
exists and is equal to exp(—Fy,).
If deg(P,) < n and

w(2)|Pp(2)] < M for que. z € Sy
then
(A.31) |Pn(2)] £ M exp{n{—p(ww; 2) + Fy,)) for que. z € C.

Inequality (A.31) is the analogue of the Bernstein-Walsh lemmma, and (A.26)
and (A.31) tell us that the supremum norm of every weighted polynomial
w" P, “essentially lives” on Sy,. It turns out that Sy, is the smallest compact
set with this property.

If we consider the weights w” with A > 0, then in the range of the As for
which w” is admissible, the support sets Sy» form a decreasing family as
A increases (see [SaTo2, Section IIL.2]).

The classical case corresponds to £ being compact and w = 1 on X. Of
course, then the energy problem just discussed coincides with the one in
Appendix I, and in this case wy = wy;, Fy = log(1/cap(X)), and t¥ = ¢! =
cap(X).
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Preface

Apparently the first study of nth-root asymptotic behavior was done by
Faber [Fa] in 1922 in connection with polynomial expansions. Of course, in
the spirit of his time he used quite strong assumptions. In his paper the
measure y was defined on [~1, 1] by a density function, which was assumed
to be bounded away from zero. Faber’s paper appeared about the same time
as Szegd’s first papers ([Sz1], [Sz2]) on power asymptotics. Both authors
were well aware of their different approaches and gave mutual references.
Major contributions to the further development of the subject of nth-root
asymptotic behavior have been given by Erdés and Turdn [ErTu], Widom
[Wil], Ullman [Ul1], and Erdés and Freud [ErFr], and Korovkin [Kol,2]. A
good survey of recent developments of the whole theory {not only nth-root

theory) of asymptotic behavior of orthogonal polynomials can be found in
[Lul] and [Ne2].

Chapter 1

Lemma 1.1.3 is due to H. Widom; see [Wil, Lemma 4].

The upper asymptotic bound {1.1.6) of Theorem 1.1.4 was proved by
Ullman in Theorem 1.5 of [Ull] for weight measures with S(u) = [—-1,1],
and in Theorem 3 of [Ul3] for general weight measures s in C. Theorem
1.1.8 seems to be new, but, of course, it is a rather obvious generalization
of the upper bound (1.1.6).

The lower asymptotic bound (1.1.7) in Theorem 2.4 has been proved by
Widom [Wil] for special weight measures g in C, which he calls admissible,
that is, measures satisfying Widom’s criterion (in its original formulation,
as given in Corollary 4.1.7). For these measures the lower bound can be
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established by a comparison with monic Chebychev polynomials of the set
S(p). For weight measures g on R the lower bound (1.1.7) has been stated
without proof in [Ul2].

The lower estimate in (1.1.13) was proved in [ErFr] for the special case
S(p) = [-1,1].

The sharpness of the estimates is shown in [UWZ] and [UIWy] for the
special case S(u) = [—1,1]. In its generality Theorem 1.1.9 is new. In con-
nection with Theorem 1.1.9 and Corollary 1.1.7 we mention the following
result of M. F. Wyneken [Wy1]: Let supp{u) C R and [A4, B] be a subinter-
val of [1/cap(S(p)),1/cu). Then there is a measure v carrier related to u
such that the accumulation points of the sequence {v,(r)!/»} are exactly
[4, B]. It can also be shown that the set of accumulation points must be a
subinterval of [1/cap(S(p)), 1/cy].

Lemma 1.3.1 is due to Ullman [Ul1].

Lemma 1.3.2 is new in the form as it is stated; however, it can be rather
directly deduced from Widom’s original proof for Lemma 1.1.3 via a com-
pactness argument. We have chosen a new, potential-theoretic argument
for the proof that is close in spirit to the rest of the book. We mention that
Lemma 1.3.2 can be very helpful in proving the analogue of Lemma 1.1.3
for many other extremal polynomials, for example, for polynomials having
minimal weighted L?(u) norm with any weight.

Most of the proofs in Chapter 1 and many from later chapters are based
on the results of Section 1.2.

Chapter 2

Some of the results of Section 2.2 belong to the folklore of the theory of
orthogonal polynomials although they have never been investigated in the
details presented in Section 2.2. See, for example, the survey paper [Sa2].

Theorem 2.1.1 is a consequence of Lemma 1.3.2 and it is due to Widom
[Wil].

For a simple proof of the Turdn problem see [NeTo]. In connection with
its generalization given in Theorem 2.1.3 it is an interesting problem that
if § is given then precisely what subsets of Co(S) can be the weak* limit
points of zeros of orthogonal polynomials corresponding to a measure with
support equal to S7?

Concerning Theorems 2.1.3 and 2.1.4 we raise the following problem:
Can it happen that the support of the measure p of orthogonality is the
unit circle and the support of the asymptotic distribution of the orthogonal
polynomials pp (i; -), or of a subsequence of them, is a prescribed closed set
in the unit disk? Or more generally, what kind of measures can be obtained
as weak™ limits of zeros in this situation?

Theorem 2.1.4 solves a problem of Ullman and Wyneken (problem (c) of
[UlWy]) asking for a characterization of possible weak* limits of zeros. In
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connection with the case ¢, > 0 Ullman and Wyneken showed in [UIWy]
that if C C [0, 1] is any carrier of x then there is a measure ¢ with the same
carriers as y such that the limit distribution of the orthogonal polynomials
corresponding to 4 is the equilibrium distribution of C. They asked (see
problem (a) of [UIWy)) if in the case ¢;, > 0 the weak™ limits of zeros must
always be equilibrium distributions of some carriers of p. Example 2.1.5
shows that the answer for this problem is “no.”

Lemma 2.1.6 follows from the general theory of weighted potentials (see
[SaTo2]) outlined in Appendix IX.

Theorem 2.2.1(a) was used in [Ul2] and [UWZ] to show that for the case

lim inf’yﬂ(u)l/” < limsupfyn(p)l/"
n—0o0 n—00
the zeros of the orthogonal polynomials {pn(u; )} have continuum many
different weak* limits. In fact, this follows from Theorem 2.2.1(a) and from
the fact that the limit points of the sequence {yn(p)!/»} are always an
interval.
Example 2.2.7 answers the following problem of [UIWy] in the negative: If
{va(p)*/»} converges to A € (1/cap(S()),1/cpu), does {vp, (,...y} converge?
The construction of Section 2.3 uses some ideas of the theory of weighted
potentials (cf. Appendix IX and also the notes on Section 6.5). The points
{z™, "™, ..., =™} from step IV are called Fekete points associated
with the weight wy (see [SaTo2]). Note also that in step V of the proof we
essentially verify the formula (A.30) from Appendix IX.

Chapter 3

The results in Section 3.1 must be compared with those announced in [Ul2].
Ullman considers asympotics for the monic orthogonal polynomials g, (g -)
for measures p with support in [—~1, 1]. Let us consider the statements

() limp oo |gn(p; 2)|/m = |2+ V22 ~ 1|  for z € C\[-1,1],
(b) im sup,, _, oo {gn{p; 2}/ = % for qu.e. z € [-1,1],
(c) the orthogonal polynomials g, (y; ) have arcsine zero distribution,

() limp_so0 vn (1) = 2.

In this setting (a),(b), and (c) are equivalent and (d) implies each of
them. Thus, the theorem in Section 3.6 is nothing else than the extension
of Ullman’s results to the case when the support can be a general set on
the complex plane.

[ErFr] contains the equivalence of (i) and (ii) of Theorem 3.1.1 in the
special case S(u) = [—1,1]. The same equivalence when the support is the
unit circle was proved in [LSS].

The results of Sections 3.2-3.5 are new.
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Orthogonal polynomials with respect to varying weights, such as the ones
in statement (vi) of Theorem 3.2.1 or those in Section 3.3, are important
in multipoint Padé approximation and in best rational approximation (cf.
Sections 6.1-6.3). Such polynomials have been the subject of some recent
investigations (see, e.g., [GoLo], [Lo]).

Asymptotics for the leading coefficients of the polynomials pp{u; 2), n €
N, orthonormal with respect to measures p of the type defined in (3.5.1) and
(3.5.2) have been studied in [VAMa] and [Lu2] with a higher degree of preci-
sion than obtained and needed in Section 3.5. For example, Lubinsky (and
by a somewhat different argument Van Assche and Magnus) verified that
by properly choosing the coefficients {a,} in (3.5.2), one can get a purely
discrete measure y for which the recurrence coefficients {yp(u)/vn+1(1)}
converge to % as n - oC.

Chapter 4

The results of Sections 4.2-4.6 are new, as well as parts of Section 4.1 (the
generalization of and the relation among the Erd6s—Turan, Ullman, and
Widom criteria).

Let us mention that Ullman’s original criterion was independently found
also by P. P. Korovkin [Kol] in a slightly different form.

The results in Chapter 4 solve a problem of D. S. Lubinsky [Lul] that
asked for the extension of Ullman’s criterion to “weights spread over several
intervals or with even more complicated supports.”

Lemma 4.4.1 is probably known but we could not find a reference to it.

We have proved in Section 4.6 that neither criterion A* nor criterion A
implies the other one. In connection with this we mention the following
open problem: We have found no regular g for which

liminf cap({z | u(Ar(2)) 2 r"})

does not tend to cap(S(p)) as L — oc. If there is no such p then criterion
A* is almost necessary and sufficient for regularity.

Chapter 5

The results of Chapter 5 are new. Chronologically they were preceded by
the results of [St3], which paper contains a different method for proving
localization theorems in the special case when the support is on the real
line (for yet another method that works in this special case see [To2]).
Related to the localization results of Chapter 5 is the following theorem
on the local density of zeros (see [UlTol): Suppose that S(u) has empty
interior and connected complement, and let K C S(u) be a compact subset
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of S(u). If p|lk is regular (with respect to nth-root asymptotic behavior),
then for any weak* limit point v of the zeros of pn(u; ) we have

Y|k 2 Ws |k

In other words, if K1 C K is any compact set and U is any neighborhood
of Ky, then asymptotically there are at least nwg(,)(K1) zeros of pn(p;-)
in U,

As a corresponding upper bound for the density of the zeros on K we
mention

vV|g S WK,
which means that if Ky C K is any compact set and U is any neighborhood

of K1, then asymptotically there are at most nwg (U) zeros of pp(y;-) in
K.

Chapter 6
Section 6.1

The connection between rational interpolation and orthogonal polynomi-
als is classical. This is not only the case for the more special situation of
continued fractions, where it has long been known that the denominator
polynomials satisfy an orthogonality relation. Jacobi [Ja] already knew the
orthogonality (6.1.9) of denominators of interpolating rational functions,
representing, however, the integral by a sum of residues. From the orthogo-
nality he deduced different determinantal representations for denominators
and numerators. Jacobi did not investigate the convergence problem, nei-
ther did he care about the possibility that in general not all interpolation
conditions can be satisfied by rational interpolants. Apparently, the pos-
sibility of interpolation defects was for the first time realized, or at least
mentioned, by Kronecker in [Kr].

The first convergence result relevant for the subject of Section 6.1 goes
back to A. Markov [Ma], and was formulated for Chebyshev continued
fractions. Their approximants are rational interpolants at the point infin-
ity. In [GoLo] Gonchar and Lépez proved part (a) of Theorem 6.1.6 and
proved exact rates of convergence under the assumption that S(u) con-
sists of finitely many closed intervals and the measure p has a derivative
#' > 0 almost everywhere on S(p). This last condition corresponds to the
regularity criterion of Corollary 4.1.2.

Part (b) of Theorem 6.1.6 is new.

Section 6.2

A discussion of the uniqueness problem for best rational approximants with
real or complex coefficients can be found in the paper [SaVa] by Saff and



240 Notes and Bibliographical References

Varga. A comparison of the minimal error of real versus complex rational
functions can be found in [GuTy], [Le], [RuVal,2], and {SaVa).

We have already mentioned earlier the conjecture that for the case of a
Markov function f and a compact set V with symmetry (6.2.2) the best
rational approximants r, (f,V;-), n € N, are all unique. This conjecture is
still open.

W. Barrett [Barl,2] and T. Ganelius {Ga] have investigated the rate of
convergence of best rational approximants to Markov functions with mea-
sures that belong to the Szegé class. Gonchar proves part (a) of Theorem
6.2.2 in [Go] for sets V C R, and gives the exact rate of convergence under
the assumption that S(u) consists of finitely many closed intervals and the
measure p has a derivative g’ > 0 almost everywhere on S{u). In its general
form Theorem 6.2.2 is new.

Section 6.3

The convergence and divergence regions for nondiagonal sequences of Padé
approximants have been investigated in [St1] for more general measures
p than in section 6.3 (see also [St2]). A very elementary (non-potential-
theoretic) proof of part (a) of Theorem 6.3.1 for ray sequences in the lower
triangle of the Padé table is contained in [GrM]. In [Sal] the connection
between nondiagonal Padé approximants and incomplete polynomials has
been studied.

Section 6.4

The theory of weighted potentials has a long history. The existence of the
equilibrium measure in the presence of a continuous outer weight function
was already proved by Gauss in the nineteenth century (see [He]). The recent
interest in weighted potentials is due to the works of H. N. Mhaskar, E. B.
Saff [MhSal,2.3], E. A. Rahmanov [Ra4], D. S. Lubinsky [LuSal,2}, and A.
A. Gonchar {GoRal]. Weighted potentials have played a prominent role in
the solution of Freud’s conjecture by Lubinsky, Mhaskar, and Saff [LMS] and
in the solution of the 1/9-th conjecture by Gonchar and Rahmanov {GoRa2].
A detailed study of weighted potentials can be found in {SaTo2].

In connection with Theorem 6.4.1 we mention that it is possible and
in many situations it is desirable to consider stronger forms of (6.4.5). In
[MhSa3] it was stated that if ¥ is a finite subinterval of R and w is positive
and continuous on ¥ then for every n > 0 there are constants c; and c2
and a compact set A C ¥ of Lebesgue measure < 7 such that

(N.1) lw" Prllpr(zy < (1+ c1e”?")|[w" Pall o (s, un)-

However, the ¥ and w used in Example 6.4.3 show together with the clas-
sical Chebyshev polynomials

Pate) = 3 {(e = V& =" + (o = VaZ - 1)},
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that such a general statement is impossible to hold (cf. [MhSa4]), hence the
nth root is natural in Theorem 6.4.1 to get a general statement. Of course,
using special properties of the weight w we can often sharpen Theorem 6.4.1
in the sense of (N.1). This is the case, for example, for weight functions
w(z) = exp(—|z|*), A > 1, z € R; see [LMS], [LuSal], or [Lu3]. See also
[SaTo2] for general conditions ensuring (N.1).

Section 6.5

The expression c¥ := exp(—Iy(wy )), where Iy, {(wy,) is the minimal weighted
energy of Section 6.4, is called the weighted capacity associated with the
weight w. Another classical notion of potential theory is the transfinite
diameter of a set, the weighted analogue of which is the limit

w o, __ : w
0% = nll}ngo [ Jogl
where
2/(n(n—1))
s =sup [ o — zlw(z)w(z)
1<i<j<n
with the supremum taken for all n-tuples {z1,... ,z,} C Z. In the classical

case (w = 1, ¥ compact) the three quantities capacity (cap(¥)), Chebyshev
constant (¢% := limit of {(¢%)!/»}), and transfinite diameter (6") coincide
(see [Ts, Theorem II1.26]). In the weighted case there is only a slight mod-
ification (see [SaTo2, Theorems I1.1.3 and I1.3.1])

¢V =6 =tYexp (— /dew).

Far better asymptotics than (6.5.2) are available these days in the lit-
erature, due mainly to D. S. Lubinsky and E. B. Saff [LuSal], for the
leading coefficients for orthogonal polynomials with respect to so-called
Freud weights exp(—|z|*). For asymptotics on the orthogonal polynomials
themselves with respect to Freud weights see [Ra4] and [Lu3].

Section 6.6

Some of the equivalences in Theorem 6.6.1 were proved in [SaTol] for
supp(p) C [—1, 1], where also infinite measures were treated. Similar ques-
tions for the case when supp(g) is the unit circle were considered in [LSS].

Section 6.7

If one considers orthogonal polynomials with respect to a weight function
and not a measure then much depends on the set where the weight function
is positive. Such an attitude has led the authors of [Ull] and [ErFr] to
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consider weight functions that are positive on a given set £ C [—1, 1] and to
investigate properties of orthogonal polynomials that depend exclusively on
E. The results of Section 6.7 extend earlier investigations in this direction.

Appendix

In the proof of Theorem A.i1 we follow the presentation of [Wy?2].

In connection with Appendix VIII we mention that it is usual to put
additional assumptions on V and S in the definition of a condenser. For
example, in [Ba] it is assumed that there is an open set U separating V and
S in the sense that U is the only connected component of C\{V UU} that
has a common boundary with both V and S. However, the results that
we use in Section 6.2 in connection with the condenser capacity are valid
without any further assumption on V and S, VNS = § (see, e.g., [SaTo2,
Chapter VII)).
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